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Figure 2.12 Close-up views of the Fe sites in the molecular structures of complex 1 (A), 2
(B-XRD; D-XFEL), and 2-N3 (C). For clarity, only one Sav monomer is displayed. The
protein is displayed in surface representation, and the Fe complex and residues 112 and 49
are displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F.
electron density (grey, contoured at 1 ¢) and anomalous difference density (red, contoured
at 4 o; for C, contoured at 3 o). Fe is colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. H-bonding interactions are displayed as dashed black
lines. The numbering scheme is the same as in Figures 2.7, 2.9, and 2.11.....cccoonnnrerernnennns 54

Figure 2.13 Normalized fluorescence spectra of 1 (black) and 2 (grey). The insert is an
expansion of the XANES Iregion. ... s sasssns 55

Figure 2.14 Pre-edge region analysis of 1 (A) and 2 (B) showing the experimental data
(black), baseline (grey), pre-edge peak componenets (grey), residuals (blue), and total fit
[0 N 24 = 7 TN 55

Figure 3.1 Molecular structures of side-on Oz binding (A: PDB 107M) and asymmetric Oz
binding with substrate indole present (B: 107N) to the Fe active site in NDO. Possible H-
bonding interaction is shown as a dashed black line........oonnnencnencnneneseseseseeseesesseeneens 64

Figure 3.2 Molecular structures of side-on Oz binding (A: PDB 2IGA-subunit C) and
alkylperoxido binding (B: PDB 2IGA-subunit D) to the Fe active site in 2,3-HPCD................ 65

Figure 3.3 Molecular structure of the Felll-peroxido species from Nam. .......ccccoureneereereerceneen. 66

Figure 3.4 Molecular structure of the Fe-02 adduct in NikA (PDB 3MVY). H-bonds are
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Figure 3.5 HABA titration of Fell-et-dpa in K121A-S112E-Sav. ..., 68

Figure 3.6 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra of 3 recorded in
50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. Simulation is shown as a
TEA LINE. 1ot e e e e 69

Figure 3.7 Cylic voltammagram of 3 recorded in 50 mM phosphate buffer pH 8: Fe!l/IlI
couple. Measurements were collected at room temperature with a scan rate of 2.5 mV/s. 69

Figure 3.8 The molecular structures of 3 (3a: unbound, grey; 3b: bound, black) (A) and the
overlay of the molecular structures of 3a (grey) and 1a (cyan) (B). Fe ions are colored in
orange, N atoms are in blue, and O atoms/water molecules are in red. H-bonds are shown
as dashed black lines. The position of the Fe complex is indicated by the 2Fo-F¢ electron
density map (grey, contoured at 1 o) and anomalous difference density (red, contoured at 3
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Figure 3.14 Plot of absorbance (420 nm - grey; 540 nm - black) versus increasing
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Figure 3.21 Molecular structure of 3-phenylpyruvate-02 (3C) (A: monomer; B: dimer).
The position of the cofactor is shown by the 2F,-F. electron density (grey, contoured at 1 o),
the omit map (green, contoured at 3 ¢), and the anomalous map (red, contoured at 3 o). Fe
ions are shown in orange, N atoms are in blue, and O atoms/water molecules are in red.
The number schemes in 3C are the same as those in Figure 3.16. H-bonds are shown as
DIaCK AAShed HINES. ...t 101

Figure 3.22 Molecular structure of 3-phenylpyruvate-02z (3D2; 3D3; 3D4) and the
position of the 02 ligand is shown by the omit map (green, contoured at 3 o). Fe ions are
shown in orange, N atoms are in blue, and O atoms/water molecules in red. The number
schemes in 3D2, 3D3, 3D4 are the same as those in Figure 3.17. H-bonds are shown as

[0 b= ol e =T 6 <6 B 30 1P 102

Figure 3.23 Close-up views of the Fe sites in the molecular structure of 3D1, 3D2, 3D3,
and 3D4 solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for
clarity. The protein is displayed in cartoon representation, and the Fe complex and residues
112 are displayed as sticks. The position of the ligand molecules is indicated by the 2Fo-F:
electron density (grey, contoured at 1 o). Fe ions are colored in orange, N atoms are in blue,
and O atoms/water molecules are in red. The number schemes in 3D2, 3D3, 3D4 are the
same as those in Figure 3.17. H-bonds are shown as black dashed lines. .....c.cccoounenrnernrnennae 103

Figure 3.24 Close-up views of the Fe sites in the molecular structure of 3-phenylpyruvate
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The
protein is displayed in cartoon representation, and the Fe complex and residues 112 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-Fc electron
density (grey, contoured at 1 o). Fe ions are colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in 3-phenylpyruvate are the
same as those in Figure 3.8 and 3.11. H-bonds are shown as black dashed lines. ................. 104

Figure 3.25 Close-up views of the Fe sites in the molecular structure of 3C solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation, and the Fe complex and residues 112 are displayed as
sticks. The position of the ligand molecules is indicated by the 2Fo-Fc electron density (grey,
contoured at 1 o). Fe ions is colored in orange, N atoms are in blue, and O atoms/water
molecules are in red The number schemes in 3C are the same as those in Figure 3.16. H-
bonds are shown as black dashed lines.........coo e ———— 105

Figure 3. 26 Close-up views of the Fe sites in the molecular structure of 3E (A: monomer;
B: dimer) The position of the ligand molecules is indicated by the 2F,-F. electron density
(grey, contoured at 1 o), the omit map (green, contoured at 3 ¢), and the anomalous map
(red, contoured at 3 o). The protein is displayed in cartoon representation, and the Fe
complex and residues 112 are displayed as sticks. Fe ions are colored in orange, N atoms
are in blue, and O atoms/water molecules are in red. The number schemes in 3D2, 3D3,
3D4 are the same as those in Figure 3.18. H-bonds are shown as black dashed lines......... 106
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Figure 4.1 Molecular structures of the active sites of di-Fe proteins Hr (A: PDB 1HMD),

Figure 4.2 Molecular structure of di-Fell DFT2......cocoenenenesesesssssessesssssessesssssssssssssees 118

Figure 4.3 ChemDraw structures of synthetic model complexes of di-Fe protein active sites
from Kodera (A) and BOToViK (B). ... sessssssssssssssssssssssessssssssssssens 119

Figure 4.4 ChemDraw representation of biotinylated ligands used in this chapter (n = 2,
biot-et-dpa; n = 3, biot-pr-dpa; n = 4, biot-bu-dpa). ... 120

Figure 4.5 ChemDraw representation of biot-bu-dpa (A) and molecular structure
displaying the binding interface of [Cu(biot-bu-dpa)|2*CWT-Sav (B)....ccuummmmnmemmensesrernsenns 121

Figure 4.6 Surface representation of amino acid residues in the vestibule of Sav (A) and

ChemDraw structures of amino acid residues subjected to site-directed mutagenesis (B).

Figure 4.7 Electronic absorbance (A) and EPR (B) spectra of Fe!l-n-dpa. Absorbance data
were collected in nanopure H20 at RT, and EPR data were collected in CH3OH at 10 K. n = 2

(black), et; 3, pr (8rey); 4, Bu (DIUE). . ssnees 123
Figure 4.8 HABA titrations of Felll-n-dpa in S112Y-Sav (A), K121Y-Sav (B), and K121A/L124Y-

Sav (C). n = 2 (black), et; 3, pr (grey); 4, bu (BIUe). ... 124
Figure 4.9 Optical screen of Felll-n-dpa and tyrosine variants of Sav. ......cccvnneeneneeneeneenns 125

Figure 4.10 Electronic absorbance (A), Mossbauer (B), and rR spectra (C) of Precious.
Recorded in nanopure H20 at RT for absorbance and rR spectra (647-nm excitiaton
wavelength) and 4 K for Méssbauer spectrum. Simulation is shown as a red line............... 126

Figure 4.11 Photograph of crystals of Precious (A) and the molecular structure of
Precious (B & C). For the structure in C, the position of the Fe!ll-bu-dpa complex is
indicated by the 2F,-F: electron density map (grey, contoured at 1 ¢) and anomalous
difference density (red, contoured at 4 o). Fe ions are colored in orange, N atoms are in
blue, and O atoms/water molecules are in red. Two subunits are shown (grey and black).

Figure 4.12 Pre-edge region analysis of Precious. The experimental data (black dotted),
baseline (blue dashed), pre-edge peak componenets (grey solid), residuals (green solid),
and total fit (red solid) are shown (A). Fit (red solid) of the unfilted (black solid) EXAFS
data (B) and corresponding Fourier transform (FT) (C) of Precious. Data were fit in the
TANGE K = 2=14 Al ssssssssssssssssssss s sssssssssssssssssss s ssssssssssssssssesesssssssssssns 129
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Figure 4.13 rR spectra of Precious (black), Precious-0OAc (green), Precious-Ns (purple),
Precious-SCN (blue), and Precious-CN (red). Recorded at RT using 647-nm excitation
LA AT =] (=) 0V o TP 131

Figure 4.14 Electronic absorbance (A) and Méssbauer spectra (B) of Precious-0Ac in
nanopure H20 at RT and 4 K, respectively. Initial spectrum of Precious (black) and
spectrum after treatment with NaOAc (grey) for absorbance spectra. Simulation is shown
T30 /=T B 1 o LT 131

Figure 4.15 Molecular structure of Precious-0Ac (A), the position of the cofactor is
indicated by the 2F,-F: electron density map (B: grey, contoured at 1 o) and anomalous
difference density (red, contoured at 3 o). Fe ions are colored in orange, N atoms are in
blue, and O atoms/water molecules are colored in red. Two subunits are shown (grey and
0] U3 RO 132

Figure 4.16 Electronic absorbance (A) and Méssbauer spectra (B) of Precious-Ns3
collected in nanopure H20 at RT and 4 K, respectively. FTIR photolysis difference spectrum
of Precious-N3 collected at 30 K (C). Initial shown as black line and final shown as black
line for absorbance spectra. Simulation is shown as red line.......ccoenncsnnessnnessnnensenns 133

Figure 4.17 Molecular structure of Precious-N3 (A & B). For the structure in B, the
position of the Felll-bu-dpa complex is indicated by the ZF,-F: electron density map (grey,
contoured at 1 ¢), and anomalous difference density (red, contoured at 3 ¢), and the azido
ligand position is indicated with the Fo-Fc omit map (green, contoured at 3 o). Fe ions are
colored in orange, N atoms are in blue, and O atoms/water molecules are in red. Two
subunits are shown (grey and bIack). ... ssessessssssens 135

Figure 4.18 Electronic absorbance spectrum of Precious-SCN. Recorded at RT in
nanopure H20. Initial is shown as black line and final is shown as grey line.........ccnuueriunees 136

Figure 4.19 Molecular structure of Precious-SCN (A & B). For the structure in B, the
position of the Fe!ll-bu-dpa complex is indicated by the 2F,-F: electron density map (grey,
contoured at 1 0), and anomalous difference density (red, contoured at 3 ¢), and the
isothiocyanato ligand position is indicated with the Fo-F: omit map (green, contoured at 3
o). Fe ions are colored in orange, N atoms are in blue, S atoms are in blue, and O
atoms/water molecules are in red. Two subunits are shown (grey and black)........ccccoce..... 137

Figure 4.20 Electronic absorbance spectrum of Precious-CN. Recorded at RT in nanopure
H20. Initial is shown as black line and final is shown as blue line. ......ccoonnnnnnnessninens 138

Figure 4.21 Molecular structure of Precious-CN (A & B). For the structure in B, the
position of the Felll-bu-dpa complex is indicated by the 2F,-F. electron density map (grey,
contoured at 1 0), and anomalous difference density (red, contoured at 3 o), and the
cyanido ligand position is indicated with the Fo-Fc omit map (green, contoured at 3 o). Fe
ions are colored in orange, N atoms are in blue, and O atoms/water molecules are colored
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in red. H-bonds are displayed as dashed black lines. Two subunits are shown (grey and
0] U3 R 139

Figure 4.22 Close-up views of the Fe sites in the molecular structure of Precious (A),
Precious-0Ac (B), and Precious-N3 (C). For clarity, only one Sav dimer is displayed. The
protein is displayed in cartoon representation, and the Fe complex and residues 124 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 ) and anomalous difference density (red, contoured at 4 o;
for C, contoured at 3 o). Fe is colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. The number schemes in A, B, and C are the same as those in Figure
4.11B, 4. 15A, AN 417 A ettt s 159

Figure 4.23 Close-up views of the Fe sites in the molecular structures of Precious-SCN (A)
and Precious-CN (B). For clarity, only one Sav dimer is displayed. The protein is displayed
in cartoon representation, and the Fe complex and residues 124 are displayed as sticks.
The position of the ligand molecules is indicated by the 2Fo-Fc electron density (grey,
contoured at 1 o) and anomalous difference density (red, contoured at 4 o; for C, contoured
at 3 o). Fe is colored in orange, N atoms are in blue, S atoms are in yellow, and O
atoms/water molecules are in red. The number schemes in A and B are the same as those
IN Figure 4.19A and 4.2 1A, . 160

Figure 4.24 Close-up views of the Fe sites in the molecular structure of Precious solved in
C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation, and the Fe complex and residues 124 are displayed as
sticks. The position of the ligand molecules is indicated by the 2Fo-Fc electron density (grey,
contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. The number schemes in Dimer A and Dimer B are the same as those
IN FIGUIE 4.1 1B oottt ssesss st e 161

Figure 4.25 Close-up views of the Fe sites in the molecular structure of Precious-0OAc
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The
protein is displayed in cartoon representation, and the Fe complex and residues 124 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in Dimer A and Dimer B are the
same as thoSe iN FIGUIE 4. 15A. ... sssnsans 162

Figure 4.26 Close-up views of the Fe sites in the molecular structure of Precious-N3
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The
protein is displayed in cartoon representation, and the Fe complex and residues 124 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in Dimer A and Dimer B are the
SAME AS thOSE IN FIGUIE 4. 17 A. ... s s snnes 163
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Figure 4.27 Close-up views of the Fe sites in the molecular structure of Precious-CN
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The
protein is displayed in cartoon representation, and the Fe complex and residues 124 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in Dimer A and Dimer B are the

same as those iN FIGUIE 4.2 1T A....... s ssssens 164
Figure A.1 ChemDraw representation of dimethyl cyclam (dmc)......ccccounennnnsenernseniencnnens 175
Figure A.2 HABA titration of [Cul(bis-biot-dmc)]2*CL124Y-5aVv. .o, 178

Figure A.3 Close up view of the Cu site in the molecular structure of 4 (A), H-bonding
network (B), and the position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 ) and anomalous difference density (red, contoured at 4 o)
(C). The protein is displayed in cartoon representation and the Cu complex as well as
residues 112 as sticks. Cu is colored in cyan, N atoms in blue, and O atoms/water molecules
are displayed as red spheres. H-bonds are shown as black dashed lines........ccccocneniverneenennas 179

Figure A.4 Close up view of the Cu site in the molecular structure of 5 (A) and the position
of the ligand molecules is indicated by the ZFo-F. electron density (grey, contoured at 1 o)
and anomalous difference density (red, contoured at 3 ) (B). The protein is displayed in
cartoon representation and the Cu complex as well as residues 124 as sticks. Cu is colored
in cyan, N atoms in blue, and O atoms/water molecules are displayed as red spheres. H-
bonds are shown as black dashed lINes..........orrncncncneeeeeee e 180

Figure A.5 Close up view of the Cu site in the molecular structure of 6 (A) and the position
of the ligand molecules is indicated by the ZFo-F. electron density (grey, contoured at 1 o)
and anomalous difference density (red, contoured at 7 o) (B). The protein is displayed in
cartoon representation and the Cu complex as well as residues 124 as sticks. Cu is colored
in cyan, N atoms in blue, and O atoms/water molecules are displayed as red spheres......181

Figure A.6 Close up view of the Cu site in the molecular structure of 5 and the position of
the ligand molecules is indicated by the 2F,-Fc electron density (grey) and contoured at 0.6
o (A) and 1.0 o (B). The protein is displayed in cartoon representation and the Cu complex
as sticks. Cu is colored in cyan and N atoms are in blue. The number scheme in A and B are
the SAame as IN FIGUIE A.4A ... 194

Figure A.7 Close up views of the Cu sites in the molecular structure of 4 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Cu complex. The position of the ligand
molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 o). Cu is colored
in cyan, N atoms are in blue, and O atoms/water molecules are in red. The number schemes
in Dimer A and Dimer B are the same as those in Figure A.3A. ... 197
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Figure A.8 Close up views of the Cu sites in the molecular structure of 5 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Cu complex. The position of the ligand
molecules is indicated by the 2Fo-Fc electron density (grey, contoured at 1 o). Cu is colored
in cyan, N atoms are in blue, and O atoms/water molecules are in red. The number schemes
in Dimer A and Dimer B are the same as those in Figure A.4A. ... 198

Figure A.9 Close up views of the Cu sites in the molecular structure of 6 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Cu complex. The position of the ligand
molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 o). Cu is colored
in cyan, N atoms are in blue, and O atoms/water molecules are in red. The number schemes
in Dimer A and Dimer B are the same as those in Figure A.5A. ... 199

Figure B.1 ChemDraw representation of PGA (A) and common bidentate coordination of
PGA to an FellLx complex (Lx = ligand) (B)...coerrerererereseseeeeesessesessessessessessessessessessessessessensens 206

Figure B.2 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra for 3-02.
Recorded in 50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial
spectrum is shown as a black line and the final spectrum is shown as a grey line. Simulation
LRI (L0 T R 1 T o PP 207

Figure B.3 Stopped flow electronic absorption spectra of reaction of 3 with 0Oz recorded in
50 mM phosphate buffer pH 8 at room temperature (RT). ... 208

Figure B.4 Molecular structures of 3-02 showing two conformations of Oz binding (3-02-
1) and (3-02-2). Fe ions are shown in orange, N atoms are in blue, and O atoms/water
molecules are colored in red. H-bonds are shown as black dashed lines. .....c.cccoonnnenncenee 209

Figure B.5 Electronic absorbance (A), EPR (B), and Mdéssbauer (C) spectra for 3-PGA.
Recorded in 50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial
spectrum is shown as a black line and final spectrum is shown as a grey line. Simulation is
SHOWN @S @ TEA LINE. ..ottt 210

Figure B.6 Molecular structure of 3-PGA. Fe ions are shown in orange, N atoms are in blue
and O atoms/water molecules are colored in red. The position of the PGA is indicated by
the 2F,-Fc electron density map (blue, contoured at 1 0). .ccoerererereresesereseseseeesessesseseenes 211

Figure B.7 Electronic absorbance (A), EPR (B), and Mdéssbauer (C) spectra for 3-PGA-02.
Recorded in 50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial
spectrum is shown as a black line and the final spectrum is shown as a grey line. Simulation
IS SNOWI @S @ TEA LINE.ureieieieeeeeee s s st 213

Figure B.8 Molecular structure of 3-PGA-02z Fe ions are in orange, N atoms are in blue,
and O atoms/water molecules are colored in red.......ee s 214
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Figure B.9 Molecular structures of 3-02 and 3-PGA-02. The position of the cofactor
indicated by the 2F,-F: electron density map (grey, contoured at 1 o), the omit map of 02
(green, contoured at 3 ¢) and the anomalous map (red, contoured at 3 ¢). The number
schemes in 3-02 and 3-PGA-02 are the same as those in Figure B.4 and B.8. H-bonds are
shown as black dashed HNes. ... 227

Figure B. 10 Close up views of the Fe sites in the molecular structure of 3-PGA solved in
C121 symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Fe complex as well as residues 112 as sticks.
The position of the ligand molecules is indicated by the ZFo-Fc electron density (blue,
contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. The number schemes in 3-PGA are the same as those in Figure B.6.

Figure C.1 Active sites of Mn-SOD (A: PDB 5A9G) and the OEC of Photosystem II (B:
3WUZ2). H-bonding interaction shown in dashed black lines. OEC Pymol image is from the
dissertation of Dr. Victoria F. OSWald......oonnininineinsineisseseessisssss s ssssssssssssssssssssssssens 237

Figure C.2 ChemDraw representations of the Mn!''-peroxo species from Jackson (A) and
the Mn-salen complex immobilized in apo-myoglobin from Lu (B). ..o 238

Figure C.3 EPR spectra of [Mn!!(biot-et-dpa)Brz] (A) and [Mn!(biot-pr-dpa)Brz] (B)
recorded in 50 mM Mes buffer pH 6 at 77 K. .. sssssssssens 239

Figure C.4 Cylic voltammagrams of [Mn!/(biot-et-dpa)Brz] (A) [Mn!/(biot-pr-dpa)Brz] (B)
recorded in DMF: Mn!//l couple. Measurements were done at room temperature with a
SCAN Tate Of 100 MV /S, oo bbb 240

Figure C.5 HABA Titrations of C1 (black) and C2 (Grey).....umreesnersesssssssssessesssesens 241

Figure C.6 EPR spectra of C1 (A) and C2 (B) recorded in 50 mM Mes buffer pH 6 at 77 K.

Figure C.7 Molecular structure of C1 (A). The position of the complex is indicated by the
2Fo-Fc electron density map (grey, contoured at 1 o) and anomalous map (red, contoured at
4 o) (B). Overlay of the molecular structures of C1 (grey) and 1a (cyan) (C). A partial space-
filling representation of C1 highlighting the m-stacking interaction of the biotinylated Mn!!
complex that includes one of its pyridine rings with W120' from the neighboring subunit (D,
black). Mn ions are colored in purple, N atoms are in blue, O atoms/water molecules are in
red. H-bonds are shown as black dashed lines. ... 243

Figure C.8 Molecular structure of C2 with closeup view of the Mn dimer (A), the two
conformations of Oz binding with omit map displayed, only half of the dimer is shown for
clarity (B: green, contoured at 3 o) and the cofactor indicated by the 2F,-F: electron density
map (C: grey, contoured at 1 ). Mn ions are colored in purple, N atoms are in blue, O
atoms/water molecules are in red. H-bonds are shown as black dashed lines.........ccuuune.. 244
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Figure C.9 Molecular structure of C2 with closeup view of the two conformations of O2
binding (A: end on; B: side on), only half of the dimer is shown for clarity. Mn ions are
colored in purple, N atoms are in blue, O atoms/water molecules are in red. ......c.ccccuurernnee. 245

Figure C.10 EPR spectra of [Mn!!(biot-et-dpa)Brz] (A) [Mn!/(biot-pr-dpa)Brz] (B) recorded
IN DIME /THE @ 77 Ko et s st s 257

Figure C.11 Cyclic voltammagrams of [Mn!!(biot-et-dpa)Brz] (A) [Mn!(biot-pr-dpa)Br:] (B)
recorded in DMF. Measurements were collected at RT with a scan rate of 100 mV/s......... 257

Figure C.12 Close up views of the Mn sites in the molecular structure of C2 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Mn complex as well as residues 112 as sticks.
The position of the ligand molecules is indicated by the 2Fo-Fc electron density (grey,
contoured at 1 6). Mn is colored in purple, N-atoms are in blue, and O atoms/water
molecules are in red. The number scheme for Dimer A and Dimer B is the same as in
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Nature employs metalloproteins to mediate chemical transformations with
impressive rates and selectivities. The efficiency of metalloproteins has been attributed in
part to the control of the local environments surrounding their functional active metal
center(s). This control is often achieved by non-covalent interactions including hydrogen
bonds (H-bonds) from amino acid residues and extended H-bonding networks that include
water molecules. In synthetic systems, it has been difficult to establish similar noncovalent
interactions with control and predictability. In this dissertation, an approach has been used
to model the active sites of metalloproteins by immobilizing metal complexes within a
protein host. Using biotin-Streptavidin (Sav) technology, artificial metalloproteins (ArMs)
have been designed that model several important features in both the primary and
secondary coordination sphere that are seen in native metalloproteins.

Chapter 2 describes the development of Fe!l and Fe!!l artificial proteins that model
key structural aspects in mononuclear Fe dioxygenases. Structural characterization showed
that there was coordination from two nitrogen atom donors from the synthetic ligand and

one oxygen atom donor from a nearby glutamate amino acid residue that models the 2-His-
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1-carboxylate facial triad found in mononuclear nonheme Fe enzymes. Additionally, the
water molecules that complete the coordination sphere of the Fe center participated in H-
bonding, which is also seen in native metalloproteins.

Chapter 3 discusses the efforts to bind an a-ketoglutarate analog, phenylpyruvate,
and dioxygen to the Fe!l ArM from Chapter 2. A combination of spectroscopic and
crystallographic techniques supported the docking of phenylpyruvate near the Fe active
site through a m-stacking interaction with the synthetic ligand. Further structural
characterizations from multiple crystals showed that dioxygen can coordinate to the Fe
center in different conformations. Mossbauer studies supported the formation of an Felll-
peroxido species within Sav.

Chapter 4 details the design of di-Fe!ll ArMs. An optical screen was designed to
determine the proper match of synthetic ligand and Sav variant to form a di-Fe active site.
The optical screen utilized endogenous phenolate coordination to produce a blue color to
determine the correct match. Spectroscopic and crystallographic techniques supported
phenolate coordination to the Fe center and the formation of a di-Fe!'l center with a p-
oxido/hydroxido bridging ligand within Sav. Additionally, studies with exogenous ligands,
acetate, azide, isothiocyante, and cyanide, showed the Fe---Fe distance ranged between 3.7-

4.1 A and are comparable with native di-Fe proteins.
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CHAPTER 1

Introduction

Bioinorganic chemists have long sought answers to fundamental questions about
how metalloproteins perform their numerous functions under ambient conditions. The
impressive rate and selectivity by which metalloproteins perform difficult chemical
transformations have motivated synthetic chemists to design experiments that address
how metalloproteins function in nature. From the fields of synthetic chemistry and biology,
pivotal studies on the structure and function relationships of metalloproteins have shown
that the coordination environment surrounding the metal center(s) significantly
contributes to the properties of the metallocofactor and the overall function of the
metalloprotein. The coordination environment around the metal center(s) is made up of a
combination of the primary coordination sphere - the ligands directly bound to the metal
center(s) — and the secondary coordination sphere - the noncovalent interactions such as
hydrogen-bonding (H-bonding) networks, electrostatic interactions, and steric interactions
that surround the metallocofactor. Noncovalent interactions aid in regulating substrate
access and preventing unproductive chemistry at the metalloprotein active site. It has been
shown that removing noncovalent interactions around a metallocofactor often decreases or
halts the reactivity of a metalloprotein. The combined influence of the primary and
secondary coordination spheres is necessary for efficient metal-mediated processes.!

The superfamily of mononuclear non-heme Fe enzymes highlights the contributions
of both the primary and secondary coordination spheres to metalloprotein function.
Several mononuclear non-heme Fe enzymes are characterized by a common structural
motif known as the 2-His-1-carboxylate facial triad.2-8 The facial triad motif consists of
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three endogenous protein ligands, two histidine residues and one glutamate/aspartate
residue, arranged to coordinate in a facial geometry to an Fe center.2-4 Additionally, the
facial triad motif is conserved over several Fe proteins, including the catechol dioxgenases,
Rieske dioxygenases, a-ketoglutarate (a-KG)-dependent enzymes, pterin-dependent
hydroxylases, and other oxidases. These enzymes facilitate dioxygen activation and the
oxidation of several substrates, including a-KG, catechol, pterin, and other arenes.2-* For
example, taurine dioxygenase (TauD) is an a-KG-dependent enzyme that catalyzes the
conversion of 2-aminoethanesulfonate (Tau) to sulfite and aminoacetaldehyde while
decomposing a-KG to succinate and carbon dioxide.>

Work by Bollinger and Krebs elucidated the mechanism of TauD, and highlighted
the importance of the coordination environment around the Fe center for function. The
resting state of TauD is a ferrous species coordinated by H99, H255, D101, and three
additional water molecules to complete the primary coordination sphere (Figure 1.1).
Upon cofactor a-KG binding and the substrate Tau docking, one labile water molecule is
displaced to reveal an open coordination site for dioxygen to coordinate. Once dioxygen
binds, oxidative decarboxylation generates the competent oxidant, an Fe!V-oxido species,
which performs substrate oxidation (Figure 1.1).° Work by Hausinger and Elkins illustrated
the importance of the secondary coordination sphere to the substrate oxidation reactivity
of TauD.10-12 As shown by the molecular structure of TauD determined by X-ray diffraction
(XRD) studies, several H-bonding interactions and one salt bridge place a-KG and Tau in
the optimal location for reactivity. The a-KG molecule coordinates in a bidentate fashion to
the ferrous center and is stabilized by a salt bridge to R266 and a H-bond to T126. In

contrast, Tau does not coordinate to the ferrous metal center.191113 Instead, Tau docks ~5



A away from the ferrous metal center and is stabilized in a pre-organized pocket by H-
bonds to Y73, N95, S158, R270, H70, and V102 (Figure 1.1).1011 Additionally, work by
McCusker and Klinman showed that a nearby F159 residue plays an important steric role
in positioning Tau in the correct orientation to undergo hydrogen atom transfer (HAT) to
the FelV-oxido intermediate.141> Disruption of these noncovalent interactions has been
shown to affect the overall reactivity of TauD.

As shown in TauD, the coordination environment around a metal center in a
metalloprotein is important for modulating the reactivity of metalloproteins. The amino
acid residues and water molecules that are present in the active site of the metalloprotein
can either coordinate to the metal center or act as H-bond acceptors/donors within the
local environment of the active site. The cooperation of the primary and secondary
coordination spheres can also be seen in native di-Fe proteins, such as in hemerythrin (Hr).
Hr is a dioxygen carrier protein found in the phyla of marine invertebrates. Hr contains a
di-Fe active site with five histidine and two bidentate bridging carboxylate amino acid

residues buried within a 4-helix-bundle structural motif.1¢ An additional hydroxido ligand
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Figure 1.1 Active site (A, PDB 10S7) and proposed mechanism of TauD (B). H-bonding network is
shown with black dashed lines.



Figure 1.2 Molecular structure (A: PDB 1HMO) and ChemDraw representation of
OxyHemerythrin active site (B: OxyHr). H-bonds are shown as black dashed lines.

bridges the two Fell metal centers, facilitating antiferromagnetic coupling between the two
metal centers. One of the Fell metal centers has an open coordination site, which has been
demonstrated by Stenkemp and coworkers to be the site of dioxygen binding.16-21 Upon
dioxygen coordination, the Fe2!l active site forms an Fel'Felll-superoxido adduct, which is
stabilized by a H-bond with the proton on the hydroxido bridging ligand (Figure 1.2).22 The
FellFelll-superoxido adduct undergoes proton and electron transfer to form a
hydroperoxido species (OxyHr). Solomon and Brunold described OxyHr as a (u-oxo)di-Felll
species with a terminally bound hydroperoxido ligand that is H-bonded to the oxido
bridging ligand.?2 The H-bonding interaction between the hydroxido ligand and bridging
oxido ligand provides the pathway by which Hr is able to reversibly bind dioxygen within
the active site.
Molecular Design in Synthetic Systems

The importance of both the primary and secondary coordination sphere effects for

producing highly functional metalloproteins has been clearly demonstrated for numerous



proteins, and has prompted the synthetic community to prepare metal complexes that can
access similar levels of selectivity and reactivity.23-39.39-61 However, in synthetic systemes, it
is often difficult to replicate the precise control over the primary and secondary
coordination spheres seen in metalloproteins. Some challenges that rational design must
overcome are 1) the placement of functional groups which can act as H-bond
donors/acceptors or ligands near a metal center and 2) the prevention of multi-metallic
complex formation from reactive species which often undergo unproductive chemistry.
One of the first examples of a synthetic system that was able to overcome these
challenges is the “picket-fence” porphyrin, developed by Collman, to model the chemistry
performed by hemoglobin (Hb) and myoglobin (Mb). Through H-bonding interactions that
stabilize the dioxygen adduct, Hb and Mb reversibly bind dioxygen at a heme active site
that is buried within the protein. In the absence of a protein host, Fe porphyrin complexes

tend to dimerize and form Fe-oxido/hydroxido-bridged species in the presence of

A

Figure 1.3 Collman’s structurally characterized picket-fence porphyrin stabilizing an Fe-02
adduct (A) and the modified phenyl-urea picket-fence porphyrin capable of H-bonding (B, H-bond
indicated by a dashed line).



dioxygen. To prevent dimerization and protect the Fe-0z adduct, Collman site-isolated his
Fe center by designing a picket-fence porphyrin with bulky pivalamido moieties to “fence
off” one face of the porphyrin. In addition, he used a sterically encumbered imidazole to
bind one of the axial coordination sites at the Fe center, leaving only one coordination site
available within the cavity for dioxygen to bind.6263 The design of the primary coordination
sphere of the picket-fence porphyrin replicated the active site of Hb and Mb and
synthetically enabled the reversible binding of dioxygen (Figure 1.3). Although the original
design of the “picket-fence” porphyrin was intended to enable H-bonding of the superoxido
ligand to the pivalamido groups, the molecular structure revealed that the pivalamido
groups were over 5 A away from the Fel-superoxido adduct, which made the formation of
intramolecular H-bonds impossible. New derivatives of the picket-fence porphyrin were
developed to install H-bonding moieties closer to the exogenous Oz unit. One derivative
appended a phenyl urea moiety to the picket-fence framework and was found to enhance
the Fe porphyrin’s affinity for Oz binding (Figure 1.3).6* The increased affinity was
attributed to the formation of a H-bonding interaction between the urea N-H group and the
superoxido ligand.

Since the development of Collman’s picket-fence porphyrin, the use of rigid ligand
frameworks has produced a variety of complexes which have been instrumental in
improving our understanding of how the coordination environment around a metal center
affects function. For over two decades, the Borovik group has been interested in studying
biologically relevant metal-mediated processes and how the coordination environment
around the metal center(s) can be modulated to access reactive intermediates. Our group

has designed a variety of multifunctional, rigid ligand frameworks that incorporate



secondary coordination sphere interactions within proximity of an open coordination site
on a transition metal complex. With this approach, the group has demonstrated the power
of designing H-bond accepting/donating ligands to trap reactive intermediate species.*465-
67 For example, the ligand [Hsbuea]3- is a C3-symmetric tripodal ligand framework that
provides H-bond-donating urea groups to stabilize nucleophilic metal-oxido complexes.
[Hsbuea]3- was used successfully to trap the first examples of crystallographically
characterized Mn!""-oxido and Felll-oxido complexes,®8-70 the second example of an FelV-
oxido complex,’172 and a spectroscopically characterized MnV-oxido species (Figure
1.4).73.74

In addition to [Hsbuea]3-, which demonstrated that H-bonding can stabilize reactive
intermediates, a hybrid ligand framework, [Hzbupa]?-, was designed containing two urea
arms and a pivalamide-functionalized pyridine to act as a H-bond accepting group.
[Hzbupa]?-was shown to stabilize a Mn!'l-peroxido intermediate derived from dioxygen
(Figure 1.4).75> Subsequent studies showed that the [Mn!'Hz(bupa)]- complex catalyzed the
reduction of dioxygen to water and that a Mn!"'-peroxido complex was formed as an on-
pathway intermediate. Furthermore, the pivalamide moiety was thought to play an
important role in the catalytic activity of [Mn!'Hz(bupa)]-. During the cycle, the pivalamide

switched between coordinating to the Mn center, acting as a basic site to shuttle protons to
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Figure 1.4 Generic metal-oxido complex with [Hsbuea]3+ (A) and [Mn!"'Hzbupa(02)]- (B).



the Mn!l-peroxo, and displacing the water molecule formed in the catalytic cycle to
regenerate the starting Mn!' complex.”6 With the [Hzbupa]?- ligand framework, our group
demonstrated the importance of positioning functional moieties in the secondary
coordination sphere, as well as how H-bonds can play a key role in the activation of small
molecules.

In addition to the [Hsbuea]3- and the [Hzbupa]?-ligand frameworks that
incorporated H-bond-donating groups to stabilize oxido/hydroxido ligands, another ligand
was designed to incorporate intramolecular H-bond-accepting sulfonamido groups to aid in
stabilizing ligands with multiple protons, such as water and ammonia. However, this
redesign of the ligand cavity to form the ligand [MST]3- had an unexpected benefit; it
created an auxiliary binding site for secondary metal ions that allowed for the preparation
of discrete hetero- and homobimetallic complexes. Designing discrete bimetallic complexes
is an attractive synthetic target because many metalloproteins facilitate cooperative multi-
electron processes with more than one transition metal ion in the active site. The
development of [MST]3-allowed for the isolation of several hetero- and homobimetallic

complexes with a hydroxido bridging ligand to both a redox-inactive metal ion or a first-

Mes =

Figure 1.5 Generic bimetallic complex [15c¢55Mp!-(p-OH)-MaMMST]. Mg!! = Ca, Sr, or Ba and Ma"' = Mn
or Fe (A) and [TMTACN>Fe!'-(u-OH)-MIMST]. M = Mn, Fe, Co, Ni, Cu, Zn (B).



row transition metal ion (Figure 1.5).77-81 An important result from the studies with
[MST]3- showed that Fe and Mn complexes exhibited enhanced O2 activation rates when a
redox-inactive group Il metal ion was present, similar to what is observed in the oxygen-
evolving complex of Photosystem I1.78

Although synthetic model complexes have been successfully used to trap several
important reactive intermediates and elucidate mechanistic steps within metalloprotein
function, it is often difficult for synthetic complexes to establish the extended noncovalent
interactions, such as water channels or electron transfer relays, that are essential for
function in proteins. For most synthetic complexes, control of the coordination spheres is
limited to secondary sphere interactions that are in close proximity to the metal center(s).
Furthermore, there are additional limitations in the solubility and stability of metal
complexes in aqueous solutions, and it is synthetically challenging to design synthetic
complexes that position functional groups within a sufficient range to participate in both
coordination spheres of a metal complex as is observed for the amino acid residues and
water molecules in metalloprotein active sites.
Molecular Design in Artificial Metalloproteins

A new field of bioinorganic chemistry, which is capable of expanding on the
approach of synthetic complexes, emerged through the development of artificial
metalloproteins (ArMs). ArMs incorporate non-native metal ions or metal complexes in a
naturally occurring or synthetic protein host. These ArMs have been used to study the
structure and function of native metalloproteins and to design new metalloproteins with
different or enhanced functionalities. From a design perspective, a protein host can provide

endogenous ligands from amino acid residues, and when combined with synthetic ligands



can create new and unique primary coordination spheres. Additionally, the protein host
provides noncovalent interactions that can extend the secondary coordination sphere
interactions to include extensive H-bonding networks that are difficult to achieve in purely
synthetic systems.

Beginning in the 1950s,82 ArMs were conceptualized as a method to combine the
advantages of homogeneous catalysis, which has a broad catalytic scope, and enzymatic
catalysis, which has high activity and selectivity under mild conditions.83 In synthetic
complexes, the catalytic activity and selectivity are almost completely dominated by the
primary coordination sphere of the metal complex. However, in enzymatic catalysis, the
secondary coordination sphere is known to play an important role in establishing catalytic
activity and selectivity through noncovalent interactions. The use of ArMs provides the
ability to control the primary coordination sphere and to develop a variety of long-ranging
secondary coordination sphere interactions.

There are two general approaches to the design of ArMs: 1) rational design and 2)
directed evolution. Several methods have been utilized to develop new ArMs through the
rational design approach, such as the de novo design of peptides, the creation of new or
enhanced active sites in native proteins, and protein self-assembly.83-102 Additionally, as an
alternative to synthetic catalysts, bioinorganic chemists have employed directed evolution
as a systematic method to repeat cycles of mutagenesis to generate artificial
metalloenzymes that are genetically optimized for stereoselectivity, regioselectivity, and

activity.103

10



De-novo-designed peptides were first developed in the 1980s by Degrado and
coworkers.104-106 De-novo design proteins utilize single-chain peptides that fold into three-
or four-helix bundles that can model the naturally-occurring structural motifs seen in
native metalloproteins and bind metal ions via amino acid residues in the interior of the
peptide fold. Degrado has developed many de novo peptides that model several important
active sites in nature, such as porphyrins and FeS clusters.194 One important family of de
novo-designed peptides are the due ferri (DF) proteins, which are composed of an
antiparallel four-helix bundle with either a di-Zn, di-Mn, or di-Fe active site. The di-Fe DF
proteins have a primary coordination sphere consisting of either a 2-His/4-carboxylate
(DFT2) or 3-His/4-carboxylate motif and can catalyze a wide variety of O2-dependent
reactions with rates similar to those exhibited by native proteins (Figure 1.6).104107 For
example, by making subtle mutations to the microenvironment around the di-Fe active site,
the DF proteins can catalyze the ferroxidase reaction, the oxidation of 4-aminophenol to

the corresponding quinonemonoimine, the oxidation of 3,5-di-tert-butylcatechol to

Figure 1.6 Molecular structure of di-Fe! DFT2.
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quinone, and the hydroxylation of arylamines, such as the conversion of p-anisidine to p-
hydroxylamino-anisole.104

ArMs have also been designed by engineering novel active sites in native proteins to
achieve different or enhanced functionality. Three key parameters must be considered
when converting native proteins into ArMs: 1) the transition metal complex/catalyst, 2) the
protein scaffold, and 3) the mode of attachment of the transition metal complex/catalyst to
the scaffold.83 The first example of a redesigned protein host was reported by Whitesides,
who embedded a biotinylated diphosphinerhodium(I) complex within the protein avidin.
The resulting ArM catalyzed the asymmetric hydrogenation of a-acetamidoacrylic acid with
an enantioselectivity of 41%.108 Since that seminal paper, the use of biotin-(strept)avidin
(Sav) technology to generate ArMs has been pioneered by Ward through the design of
several biotinylated organometallic complexes that catalyze a wide variety of reactions,
including hydrogenation, alcohol oxidation, sulfoxidation, dihydroxylation, allylic
alkylation, transfer hydrogenation, Suzuki cross-coupling, C-H bond activation, and
metathesis.?8109-117 For example, Ward and coworkers designed a biotinylated Rh!!
pianostool complex that, when immobilized in wild-type (WT) Sav, exhibited moderate
selectivity and good activity in the coupling of benzamides and alkenes to form
dihydroisoginolones.118 No molecular structure was obtained for this Rh ArM; however, the
molecular structure was later reported of a crystallized Ir pianostool complex that
highlighted the location of complex immobilization in Sav (Figure 1.7).119 Additionally, in
the Rhi ArM, two subsequent mutations to nearby amino acid residues S112Y and Ki21E
imparted a nearly 100-fold rate acceleration over the activity of the isolated rhodium

complex. It is postulated that the engineered carboxylate-containing amino acid residue
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Figure 1.7 Structure of a Sav artificial transfer hydrogenase with an anchored
biotinylated Ir complex (PDB 3PK2).

plays a key role in the C-H bond activation step by deprotonating the ortho-Caryi-H bond,
which is the turnover-limiting step.

In addition to the biotin-Sav technology, several other ArMs have been designed
using different protein hosts. For example, the groups of Lu and Watanabe demonstrated
the incorporation of unnatural metal porphyrin and salen complexes into Mb;?6.120-124
Fontcave and Arturo installed synthetic models of [FeFe] hydrogenase into HydF;12>
Ménage showed the inclusion of a synthetic mononuclear Fe complex into the Ni-binding
protein NikA;126.127 and Roelfes successfully docked a Cu complex into LmrR.128 More
recently, Jared Lewis synthesized a dirhodium complex based on a tetradentate Esp ligand
with a bicyclo[6.1.0]nonyne (BCN) covalent anchor and immobilized it within the Pfu prolyl
oligopeptidase (POP) enzyme (Figure 1.8). Lewis and coworkers showed that the
selectivity of the dirhodium catalyst in styrene cyclopropanation was significantly

improved by establishing two-point cofactor binding within POP. Through directed

13



$301
Y326
) = =/
o)§° 0 S o»__0 H :
\
MR o ‘—@I
d N/ To H
XN A Vo=
S #,G99

Figure 1.8 ChemDraw representation of Lewis’s dirhodium catalyst (A) and recently solved Pfu POP
structure with predicted placement of the dirhodium catalyst (B, labeled with red box between Y326 and
G99).

evolution of the POP ArMs, Lewis and coworkers achieved improved cyclopropanation and
the ability to perform carbene insertion into Si-H, S-H, and N-H bonds. Additionally, the
POP ArMs showed increased selectivity in the presence of salt (> 0.5 M NaBr or NacCl),
which Lewis attributed to secondary coordination sphere effects based on significant
conformational changes that occur in the interdomain protein loops and result in a more
ordered hydrophobic active site.129

Protein self-assembly is another approach for designing ArMs. In general, this
approach utilizes monomeric proteins as ligands for building larger supramolecular
constructs through metal-mediated self-assembly. Specifically, this approach uses the
surfaces of proteins to design metal binding sites through self-assembly. Tezcan and
coworkers have advanced this work with the heme protein cytochrome cbsez (cyt chse2).
Using metal-mediated self-assembly, Tezcan demonstrated that a tetrameric Zn-mediated
cyt cbse2 protein complex could be stabilized and serve several functions: 1) a metal-
selective conformational switch, 2) an esterase and in vivo evolvable 3-lactamase, and 3) an

allosteric assembly that links metal binding to bond formation-breakage events.85130
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Previous Work on Artificial Metalloproteins in the Borovik Group

For many researchers, the study of ArMs is motivated by the search for efficient
catalysts that can achieve increased activity or selectivity as a result of their protein hosts.
However, the Borovik lab is interested in developing structure-function relationships of
metalloproteins and, specifically, how the primary and secondary coordination spheres
around the metal center(s) can affect function. As described above, the Borovik lab has
designed several synthetic complexes that have advanced the field of bioinorganic
chemistry by improving our understanding of the influence of the coordination
environment. In order to expand our approach to include the design of more biologically
relevant active sites, we turned to the design of ArMs. The foundation for ArM development
that best suited our requirements was the biotin-Sav technology because of its ability to
reproducibly embed synthetic inorganic complexes within Sav. Sav is a homotetrameric

protein that does not contain natural metal cofactors. One important structural property of

A
)

Figure 1.9 Surface representation of tetrameric Sav (A) and a ChemDraw representation of
biotin (B).
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Vestibule

Figure 1.10 Diagram of one Sav dimer showing metal complexes anchored in the
vestibule (A) and a ChemDraw representation of the biotinylated ligands used in this
dissertation (n = et, pr, bu) (B).

Sav is that it assembles as a dimer of dimers, where the biotin binding sites face each other
(Figure 1.9).118131-135 The only known function of Sav is to bind biotin, which occurs with a
high binding affinity (Ka ~ 1013 M-1).131136 Qur approach takes advantage of this unusually
high binding affinity through the design of biotinylated metal complexes that can be
reproducibly anchored within Sav. The dimer assembly positions the biotin-binding
domains close to one another across a volume of space denoted as the vestibule (Figure
1.10). The vestibule is solvent accessible and offers space within the protein to house metal
complexes. The biotin-Sav technology offers the additional biological advantages of using
site-directed mutagenesis to mutate amino acid residues within the vestibule (Figure 1.10).

The combined synthetic and biological approach offers the possibility of controlling the
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primary coordination sphere by changing the endogenous ligands (Sav amino acid
residues) that coordinate to an anchored metal center. Moreover, this approach allows for
greater control over the microenvironment around the embedded metal complexes by
mutating amino acid residues that can participate in extensive H-bonding networks. An
additional benefit of the biotin-Sav technology is the ability to work in aqueous
environments, which allows for a more accurate model of metalloprotein environments.

As described above, the biotin-Sav technology has been advanced by the Ward lab at
the University of Basel in Switzerland. Previously, in collaboration with the Ward lab, our
lab used the biotin-Sav technology to design several artificial copper proteins. Using a

series of biotinylated dipyridylethylamine (dpea) ligands with linkers of varying lengths in

o)

A

Figure 1.11 ChemDraw representation of the biotinylated ligands used for previous Cu ArM studies (A, n =
et, pr, bu); the molecular structure of an artificial cupredoxin (B); and the molecular structure of a Cu!-
hydroperoxido species in WT-Sav (C, H-bonds shown as black dashed lines).
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combination with the S112C variant of Sav, which places a thiolate-containing cysteine
residue close to the Cu center, we modeled the structure and properties of Type 1 Cu sites
(Figure 1.11).137 These results showed the ability to tune the position of the Cu center
within Sav, the effect of the placement of the Cu center on the properties of the ArM, and
the ability to use an amino acid residue to coordinate a metal ion and serve as a second
anchor point for the complex. We also successfully trapped a reactive intermediate: a Cull-
hydroperoxido species. Using the ArM [Cull-(biot-et-dpea)(H20)2]cWT-Sav, we
spectroscopically and crystallographically characterized a Cu''-hydroperoxido species that
was stabilized by H-bonds interactions with the nearby amino acid residues N49 and S112
(Figure 1.11). Moreover, we showed that we could tune the stability and reactivity of this
species by mutating N49 and S112 to eliminate the H-bonding network.138 These results laid
the foundation for the research in this thesis, which was to utilize the biotin-Sav technology
to design new Fe ArMs and probe their structure and function.
Overview of Remaining Chapters

The research described in this dissertation continues to build on the study of biotin-
Sav in the design of ArMs with a focus on the development of mononuclear and dinuclear
Fe ArMs that model key structural and functional aspects of native proteins.
Chapter 2. This chapter reports the development of two new Fe ArMs in which an
endogenous glutamate amino acid residue is coordinated to the Fe center. The structure of
[Fell(biot-et-dpa(OHz)2(x1-Or112) € 2xM-S112E-Sav] revealed an unusual bidentate
coordination mode for the dipyridylmethylamine (dpa) ligand where only one pyridine
coordinated to the Fell center. Additionally, two water molecules and the glutamate amino

acid residue of Sav were observed to bind to the Fell center through «!-coordination of the
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Figure 1.12 Molecular structure of a facial triad Fe!' ArM
studied in Chapter 2.

carboxylate (Figure 1.12). Moreover, an extended H-bonding network that had structural
aspects similar to those of native proteins was observed. The analogous Felll ArM was also
developed, and used as a synthon to study exogenous ligand binding.

Chapter 3. This chapter details research using the Fell ArM as a synthon to study dioxygen
activation with a-KG analog substrate phenylpyruvate. The addition of dioxygen to the Fell
ArM in the presence of phenylpyruvate produced two new absorbance features at Amax ~
420 and 540 nm, and a high-spin mononuclear Felll Mossbauer signal was observed for this

species. The molecular structure of this Felll species revealed that the phenylpyruvate

Figure 1.13 Molecular structure of an Fell-0; adduct in Sav studied in
Chapter 3.
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Figure 1.14 Molecular structure of a di-Fe ArM
studied in Chapter 4.

docked via a n-stacking interaction between the two biotinylated Fe complexes and that the
02 adduct is coordinated in an asymmetric side-on to the Fe center (Figure 1.13).

Chapter 4. The research detailed in this chapter sought to develop a di-Fe ArM. A series of
biot-n-dpa (n = et, pr, bu) ligands were developed, and three variants of Sav (S112Y, K121Y,
K121A/L124Y) were expressed and purified. An optical screen was then performed with the
Felll-n-dpa complexes to determine the proper linker length and variant placement for
achieving an Felll-phenolate interaction; the butyl linker and the Ki21A/L124Y Sav variant
allowed for coordination of the phenolate to the Fe center. The molecular structure
revealed a di-Fe active site within Sav in which the Fe centers were bridged by a p-oxo
ligand, which highlights the fact that the Fe---Fe’ distance falls within a range comparable to
that in native proteins (Figure 1.14). Subsequent studies using three-atom and two-atom

bridging ligands confirmed that the Fe---Fe’ distance ranged between 3.7 and 4 A.
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CHAPTER 2

Modelling the Active Sites in Non-Heme Dioxygenases

Introduction

Mononuclear non-heme Fe oxygenases are enzymes that catalyze a wide range of
oxidative transformations using dioxygen as the terminal oxidant.36:8139-142 Many of these
enzymes share a common Fe binding site that is composed of side chains from two
histidine amino acid residues, and either a glutamate or aspartate amino acid residue.*>143
As described in Chapter 1, this endogenous binding site coordinates an Fe center in a facial
orientation and is referred to as the 2-His-1-carboxylate facial triad.2 Information learned
from structural biology indicates that in the Fe!l resting state of these proteins and the
absence of any exogenous cofactors, the remaining coordination sites are occupied by
water molecules (Figure 2.1).10144145 A common feature of these structures is the presence
of an intramolecular hydrogen bond (H-bond) between one of the aqua ligands and the
carbonyl group of the coordinated carboxylate ligand.

Attempts to model this type of coordination environment include synthetic systems

that catalyze the epoxidation and/or cis-dihydroxylation of olefins with H202 and 02,146,147

OH,
NHis & |/
“‘Fe.'l
NHis™ | ‘OH,
Ox
X = Glu or Asp

OH,

Figure 2.1 Fe binding site in cephalosporin synthase showing
the 2-His-1-carboxylate facial triad (A, PDB: 1RXF) and
ChemDraw representation of the active site (B).
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Figure 2.2 Engineered myoglobin with an Fe---Cu active site
and a cyanido (cyn) ligand bound (PDB 3MNO).

and the intramolecular arene hydroxylation of benzoylformate with 02.148-150 However, it
has proven challenging to develop synthetic complexes whose coordination spheres
resemble those found within these proteins. For instance, reported complexes that emulate
the facial triad have been derived from sterically hindered N-donors, terphenylcarboxylate
ligands,?>! and tripodal ligands,1>2-161 but these complexes lack the aqua ligands found
within protein active sites. In addition, these systems do not replicate the control over the
secondary coordination spheres that is seen in metalloproteins. One example of an
engineered facial triad from the field of artificial metalloproteins was reported by Lu and
coworkers, who engineered a 2-His-1-carboxylate facial triad binding site near the heme
active site in sperm whale myoglobin. The facial triad site binds a variety of metal ions,
including Fe, Cu, and Zn. Both the Fe and Cu forms of the engineered facial triad exhibited

nitric oxide reductase (NOR) activity; however, only the Cu form of the protein was
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Figure 2.3 Biotinylated ligand used in this study.

crystallographically characterized (Figure 2.2). Lu’s artificial Fe myoglobin system
highlights one example of how an engineered protein can establish control over the
coordination environment around an Fe active site.

In this chapter, the design and development of new artificial mononuclear Fe
proteins that simulate the 2-His-1-carboxylate facial triad are discussed. Fe!l and Fe!ll
artificial metalloproteins (ArMs) were designed utilizing the ligand bis(2-
pyridylmethyl)amine (Figure 2.3: biot-et-dpa), and a new variant of streptavidin (Sav) was
expressed and purified to introduce a S112E mutation; this mutation could promote Fe-
Ocarboxylate bond formation. Additionally, the binding of an azide ion to the Felll ArM was
performed to demonstrate exogenous ligand binding. The Felland Felll ArMs were analyzed
by electronic absorbance spectroscopy, perpendicular-mode (_L-mode) and parallel-mode
(ll-mode) electron paramagnetic resonance (EPR) spectroscopy, X-ray absorption
spectroscopy (XAS), X-ray diffraction (XRD), and X-ray free electron laser (XFEL)
diffraction methods. The data showed that three new mononuclear Fe ArMs with the classic
2-His-1-carboxylate facial triad motif known for mononuclear non-heme Fe oxygenases
were formed within Sav. Both the primary and secondary coordination spheres of the Fe
centers were influenced by the Sav host to produce new ArMs in which intramolecular
hydrogen bonds (H-bonds) played a key structural role.

Results and Discussion
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Design Concepts. A complementary approach that combines synthetic inorganic
chemistry and protein engineering was utilized to develop bio-relevant Fe active sites
within ArMs.100.162-167 Ag explained in Chapter 1, the approach capitalizes on biotin-Sav
technology to predictably insert biotinylated synthetic complexes into variants of
Sav.98112168,169 These protein hosts could provide ligands within the primary coordination
sphere and simultaneously influence the secondary coordination sphere to better emulate
natural active sites. Moreover, these constructs are stable in aqueous solution, thereby
allowing water to act as a ligand as is found in natural metalloproteins. As discussed in
Chapter 1, previous work in our group has shown how the primary coordination sphere
can be manipulated to produce ArMs that model the properties of cupredoxins by
introducing an endogenous thiolate ligand into Sav that forms a strong covalent bond to the
Cu center.137 This work on Type 1 Cu sites showed how Cu-Sthiolate coordination could be
achieved by using a relatively short ethylene linker between the biotin unit and the
synthetic complex that positioned the Cu center close to the residue at position 112.137 [t
was anticipated that Fe complexes prepared from a similar construct, biot-et-dpa (Figure
2.3), should also place the metal center near this residue. The introduction of a S112E
mutation in Sav would produce a variant that could then promote Fe-Ocarboxylate bond
formation. In addition, the Sav host was re-engineered to incorporate two additional
mutations, Ki121A/E101Q, as described previously.170 The parent protein host is referred to
as 2xM-Sav, and the specific protein host used to develop mononuclear Fe sites is denoted

2xM-S112E-Sav.
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Synthesis and Characterization of Biotinylated Fe!l and Fe'l compounds. The
biotinylated biot-et-dpa construct was prepared from dpa via a 3-step route (Scheme 2.1)
using a modified literature procedure.13” The formation of the Fe!' complex was achieved by
treating biot-et-dpa with FeBrz in CH3CN under an inert atmosphere to afford [Fe!!(biot-et-
dpa)(OHz2)2]Br2. The synthesis of the Felll complex was accomplished by allowing biot-et-
dpa to react with FeCl3-6H20 in EtOH to yield [Felll(biot-et-dpa)(OH2)3]Cls. Both Fell and
Felll compounds were stored under an inert atmosphere. The Fell/lll complexes were
analyzed by electrospray ionization mass spectrometry (ESI-MS), which gave molecular ion
peaks corresponding to [Fell(biot-et-dpa)Br]*and [Fe!ll(biot-et-dpa)Clz]*. Elemental
analysis showed that the Fe!l complex was a dihydrate with the form [Fe!!(biot-et-
dpa)(OHz)2]Brz, and the Felll complex was a trihydrate with the form [Fe!l(biot-et-
dpa)(OH2)3]Cls.

Scheme 2.1 Synthetic route for the preparation of the biot-et-dpa ligand.
o]

L~
T N Y KLKCO; NSNS

zN N~ CH,CN, 80 °C, N,
(o]
dpa 2-(2-(bis(pyridin-2-ylmethyl)amino)ethyl)isoindoline-1,3-dione (50%)
EtOH, 80 °C, N, | NoH4-H,0

N

NH

HN 0O N= iot-
b e~ A~ l) e \)
* N DMF, 25 °C N
S H 2 Z1y
biot-ethyl-dpa (91%) N,N-bis(pyridin-2-yIlmethyl)ethane-1,2-diamine (77%)
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Equation 2.1 Preparation of Fe!l and Fe! ArMs in solution.

[Fe'(biot-et-dpa)(OHe)s]Br, —2-S1eESaV 10y ot et-dpa)(OHz)z(x™-Ok,,) C 2xm-SyizE-Sav] 1)
phosphate buffer 1)
Nz, rt
[Fe'(biot-et-dpa)(OHz)elCl, —2XM-SuzESaY | 10 iot et-dpa)(X)a(ic-Ox,,,) C 2xm-S12E-Sav] @)
acetate buffer (2)

rt
X = OHz, OAc™

The ArMs containing the Fell complex, [Fell(biot-et-dpa(OHz2)2(k!-Or112) € 2xM-S112E-
Sav] (1, eq 2.1), and the corresponding Fe!ll complex, [Fell(biot-et-dpa(X)z(i!-Or112) C2xM-
S112E-Sav] (2, eq 2.1), were prepared by incubating an aqueous solution of the complexes
with 2xM-S112E-Sav at pH 8 in phosphate buffer (50 mM) or at pH 6 in acetate buffer (100
mM). Titration experiments were done with 2-(4'-hydroxyazo-benzene)benzoic acid
(HABA)171 to determine the binding stoichiometry of 1 and 2 to Sav. For a HABA titration, a
solution of Sav is loaded with an excess (150 equivalents) of HABA to ensure complete
binding of HABA to the biotin-binding domains of Sav (Kb ~ 104 M-1). The HABA-Sav
interaction has a characteristic absorbance feature at Amax ~ 506 nm that is used to monitor
the displacement of HABA by a biotinylated complex. Upon the addition of a biotinylated
species, the absorbance feature at 506 nm decreases until the binding pockets of Sav are
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Figure 2.4 HABA Titrations of 1 (n: 2+, grey) and 2 (n: 3+,
black).
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saturated. The binding stoichiometry can then be calculated from the concentrations of Sav
and complex added. In the current study of the two Fe complexes, no further spectroscopic
changes were observed after approximately four equivalents of complex had been added.
Thus, the HABA studies indicated a 4:1 bioinylated Fe!l and Fe!ll complexes to protein host
ratio and confirmed complete occupancy of the Sav binding pockets with the complexes
(Figure 2.4).

Electronic absorbance and EPR spectroscopies were used to characterize 1 and 2 in
solution. For 1, a single feature observed at Amax (em, M-lcm1) = 375 (700) nm was
attributed to a pyridine-to-Fe!l ligand charge transfer (LMCT) transition (Figure 2.5A). For
2, three absorbance bands were found at Amax (em, M-1cm1) = 350 (2500), 485 (220), and
650 (50) nm (Figure 2.6A). The ||-mode, X-band EPR spectrum for 1 displayed a broad
signal with a g value at 8.8 that is consistent with a high-spin Fell species with an § = 2 spin
ground state (Figure 2.5B). The 1-mode, X-band EPR spectrum of 2 revealed a weak signal
with features at g values of 9.1 and 4.3, indicating the presence of a high-spin Felll species

A B
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500 |-

8.8

400

e M'em™)
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Figure 2.5 Electronic absorbance (A) and EPR (B) spectra of 1 recorded in 50 mM

phosphate buffer pH 8.
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Figure 2.6 Electronic absorbance (A), EPR (B), and Méssbauer (C) spectra of 2 recorded in 100 mM acetate
buffer pH 6. The simulation is shown as a red line.

with a rhombic coordination geometry (Figure 2.6B). Mossbauer studies of 2 produced a
spectrum containing a quadrupole doublet associated with a coupled Felll:--Felll system
having an isomer shift (8) of 0.52 mm/s and a quadrupole splitting (AEq) of 1.30 mm/s
(Figure 2.6C). More experiments are necessary to determine what is causing the Fe centers
to couple in solution.

Structural Characterization of 1. A significant advantage of utilizing biotin-Sav
technology in the design of ArMs is the strong tendency of Sav to form single crystals, from
which molecular structures can be determined using XRD methods. The general method
uses the high affinity of Sav for biotin to form Fe ArMs in crystallo by incubating apo-Sav
crystals with a solution of biotinylated Fe complex. For biotinylated complexes, this
soaking method should generate single crystals of Sav that contain one complex per
subunit. An added benefit of this approach is that it is possible to compare the chemistry
occurring within a single crystal to that occurring in the analogous solution-based process.

Single crystals of 1 were prepared by soaking apo-2xM-S112E-Sav crystals in a
solution of [Fe!l(biot-et-dpa)(OHz)2]Br2. The structure of 1 was solved to a resolution of
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1.47 A to reveal a mononuclear Fe complex immobilized within each subunit. The Fe center
is coordinated by O atoms from the carboxylate group of S112E bound in a k! fashion and
two aqua ligands (Figure 2.7, Tables 2.3 and 2.4, Tables 2.5 and 2.6). Nitrogen donors N1
and N2 from dpa also bind to the Fe center with Fe-N1 and Fe-N2 bond lengths of 1.94 A
and 2.32 A, respectively. Our structure shows two conformations for the pyridine ring
containing N3 (Figure 2.7A). In the major complex (1a), modelled to 70% occupancy, this
pyridine ring is not coordinated (unbound state); instead, N3 is H-bonded to the aqua
ligand of O3. The resultant complex is 5-coordinate with a square pyramidal geometry and
a t-value of 0.05 (Figure 2.7B). The minor complex (1b) that was modelled to 30%
occupancy is 6-coordinate with N3 bound to the Fe center (bound state) with an Fe-N3
bond length of 2.21 A and N2-Fe-N3 and N3-Fe-03 bond angles of 107° and 79°,
respectively (Figure 2.7C). The carboxylate group at S112E also has two conformations; a
major confirmation, modelled to 80% occupancy, places O1 in a position to coordinate to
the Fe center (Figure 2.12A), whereas in the minor species with 20% occupancy, the
carboxylate is not coordinated to the Fe center (Figure 2.12A).

In the molecular structure of 1a, the Fe site is coordinated by two N-atom donors
from dpa and the O atom from the residue of S112E in a facial arrangement that is similar to
the 2-His-1-carboxylate facial triad observed in several nonheme monooxygenases.* In

addition, the k1-coordination of the glutamate residue in 1a and 1b leaves 04 positioned to

H-bond with the aqua ligand of 02, as gauged by the 04--02 distance of 2.71 A. This
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Figure 2.7 Overlay of the molecular structures of 1a (grey) and 1b (black) (A, PDB: 6UIY). The individual
molecular structures of 1a (B) and 1b (C) and a partial space-filling representation of 1a highlighting the m-
stacking interaction of the biotinylated Fe!! complex that includes one of its pyridine rings with W1z20' from the
neighboring subunit (D, dark grey). Fe ions are colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. H-bonds are shown as black dashed lines.

type of monodentate carboxylate coordination to Fe with an additional intramolecular H-
bond is seen in several native nonheme enzymes, such as deacetoxy-cephalosporin C

synthase (Figure 2.1A),144 phenylalanine hydroxylase binary enzyme (PDB: 1J8U),172 and

soybean lipoxygenase (PDB: 1JNQ).145 These enzymes have O--O distances that range
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between 2.5 and 3.6 A. The Fell complex in 1 and the Fell sites in natural enzymes also
share the coordination of multiple water molecules.

The 2xM-S112E-Sav host in 1 promotes other noncovalent interactions with the
artificial Fe cofactor. For instance, the aqua ligand of O2 participates in an additional H-
bond with a structural water molecule (Wat22) that is also H-bonded to the residue of N9
and the backbone carbonyl of Ass. This aqua ligand thus participates in two H-bonds, which
could account for the slightly longer Fe-03 bond length of 2.22 A when compared to the
Fe-02 bond length (2.17 A). These water molecules are also part of a larger H-bonding
network that extends from N3 to the glutamate 112 side chain and help to stabilize its
coordination to the Fe center (Figures 2.7B, C). Furthermore, the noncoordinating pyridine
ring participates in an additional m-stacking interaction with the residue of W120 from the
adjacent subunit with a centroidpy-centroidep distance of 4.86 A; the interaction likely
contributes to the stabilization of this conformation (Figure 2.7D).

In synthetic complexes, dpa binds solely as a tridentate ligand to Fe!l/lIl centers. In
fact, analysis of all the structures in the Cambridge Structural Databasel’3 for complexes
containing Fe(dpa) fragments (over 300 entries) found that both pyridine N atoms are
bound to the Fe center in the crystalline phase. The confinement of [Fe!l(biot-et-
dpa)(OHz)2]Brz within 2xM-S112E-Sav appears to promote the wunusual bidentate
coordination of dpa. The trapping of this Fell species with a non-coordinating pyridine ligand
highlights the importance of the local environment around a metal center and how it can

influence the structure of the embedded metal complex.
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Figure 2.8 The molecule structure of biot-et-dpac2xM-S112E-Sav (A, PDB: 6UIU). The 2Fo-F. electron
density map (grey, contoured at 15) is highlighted in B with same labelling as that in A. An overlay of biot-
et-dpac2xM-S112E-Sav (black) and 1a (grey) (C) shows the H-bonding networks associated with biot-et-
dpac2xM-S112E-Sav (black dashes) and 1a (grey dashes). Fe ions are colored in orange, N atoms are in
blue, and O atoms/water molecules are in red. The number schemes in B and C are the same as those in A.

Structural Characterization of biot-et-dpac2xM-S112E-Sav. The unusual molecular
structure of the Fe complexes in 1 prompted us to examine the structure of 2xM-S112E-Sav
containing just biot-et-dpa. We were interested in determining how the dpa ligand was
positioned within the protein host in the absence of the Fe center and if any structural
differences occurred upon coordination to Fe. The structure of biot-et-dpa c 2xM-S112E-Sav
was solved to a resolution of 1.35 A, and both the dpa ligand and carboxylate group at
position 112 were modelled with single conformations at 100% occupancy (Figure 2.8A
and 2.8B, Tables 2.5 and 2.6). Both N1 and N2 are centered near the carboxylate group at
position 112, and the pyridine ring containing N3 adopts a nearly identical confirmation to
what is found in 1a, including the same m-stacking interaction with W120 (Figure 2.8C).
Additional noncovalent interactions are present in the form of an extended H-bonding
network that includes N1 and N3, a series of water molecules, and the side chains of N4
and S112E (Figure 2.8A). Atom N3 thus forms a H-bond as in 1a but with a structural water
molecule rather than an aqua ligand. Notice that the H-bonding network also links N3 to

the carboxylate group at S112E, which influences its orientation.
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The structure of biot-et-dpac2xM-S112E-Sav provides insight into how the protein
host influences both the primary and secondary coordination spheres in 1 (Figures 2.84,
B). The glutamate residue and the pyridine group containing N3 have two different
conformations in the structure of 1 (Figure 2.7). For the glutamate residue, the carboxylate
group in the minor state of 1 occupies the same position as that observed in biot-et-
dpac2xM-S112E-Sav, and this position places the O atoms more than 3.0 A away from the Fe
center. In its bound state, the carboxylate group rotates toward the dpa ligand, enabling 01
to coordinate to the Fe center. Moreover, the unbound pyridine group in 1a is displaced by
only 0.6 A from the position occupied by the same ring in biot-et-dpa € 2xM-S112E-Sav. This
change appears to be enough to promote intramolecular H-bonding of the pyridine group
with the aqua ligand of 03, but not enough to enable its coordination to the Fe center
(Figure 2.7C). For the bound state in 1b, the position of the pyridylmethyl arm changes
significantly, which moves N3 by over 2.0 A and allows it to coordinate to the Fell center.
There is also an extended H-bonding network like the one found in 1 that includes N3,
several water molecules, and the Si12E side chain (Figure 2.8C).

Structural Characterization of 2. To evaluate the effects of Fe oxidation on the
molecular structure of the active site, we prepared single crystals of 2 by soaking crystals
of apo 2xM-S112E-Sav in a solution of [Fe!ll(biot-et-dpa)(OH2)3]Cls. Analysis of crystals that
diffracted to a 1.40 A resolution revealed the formation of a six-coordinate mononuclear Fe
complex within each subunit of Sav (Figure 2.9A and 2.12B, Tables 2.3 and 2.4, Tables 2.7

and 2.8). The primary coordination sphere is composed of an N303 donor set with an O-
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Figure 2.9 The molecular structure of 2 (A, PDB: 6UIO) and an overlay of the structure
collected using XFEL (B, carbons colored in teal, PDB: 6US6). Fe ions are colored in orange,
N atoms are in blue, and O atom/water molecules are in red. H-bonds are shown as black
dashed lines. The number scheme in B is the same as that in A.

atom donor from the S112E residue that is bound in a similar k! manner as observed in 1.
The other O-atom donors are from acetate ions (from the crystallization conditions) that
also bind as monodentate ligands and occupy the same coordination sites as the aqua
ligands in 1. The dpa ligand binds facially to the Felll center, and all three N-donors are
coordinated. Notice that the structural water molecule (Wat22) found in 1 is not present in

2, which allows 06 of the acetato ligand to H-bond with the amide residue of N49 with a

Na9-06 distance of 2.97 A.

To evaluate if photoreduction occurred on the crystals of 2, and determine the
extent of change that photoreduction would cause on the resultant structure, XRD data
were also collected using XFEL techniques in collaboration with the Yachandra/Yano group
at Lawrence Berkeley National Lab. This method utilizes femtosecond X-ray pulses to
collect XRD data in a serial fashion, with each diffraction image obtained from a new
crystal.174-177 Detection occurs before the diffusion of radicals or solvated electrons, which

often causes X-ray-induced changes in protein structure. This method has therefore
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provided structural data for metal centers in a non-damaged (that is, not photoreduced)
state for several metalloproteins.174-177 The molecular structure of 2 was obtained on
room-temperature crystals using this method and resolved to 1.50 A (Tables 2.7 and 2.8).
The resulting structure of 2 and that obtained from frozen crystals examined by XRD were
nearly identical (Figure 2.9B and 2.12D) with an average difference in the Fe-N/O bond
lengths of 0.03 A. Notice that there are slight differences in the orientations of the ligands in
the two structures (Figure 2.9B), which could be caused by the different temperatures used
for data collection. Nevertheless, these results suggest that the structure of 2 obtained
using synchrotron radiation at cryogenic temperatures was minimally affected

by radiation damage.

XAS. The properties of the Fe centers in 1 and 2 were further probed using XAS to
gain a better understanding of the structure of the protein-embedded complexes in
solution. X-ray absorption near edge structure (XANES) analysis provided energy edges at
7122.4 eV and 7123.1 eV for 1 and 2, respectively (Figures 2.13 and 2.14, Table 2.13),
which are consistent with the energy edges of other synthetic and biological Fell/1ll
systems.178-180 These results indicate that in solution, 1 has a ferrous metal center and 2
has a ferric metal center. Extended X-ray absorption fine structure (EXAFS) analysis
revealed the presence of five O/N scatterers at a distance of 2.15 A for 1 (Table 2.1, Figure
2.15, Tables 2.9 and 2.10). Two additional shells from the Fe center were fit to four carbon

scatterers at 3.01 A and one at 2.63 A. The longer-distance carbon scatterers could include
the carbonyl C atom of the S112E side chain, which was found at an Fe---C distance of 3.12 A

by XRD. The shorter Fe--C distance of 2.63 A matched that found by XRD between the Fe

center and the methylene carbon of the unbound
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Table 2.1 Comparison of metrical parameters for 1 obtained by XAS

and XRD.
No. of o 2
Bond Scatterers ~ XAS (A) XRD (A)
Average Fe-O/N 5 2.15 2.16
Average Fe:--C 4 3.01 3.01
Fe"'Cmethylene 1 2.63 2.60

Table 2.2 Comparison of metrical parameters for 2 obtained by XAS

and XRD.
No. of o .
Bond Scatterers XAS (A) XRD (A)
Average Fe-0O/N 5 2.07 2.15
Fe-O/N 1 1.81
Average Fe::-Cethylene 6 3.08 3.01

pyridylmethyl group. Taken together, these data suggest that the predominate species in
solution for 1 is also the unbound state in which one pyridine ring of dpa is not coordinated
(Figure 2.7B). Fits of the EXAFS region for 2 revealed 5 O/N scatterers at 2.07 A and 1 0/N
scatterer at 1.81 A (Table 2.2, Figure 2.16, Tables 2.11 and 2.12). This pattern indicates a
general shortening of the bond lengths when the metal is oxidized. An additional shell was

fit to carbon scatterers at 3.08 A from the Fe center.
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Figure 2.10 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra of 2-N3 recorded in 100 mM
acetate buffer pH 6. The initial electronic absorbance spectrum is shown as black line, and the final spectrum
is shown as a grey line. The simulation is shown as a red line.
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Azide Binding to 2. The binding of azide ions to 2 was examined in order to
investigate how exogenous ligands bind to the Fe center. In solution studies, 2 was treated
with a 100-fold excess of NaNs in acetate buffer pH 6 to afford a new spectrum with a band
at Amax (em, M-1cm1) = 405 (3000) nm that was assigned to an azido-to-Felll (LMCT) charge
transfer transition (Figure 2.10A).181 EPR and Mdssbauer studies revealed 85% conversion
to a paramagnetic Felll species with 6 = 0.51 mm/s and AEq= 0.09 mm/s. The significant
changes in the EPR and Mossbauer spectra from 2 to 2-N3 support the coordination of the
azido ligand to the Fe!ll center (Figures 2.10B, 2.10C). Parallel in crystallo studies were
performed by soaking crystals of 2 in a 100 mM solution of NaN3 to afford 2-Ns, whose
structure was obtained to a resolution of 1.85 A (Tables 2.3 and 2.4, Figure 2.12C, Tables
2.7 and 2.8). Analysis of the molecular structure of 2-N3 revealed a monomeric Fe complex
where the dpa ligand, the carboxylate side chain of S112E, and one acetato ligand containing
03 are coordinated in the same positions as found in 2 (Figures 2.9A). However, the second
acetato ligand is absent. In its place is electron density that was modelled as a terminal
azido ligand with an Fe-N4 bond length of 2.15 A. The azido ligand has an Fe-N4-N5 bond
angle of 120.1°, which is comparable to bond angles found in previously reported Fell-N3
complexes (Figure 2.11A and 2.11B).182 The presence of the azido ligand in 2-N3 causes a
0.29 A elongation of the Fe-N2 bond over that observed in 2, which is consistent with the
stronger trans influence of an azido ligand than an acetate ion. The structural water

molecule Wat1 was modelled at 100% occupancy and is part of an H-bonding network that
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Figure 2.11 Molecular structure of 2-N3 (A, PDB: 6UIZ), and the 2Fo-Fc electron density map (grey, contoured
at 1o), Fo-Fcomit map (green, contoured at 35) and anomalous difference density (red, contoured at 5 c) are
shown in B. Fe ions are colored in orange, N atoms are in blue, and O atoms/water molecules are in red. The
numbering scheme in B is the same as in A.

includes the azido ligand. The H-bonding network extends from the proximal N4 atom of
the azido ligand and includes Wat1 and the amide residue of N49 with N4---Wat1 and
Wat1---N4o distances of 2.88 and 3.17 A, respectively (Figures 2.11A and 2.11B).
Summary and Conclusions

In this chapter, the development of new mononuclear Fe proteins further illustrated
the versatility of using biotin-Sav technology to engineer ArMs. Biotin-Sav technology
leverages the proper placement of synthetic complexes proximal to endogenous functional
groups to produce new biomimetic constructs. Following the design concept of previously
developed Cu'! proteins, the Sav protein was re-engineered to produce the host 2xM-S112E-
Sav, which included a glutamate at position 112. When matched with the biotinylated
complexes [Fell(biot-et-dpa)(OHz2)2]Br2 and [Fe!l(biot-et-dpa)(OH2)3]Cl3, ArMs were
produced with properties that resembled those found in mononuclear nonheme Fe enzymes.

The positioning of the artificial cofactors within 2xM-S112E-Sav allowed for monodentate
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coordination of the carboxylate side chain in an identical manner, as found in the active sites
of Fe monooxygenases. Moreover, the unusual structural feature of 1a, in which one pyridine
group of the dpa ligand was not coordinated, produced an Fe binding site that was similar to
the 2-His-1-carboxylate facial triad found in the natural metalloproteins. The observation
that only one pyridine group was coordinated to the Fe center in 1a is unusual and has not
been structurally observed in other Fe complexes with dpa. This difference is attributed to
the confinement of the complex within a protein host, which helped to regulate the
secondary coordination sphere around the Fe complex. In fact, the complexes participated
in several noncovalent interactions, including with a pyridine ring of the dpa ligand that
stabilized the unbound state found in 1a. An additional H-bond was found between an aqua
ligand and the non-coordinating O atom of a glutamate side chain, an interaction that is found
in many nonheme Fe enzymes.

The structure of 2 also revealed k1-coordination of the carboxylate at position 112 to
the Felll center. In 2, the Fe complex was 6-coordinate, and the aqua ligands were replaced
with acetato ligands to produce a primary coordination sphere that contained three
monodentate carboxylate ligands. Again, H-bonds involving the carboxylate ligands
appeared to stabilize this unusual coordination environment. Substitution of one of the
acetato ligands was achieved by treating 2 with excess azide ion to produce 2-N3. The
structure of 2-Ns3, along with those of 1 and 2, also illustrated the importance of the amide
side chain of N49 in maintaining H-bonding networks around the complexes. Taken together,
the design of Fe ArMs supported by a 2-His-1-carboxylate facial triad highlights how the

synergistic design of Sav and an artificial metallocofactor allows for the control of both the
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primary and secondary coordination spheres of a confined metal complex within a protein
host.

Experimental Details

General Methods. All commercially available reagents were obtained at the highest possible
purity and used as received. Acetonitrile (CH3CN), ethanol (EtOH), dimethylformide (DMF),
methanol (CH30H), dimethylsulfoxide (DMSO), dichloromethane (DCM), chloroform (CHCI3)
and diethyl ether were degassed with argon and dried by vacuum filtration through activated
alumina according to the procedure by Grubbs.183 Triethylamine was distilled from KOH.
Thin-layer chromatography (TLC) was performed on Merck 60 F254 aluminum-backed silica
plates or Merck 60 F254 glass-backed basic aluminum oxide plates. Eluted plates were
visualized using UV light. Silica or basic alumina gel chromatography was performed with
the indicated solvent system using Fisher reagent silica gel 60 (230-400 mesh) or Sigma
reagent Brockmann 1 basic aluminum oxide 58 (150 mesh). Biotin pentafluorophenol ester
(biot-PFP)184 and di-(2-picolyl)aminel8> were prepared according to literature procedures.
Physical Methods

Instrumentation. 'H NMR spectra were recorded at 500 MHz. 'H NMR spectra were
reported in ppm on the § scale and referenced to tetramethylsilane or solvent residual. The
data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, quin = quintet, m = multiplet, br = broad), and integration. Mass spectra
were measured on a MicroMass AutoSpec E, a MicroMass Analytical 7070E, or a MicroMass
LCT Electrospray instrument. Electronic absorbance spectra were recorded with a Cary 50
or 8453 Agilent UV-vis spectrophotometer. X-band (9.64 GHz and 9.32 GHz) EPR spectra

were recorded on a Bruker spectrometer equipped with Oxford liquid helium cryostats.
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The quantification of all signals is relative to a CUEDTA spin standard. The concentration of
the standard was derived from an atomic absorption standard (Aldrich). For all
instruments, the microwave frequency was calibrated with a frequency counter and the
magnetic field with an NMR gaussmeter. A modulation frequency of 100 kHz was used for
all EPR spectra. The EPR simulation software (SpinCount) was written by our collaborating
author Michael P. Hendrich.186 M@ssbauer spectra were recorded with a Janis Research
Super-Varitemp dewar. Isomer shifts are reported relative to Fe metal at 298 K.
Preparative methods
2-(2-(bis(pyridin-2-ylmethyl)amino)ethyl)isoindoline-1,3-dione.13” Dpa (2.03 g, 10.0
mmol), N-(2-bromoethyl)phthalimide (2.93 g, 11.0 mmol), KI (0.339 g, 0.002 mol) and
K2C0s3 (5.6 g, 41 mmol) were dissolved in 60 mL CH3CN and refluxed for 24 h. The solution
was cooled to room temperature, filtered, and reduced to dryness. The maroon-brown
residue was dissolved in 30 mL DCM and washed with 3 x 30 mL aqueous NaHCO3 (with a
small addition of brine) and 2 x 30 mL water. The maroon-brown organic layer was
acidified with 20 mL 12 mM HCI dissolved in 10 mL water and washed with 5 x 30 mL DCM.
The aqueous layer was carefully neutralized with solid NaHCOs3 and extracted with 4 x 30
mL DCM. The solution was dried with MgS0s, filtered, and reduced to dryness to yield a
reddish, brown oil. The crude product was purified via column chromatography with silica
gel and CH3OH:DCM:Et3N (9:90:1) or with basic alumina and CH3OH:DCM (10:90) as the
eluent to yield pure product as a yellow oil (1.68 g, 44%-50%). 1H (500 MHz, CDCl3) 6 8.44
(d, 2H), 7.82 (dd, 2H), 7.74 (dd, 2H) 7.42 (t, 2H), 7.34 (d, 2H), 7.06 (t, 2H), 3.85 (m, 6H), 2.86

(t, 2H). MS (ESI, MeOH) m/z calcd C22H20N402 [M + (Na*)] 395.15, found 395.09.
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N,N-bis(pyridin-2-ylmethyl)ethane-1,2-diamine.’3” Hydrazine monohydrate (1.10 mL,
0.020 mol) and 2-(2-(bis(pyridin-2-ylmethyl)amino)ethyl)isoindoline-1,3-dione (1.7
g, 5.0 mmol) were dissolved in 60 mL EtOH and refluxed under N2 for 3 h. The
phthalhydrazide byproduct precipitated as a white solid after 15 min of reflux. The solution
was filtered to remove the phthalhydrazide and washed with 3 x 5 mL chloroform. The
solution was reduced to dryness, and the yellow oily residue was dissolved in 40 mL CHCI3
and 40 mL of 1 M NaOH. The aqueous layer was extracted with 3 x 40 mL CHCl3, dried over
MgSO0s, filtered, and reduced to dryness. The product was recovered as a yellow oil (0.80 g,
77%).1H (500 MHz, CDCl3) § 8.53 (d, 2H), 7.66 (t, 2H), 7.50 (d, 2H) 7.15 (t, 2H), 3.85 (s, 4H),
2.80 (t, 2H), 2.66 (t, 2H). MS (ESI, MeOH) m/z calcd C14H1sN4 [M + (H*)] 243.16, found
243.11.

biot-et-dpa.137 A solution of biot-PFP (1.30 g, 3.01 mmol), N,N-bis(pyridin-2-
ylmethyl)ethane-1,2-diamine (0.85 g, 3.0 mmol), and triethylamine (0.39 g, 3.0 mmol) in
20 mL DMF was stirred overnight. The DMF was removed under vacuum to yield a sticky
tan residue. The residue was triturated with diethyl ether until a free-flowing solid formed
(3-7 days). The light tan solid was filtered, washed with diethyl ether, and dried under
vacuum (1.49 g, 91%). The solid was stored under an inert atmosphere. 1H (500 MHz,
DMSO) 6 8.44 (d, 2H), 7.75 (br, 1H), 7.71 (t, 2H) 7.50 (d, 2H), 7.21 (t, 2H), 6.40 (s, 1H), 6.33
(s, 1H), 4.27 (t, 1H), 4.07 (t, 1H), 3.72 (s, 4H), 3.16 (q, 2H), 3.04 (q, 1 H), 2.78 (dd, 1 H), 2.55
(s, 1H), 2.46 (t, 2H), 2.02 (t, 2H), 1.45 (m, 6H). MS (ESI, MeOH) m/z calcd C24H32N602S [M +
(Na*)] 491.22, found 491.17.

Preparation of Metal Complexes
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[Fe!l(biot-et-dpa) (OH2)z]Br2.187 [Fell(biot-et-dpa) (OH2)2] Br2 was prepared by the
addition of biot-et-dpa (53 mg, 0.24 mmol) in 10 mL CH3CN to FeBr2. A pale yellow solid
immediately precipitated from the solution. The suspension was stirred under N2 for 30
min, after which the pale-yellow solid was collected via filtration, washed with
CH3CN:diethyl ether (1:1), and dried under vacuum (0.125 g, 75%). The solid was stored
under an inert atmosphere. HR-MS (ESI, 1% DMF:CH3CN) m/z calcd for C24H32FeN6O2SBr
[M - (Br-)] 603.08, found 603.08. Elem. Anal. Calcd for (C24H36N6SO4FeBr2): C, 40.02; H,
5.04; N, 11.67. Found: C, 39.67; H, 4.52; N, 11.38.

[Fell(biot-et-dpa)(0Hz2)3]Cls.188 [Felll(Biot-ethyl-DPA)(OHz2)3]Cl3 was prepared by the
addition of biot-et-dpa (0.09 g, 0.2 mmol) in 3 mL EtOH to FeCl3-6H20 (0.10 g, 0.38 mmol)
in 3 mL EtOH. A yellow solid immediately precipitated from the solution. The suspension
was stirred under N2 for 15 min, after which the yellow solid was isolated via filtration. The
solid was washed with 10 mL chilled EtOH:diethyl ether (4:1) and dried under vacuum
(0.10 g, 86%). The solid was stored under an inert atmosphere. HR-MS (ESI, MeOH) m/z
calcd for C24H32Cl12FeNg02S [M - (Cl-)] 594.10, found 594.08. Elem. Anal. Calcd for
(C24H38NeSOsFeCls): C, 42.09; H, 5.59; N, 12.27. Found: C, 42.28; H, 5.12; N, 12.23.
Spectroscopic Methods.

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) in 200 mM
phosphate buffer pH 7. After 5 min of equilibration, the absorbance at 506 nm was
recorded. A solution of 1 mM Fe complex in nanopure water was added in 4-20 uL portions
until approximately 4 equivalents had been added. The absorbance at 506 nm was

recorded until no further changes in intensity were observed.
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Electronic Absorption Studies. A solution of lyophilized protein (50-250 pM) was prepared
in nanopure water. Four equivalents of Fe complex (0.2-1 mM) in nanopure water were
added to the protein solution. Samples were prepared in a final volume of 500 uL
containing 50 mM potassium phosphate or 100 mM sodium acetate buffer at the indicated
pH.

EPR Studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 200 pL containing 50 mM potassium phosphate
or 100 mM sodium acetate buffer at the indicated pH. The sample was transferred to an
EPR tube, frozen at 77 K in liquid nitrogen, and run at 10 K.

Modssbauer studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 300 pL containing 100 mM sodium acetate
buffer at the indicated pH. The sample was prepared in a solution Méssbauer cup, frozen at
77 K in liquid nitrogen, and run at 4 K.

XAS Studies. A solution of protein (750 uM) was prepared in nanopure water. Four
equivalents of Fe complex (3 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 250 pL with nanopure water. The sample was
then poured in liquid ethane to freeze and packed as a solid into a pre-cooled XAS sample
holder.

XAS data collection and processing. XAS experiments were performed at the Stanford
Synchrotron Radiation Laboratory (SSRL) on beam line 7-3 at 13 K. Fe K-edge data were

collected using a Si(220) ¢=0° double-crystal monochromator with a 9.0 keV cutoff for
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harmonic rejection. Data were collected in fluorescence mode with a Canberra 30-element
Ge solid-state detector. To limit photoreduction of the samples, only first scans were
averaged into the final data sets (exposure time ~35 minutes). Fe K-edge data for all
species were comprised of 14 first scans. Energies were calibrated using an Fe foil (7111.2
eV) and edge energies were obtained from the first derivative of the data with 1.0 eV
smoothing and a third order polynomial in the program EXAFSPAK.18% The Fe K-edge data
sets were fit over the region k = 3-15 A1 using EXAFSPAK with ab initio phases and
amplitudes generated with the program FEFF v8.40.1°0 The Fe K-edge fits for the Fe species
were comprised of the first and second shell atoms. All Debye-Waller factors were treated
as free parameters. The scale factor, So, was set to 0.9. Monochromator glitches in the Fe K-
edge data sets at approximately k = 12.5 A1 were removed using a cubic polynomial fit to
the data. No other modifications to the raw data were performed.
Protein Preparation and Crystallography
Protein Expression and Purification
Preparation of Sav variants. The construction of E101Q-K121A-S112E-Sav and other variants
was achieved by site-directed mutagenesis (SDM) using the codon optimized K121A-pET24a-
Sav plasmid,1°1 the following primers and, and Q5 polymerase.

E101Q_fwd: 5'-GGTGCACAAGCACGCATTAATACCC-3'

E101Q _rev: 5'-GTGCTTGTGCACCACCAACATACTG-3'

S112E_fwd: 5'-GACCTACGGCACCACCGAAGCAAATGC-3'

S112E_rev: 5'-GTGCCGTAGGTCAGCAGCCACTGG-3'
Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of

SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
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Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddHz0,
18 MQ cm™1). DNA sequencing was performed by Genewiz.

Sav Expression. Transformation of 4 pL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 puL LB media. Of this solution, 200 puL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of
a starter culture containing 500 mL LB media and the same antibiotic from a single colony
was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeClz, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiCly, 2
mM NazMoO4, and 2 mM H3BOs all in 60 mM HCI), and 250 pL of 100 mg/mL Kanamycin.
Incubation at 37 °C and 225 rpm was continued until cells reached ODsoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was

centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
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agarose column pre-equilibrated with IB buffer. The column was washed with 6 column
volumes (CVs) of IB buffer or until the absorbance at 280 nm (A2s0) dropped to zero. Elution
with 1% acetic acid in nanopure H20, and pooling fractions by Az2so, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM
Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid
protein was stored at 4 °C.

Protein Crystallization

Crystallization of [Fe!l(biot-et-dpa(OHz)z(k!-0k;;,) c2xM-S112E-Sav] (1). Apo-Sav protein was
crystallized by the sitting drop vapor diffusion method under an inert atmosphere.
Diffraction-quality crystals were grown at room temperature by mixing 3.5 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH
8) with a 10 mM stock solution of [Fe!l(biot-et-dpa)(OHz2)z]Brz in nanopure water (9 pL
crystallization buffer, 1 pL [Fe!!(biot-et-dpa)(OH2)2]Br2) overnight. After the soaking
process, crystals were transferred to cryo-protectant for 1 min (30% glycerol in
crystallization buffer) and shock-frozen in liquid nitrogen.

Crystallization of [Fe'l(biot-et-dpa(OAc)z(k!-Ok;;,) c2xM-S112E-Sav] (2). Apo-Sav protein was
crystallized by the sitting drop vapor diffusion method. Diffraction-quality crystals were
grown at room temperature by mixing 3.5 pL of protein solution (26 mg/mL lyophilized

protein in water) and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium
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acetate, pH 4). The droplet was equilibrated against a reservoir solution of 100 pL
crystallization buffer. Single crystals of Sav were prepared by soaking apo-crystals in a
soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6) with a 10 mM stock
solution of [Fe!l(biot-et-dpa)(OH2)3]Cl3 in nanopure water (9 pL crystallization buffer, 1 pL
[Fell(biot-et-dpa)(OH2)3]Cl3) overnight. After the soaking process, crystals were
transferred to cryo-protectant for 1 min (30% glycerol in crystallization buffer) and shock-
frozen in liquid nitrogen. Crystals were prepared in the same manner for data collected
using XFEL.

Crystallization of biot-et-dpa c2xM-S112E-Sav. Apo-Sav protein was crystallized by the sitting
drop vapor diffusion method. Diffraction-quality crystals were grown at room temperature
by mixing 3.5 pL of protein solution (26 mg/mL lyophilized protein in water) and 1.5 pL of
crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was
equilibrated against a reservoir solution of 100 pL crystallization buffer. Single crystals of
Sav were prepared by soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1
M sodium acetate, pH 6) with a 10 mM stock solution of biot-et-dpa in nanopure water (9
uL crystallization buffer, 1 pL biot-et-dpa) overnight. After the soaking process, crystals
were transferred to cryo-protectant for 1 min (30% glycerol in crystallization buffer) and
shock-frozen in liquid nitrogen.

Crystallization of [Fe!l(biot-et-dpa)(OAc)(N3)(«-0k;;,) c2xM-S112E-Sav] (2-N3). Apo-Sav
protein was crystallized by the sitting drop vapor diffusion method. Diffraction-quality
crystals were grown at room temperature by mixing 3.5 pL of protein solution (26 mg/mL
lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1

M sodium acetate, pH 4). The droplet was equilibrated against a reservoir solution of 100
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uL crystallization buffer. Single crystals of Sav were prepared by soaking apo-crystals in a
soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6) with a 10 mM stock
solution of [Fe!l(biot-et-dpa)(OH2)3]Cl3 in nanopure water (9 pL crystallization buffer, 1 uL
[Felll(biot-et-dpa)(OH2)3]Cl3) overnight. After this initial soaking step, the crystals were
soaked in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6) witha 1 M
stock solution of NaN3 in nanopure water for 5-10 min (9 pL crystallization buffer, 1 pL
NaNs3). After the second soaking process, the crystals were transferred to cryo-protectant
for 1 min (30% glycerol in crystallization buffer) and shock-frozen in liquid nitrogen.
X-ray diffraction data collection and processing. X-ray diffraction data were collected at the
Stanford Synchrotron Radiation Lightsource (BL 12.2, 9.2, or MFX LCLS) and the Advanced
Light Source (BL 8.2.1 or 8.2.2) at a wavelength of 1 A. Data for 2-N3 were collected with
helical data collection using exposure time/frame 0.2/0.2 s/deg. X-ray diffraction data
were processed with XDS192 or iMosflm193 and scaled with AIMLESS (CCP4 Suite).193 The
structures were solved by molecular replacement using program PHASER (CCP4 Suite)193
and the structure 2QCB from the PDB as input model ligand with water molecules removed.
For structure refinement, REFMAC5 (CCP4 Suite)1°¢ and PHENIX.REFINE1%5> were used.
Ligand manipulation was carried out with program REEL using the small molecule crystal
structure RAGQEVO01 from the Cambridge Structural Database as an input model.1%¢ For
water picking, electron density, and structure visualization, the software COOT1%7 was
used. Figures were drawn with PyMOL (the PyMOL Molecular Graphics System, Version
1.8.2.3, Schrédinger, LLC). Crystallographic details, processing and refinement statistics are
given in Supplementary Table 2.5-2.8.

XFEL data collection and processing. XFEL data were collected at the MFX instrument (Sierra
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2019) of the LCLS facility (SLAC National Accelerator Lab, Menlo Park, CA) using X-ray pulses
of ~35 fs length at an energy of 9.5 keV and with an average pulse power of 2.5 m] and a
beam size of 4 pum (FWHM), obtained by compound refractive lenses. A suspension of
microcrystals of 2 (50-80 um in the longest dimension, 1 x 106 CrystalsemL-1) was delivered
into the X-ray interaction region by the Drop-On-Demand method described by Fuller et
al.198 utilizing a flow rate of 8 pLemin-1. The 4.4-nL droplets were deposited on a Kapton tape
traveling at 300 mmesec-1 and transversed a helium enclosure for 0.8 sec before the X-ray
pulse. Diffraction data were collected at a rate of 30 Hz on a Rayonix MX 340HS detector with
2x2 binning at a distance of 144 mm from the interaction point. XFEL data from 6010 images
were processed and indexed using cctbx.xfel and DIALS.199200 The images were merged using
cxi.merge within the cctbx.xfel package?%! using a per-image resolution cutoff (based on
resolution-binned [/o(I) estimates), including post-refinement by applying a partiality
correction to inflate the unmerged partially-recorded reflections from the still images to
their full equivalent values. The final dataset was merged to 1.50 A resolution based on
multiplicity and CCi,2 criteria.

Structural Results.

Crystal Color. All crystals of Sav soaked with complexes [Fe!l(biot-et-dpa)(OH2)2]Brz and
[Fell(biot-et-dpa)(OH2)3]Cls changed from colorless to pale yellow and dark yellow,
respectively. Crystals soaked with NaN3 changed from dark yellow to red. There was no
color change for crystals soaked with only biot-et-dpa ligand.

Structural Refinement. Apo-crystals of proteins 2xM-S112E-Sav soaked with either biot-et-
dpa, [Fe!'(biot-et-dpa)(OHz2)z]Brz, or [Fe!!l(biot-et-dpa)(OHz)3]Cls constituted space group

14122 with unit cell parameters reported in Tables 2.5-2.8. A single Sav monomer was
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obtained per asymmetric unit after molecular replacement. Protein residues 2-10 and 135-
159 of the N- and C-terminus, respectively, were not resolved in the electron density,
presumably due to disorder. Starting from the Sav monomer the biological homotetramer
is generated by application of crystallographic C2-symmetry axes along the x-, y- and z-axes
of the unit cell. The overall protein structures are virtually identical to structure biotin C
WT-Sav (PDB 1STP, see Tables 2.5 and 2.7).

General Complex Modeling. For all structures of apo-protein crystals soaked with the
corresponding Fe-complexes, the following general observations were made: i) residual
electron density in the Fo-Fc map was observed in the biotin binding pocket, ii) in the biotin
vestibule which is flanked by protein residues of loop-3,44 (the superscript number
indicates Sav monomer within tetramer) loop-4,5€¢, loop-5,64 loop-7,84 and loop-7,88, and
iii) an anomalous dispersion density map indicated a significant peak in the biotin vestibule
superimposed with the electron density peak. The residual electron density was fit with the
corresponding Fe-complexes, which projected Fe to the position of the strong anomalous
density peak.

Structural refinement of 1. In the 14122 symmetry solution, the dpa ligand is modelled at
70% uncoordinated and 30% coordinated to the Fe center. The Fe center was modelled at
80% occupancy; the decrease in occupancy could be because of this disorder within the
active site. It is possible that the occupancy is higher for uncoordinated dpa ligand;
however, the B factors did not significantly change between 70-90% occupancy and the
final solution was decided based on modelling less to ensure a more correct model with
less bias. The glutamate residue was also modelled with 80% coordinated and 20%

uncoordinated to the Fe center.
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Structural refinement of 2. In the 14122 symmetry solution, the dpa ligand is modelled
100% coordinated to the Fe center; whereas the glutamate residue is modelled at 80%
coordinated, and 20% uncoordinated to the Fe center. The Fe center is modelled at 80%
because of the significant negative density in the Fo-Fc map. The decrease in occupancy can
be possible because of disorder in the structure. Additionally, at the density that was
modelled for the acetato ligand (03), there was density in the anomalous map to ~4 o. It
was attempted to model a sulfate ligand in the density to account for the anomalous
density with a sulfur atom; however, negative density in the Fo-F: map appeared after
refinement with a sulfate ligand. Moreover, the biotin sulfur had anomalous density to ~ 8
o, which could mean that whatever ligand is causing the anomalous density at O3 cannot be
significant. Rather than a sulfate ligand, the 03 density was fit to an acetato ligand, and a
Poulder map confirmed that acetate is a reasonable fit to the density. It is unknown why
the anomalous density is present at O3 but the data fits well to an acetato ligand and was
thus modelled for the final solution. Lastly, the comparable symmetry solution with the
XFEL data also fit the density at O3 reasonably to an acetato ligand.

Structural Refinement of 2-N3. In the 14122 symmetry solution, there was significant
disorder in the Fe complex, presumably to accommodate the coordination of the azido
ligand. The dpa ligand, Fe center, and azide ligand were modelled with 100% occupancy;
whereas, the glutamate residue was modelled 80% coordinated and 20% uncoordinated to
the Fe center. The glutamate residue was disordered, and fitting the uncoordinated
conformation was determined to be necessary because there was negative density around
the coordinated residue side chain without the second confirmation. Additionally, the first

location of the azido ligand was obvious; however, it was thought to be possible that in the

52



density where an acetato ligand (03) was fit, there could also be some amount of azido
ligand present as well. Modelling with 50/50 acetato/azido ligand or 100% occupancy
azido ligand did not fit the data as well as with one acetato ligand at 100% occupancy. A
Poulder map also confirmed that an acetato ligand was a reasonable fit. However, there is
some amount of disorder that surrounds the acetato ligand because there is some extra
density in the Fo-Fc map around the acetato ligand. At the final solution, the best fit that was
modelled was one acetato ligand. However, it might be possible that the disorder within the
structure is due to the competition between an acetato and a second azido ligand binding

to the second coordination site.
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Figure 2.12 Close-up views of the Fe sites in the molecular structures of complex 1 (A), 2 (B-XRD; D-
XFEL), and 2-Ns (C). For clarity, only one Sav monomer is displayed. The protein is displayed in
surface representation, and the Fe complex and residues 112 and 49 are displayed as sticks. The
position of the ligand molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 ¢) and
anomalous difference density (red, contoured at 4 o; for C, contoured at 3 o). Fe is colored in orange,
N atoms are in blue, and O atoms/water molecules are in red. H-bonding interactions are displayed as
dashed black lines. The numbering scheme is the same as in Figures 2.7, 2.9, and 2.11.
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Figure 2.14 Normalized fluorescence spectra of 1 (black) and 2
(grey). The insert is an expansion of the XANES region.
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Figure 2.13 Pre-edge region analysis of 1 (A) and 2 (B) showing the experimental data (black),
baseline (grey), pre-edge peak componenets (grey), residuals (blue), and total fit (dark grey).
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Figure 2.15 Fit (grey) of the unfiltered (black) EXAFS data (A) and the corresponding Fourier transform

(FT) (B) of 1. Fit (grey) of the filtered (black) EXAFS data (C) and the corresponding FT (D) of 1.
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Table 2.3 Selected bond lengths (&) and angles
(°) for the ArMs from XRD measurements for 1,

2,2-N3

Bond lengths

and angles
Fe-01

Fe-03

Fe-04

Fe-N1

Fe-N2

Fe-N3

Fe-N4

N1-Fe-03
N1-Fe-N2
N2-Fe-04
N2-Fe-03
N1-Fe-04
03-Fe-04
01-Fe-N1
01-Fe-N2
01-Fe-N3
01-Fe-03
01-Fe-04
N1-Fe-N3
N2-Fe-N3
N3-Fe-03
N3-Fe-04
01-Fe-N4
03-Fe-N4
N1-Fe-N4
N2-Fe-N4
N3-Fe-N4
Fe-N4-N5

1a

2.16
2.17
2.22
1.94
2.32

167
79
170
96
95
91
100
82
91
92

1b

2.16
2.17
2.22
2.31
2.36
2.21

167
67
164
101
101
91
91
78
166
91
92
79
107
101
79

2

211
2.17
2.15
2.15
2.23
2.18

168
70
164
100
95
95
90
78
163
95
94
75
104
101
79

2-N3

2.35
2.00

2.27
2.52
2.27
2.15
169
79
91

95
75
146
87
83
71
89
110
89
101
175
103
120

Table 2.4 Selected H-bonds (A) for the
ArMs from XRD measurements for 1, 2,

2-N3.

Distances
N3---04
04---Wat22
Wat22---N49

Wat22---Wat191
Wat191---Wat190

Wat190---02

02---03
06-+-Ny9
N4---Watl
Wat1-~N49

1
3.51
2.54
3.00
3.05
2.34
3.12
2.71
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Table 2.5 X-ray Crystallography Data Processing and Refinement Statistics for biot-et-dpa

and 1.
Identification
Sav Mutant 2xM S112E 2xM S112E
Fe complex/biotinylated biot-et-dpa [Fell(biot-et-dpa(OHz)2(k!-
Ligand Oky1,)]* (1)
PDB Code 6UIU 6UlY
Fe complex PDB 3-letter QG7 QGI
code
Data Processing
Unit Cell a,b,c=5794,5794A,1843A ab,c=5774A,57.74A 1843
a, B,y=90° A
a, B, y=90°
Space Group 14,22 14,22
Resolution (A) 37.4-1.35 55.10 - 1.47
Highest resolution shell (4) 1.40 - 1.35 1.49— 1.47
Rumerge (%) 24 (246) 6.9 (50)
No. of unique reflections 35163 (1647) 27259 (1317)
Multiplicity 13.1 (11.5) 12.9 (9.6)
1/Sig(D) 5.6 (1.1) 21.6 (4.0)
Completeness 99.8 (96.4) 100.0 (100)
CC(1/2) 0.992 (0.91) 0.99 (0.93)
Beamline SSRL 12.2 ALS 8.2.1
Structure Refinement
Rwork 0.21 0.15
Rfree 0.23 0.18
Rmsd bond length (A) 0.015 0.018
Rmsd bond angle (°) 3.027 2.434
Rmsd compared to biotin- 0.67 0.62
Sav WT (PDB 1STP) (A)
No. ligands
Fe complex 1 1
Water 116 118
Acetate 0 2
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Table 2.6 Summary of structural details for biot-et-dpa and 1.

PDB Code 6UIU 6UIY
Complex biot-et-dpa 1
Electron density at Fe in Fo— - 36
F. omit map (o)
Anomalous dispersion - 20
density at Fe (o)
Geometry of Fe complex - 70%: square pyramidal
30%: distorted
octahedral
Coordination number of - 70%: 5
Fe complex 30%: 6
Occupancy of Fe complex - 80
(%)
B-factor (A2)
Overall protein 16 17
S112E 16 (80/20):18/10
K121A 12 12
E101Q 40 49
Fe complex - (70/30): 19/19
DPA 15 (70/30):19/19
Fe - 28
Distance Fe—Fe (A) - 10
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Table 2.7 X-ray Crystallography Data Processing and Refinement Statistics for 2 and 2-Ns.

Identification
Sav Mutant 2xM S112E 2xM S112E 2xM S112E
Fe complex [Fell(biot-et- [Felll(biot-et- [Felll(biot-ethyl-
dpa(0Ac)x(k1-Or,,,)]  dpa(0AC)(k!-Ok,;,)]  dpa)(OAC)(Ns)(x!-
(2-XRD) (2-XFEL) Oky3,)]
(2-N3)
PDB Code 6UIO 6US6 6UIZ
Fe complex QFY QFY QG4
PDB 3-letter code
Data Processing
Unit Cell a,b,c=579A,579A ab,c=581A5814A  ab,c=578A4
184.7 A 185.7 A 57.8A,184.5 A
a, B, y=90° a, B, y=90° a, B, y=90°
Space Group 14,22 14,22 14,22
Resolution (A) 37.42 -1.40 23.21-1.50 37.34-1.85
Highest resolution 1.42 -1.40 1.55-1.50 1.89-1.85
shell (A)
Rumerge (%) 6.5 (233) - 22 (140)

No. of unique

31551 (1533)

26030 (2514)

13859 (827)

reflections
No. of merged - 6011 -
images
Multiplicity 25.9 (26.3) 99.98 (13.24) 10.9 (11.3)
I/Sig(D) 30.6 (1.7) 27.544 (0.967) 10.1 (2.3)
Completeness 100.0 (100) 99.8 (99.5) 99.9 (100)
CC(1/2) 1.00 (0.68) 0.977 (2.4) 0.996 (0.793)
Beamline ALS 8.2.2 SSRL MFX LCLS SSRL 9.2
Structure Refinement
Rwork 016 017 018
Réfree 0.18 0.18 0.23
Rmsd bond length 0.014 0.015 0.017
(A)
Rmsd bond angle 2.072 1.996 2.994
)
Rmsd compared to 0.61 0.74 0.62
biotin-Sav WT
(PDB 1STP) (A)
No. ligands
Fe complex 1 1 1
Water 105 63 107
Acetate 6 3 3
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Table 2.8 Summary of structural details for 2 and 2-Ns.

PDB Code 6UI0 6US6 6UIZ
Complex 2-XRD 2-XFEL 2-N3
Electron density at 37 35 32
Fe in F,-F; omit
map (o)
Anomalous 20 - 7
dispersion density
at Fe (o)
Geometry of Fe Distorted octahedral Distorted octahedral Distorted octahedral
complex
Coordination
number of 6 6 6
Fe complex
Occupancy of Fe
complex (%) 80 80 100
B-factor (A2)
Overall protein 22 22 20
S112E (80/20) 20/16 23/16 25/15
K121A 17 17 14
E101Q 49 60 48
Fe complex 23 27 24
DPA 23 27 23
Fe 26 29 27
Distance Fe—Fe (A) 10 10 10

Table 2.9 Best fits for EXAFS data for 1. Fit k = 3-15 A-1

Fe-N Fe-O Fe:--C GOF
Fit N R o2 N R 6?2 N R(A) 62 AE, F F
(4) (4)
1 5 2.15 0.00386 4 3.01 0.00919 -9.63 145 38
1 2.63 0.00612
Table 2.10 Best fits for Fourier filtered EXAFS data for 1. Fit k = 2-16 A1
Fe-N Fe-0 Fe:--C GOF
Fit N R o2 N R o2 N R o2 AE, F F
(A) (A)
1 5 2.15 0.00403 -9.60 24 -
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Table 2.11 Best fits for EXAFS data of 2. Fit k=3-12 A1

Fe-N Fe-O Fe--C GOF
Fit N R o2 N R o2 N R o2 AE, F F
(4) (A)
1 5 2.07 0.00950 6 3.08 0.00639 -4.72 61 39
1 1.81 0.00267
Table 2.12 Best fits for Fourier filtered EXAFS data of 2. Fit k = 2-14 A-1
Fe-N Fe-O Fe--C GOF
Fit N R o2 N R o2 N R@) o2 AE, F F
(A) (A)
1 5 2.07 0.00991 -5.11 47 -

1 181 0.00294

Table 2.13 K-edge and pre-edge area fits for 1 and 2.

ArM K-edge (eV) Pre-edge area
1 7122.4 59
2 7123.1 13.0
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CHAPTER 3

SEEING RED
Introduction

The binding of dioxygen and subsequent oxidation of substrates is a pivotal process

in biology that is accomplished by several metalloproteins.46:53139,202.203 Ag discussed in
Chapter 1, the mechanism of taurine dioxgenase (TauD) provides a clear example of how
monooxygenases bind dioxygen, form an Fe!V-oxido oxidant, and perform substrate
oxidation.?142 While the formation of the Fe!V-oxido species is well established, much less
is known about the Fe-02 adducts that are formed upon initial dioxygen activation. In the
postulated pathway for nonheme Fe proteins, the initial binding and reduction of dioxygen
produces an Felll-superoxido species, after which the superoxido ligand is reduced once
more to form an Fe!l/V-peroxido species (details in Chapter 1: Figure 1.1B).142 As further
support for this mechanism, Ramaswamy and coworkers successfully trapped dioxygen
bound side-on to Fe in the active site of napthalene dioxygenase (NDO), which is one of the

only known details about this step.204 In the absence of substrate, the dioxygen ligand

A B Soe=

Indole

Figure 3.1 Molecular structures of side-on Oz binding (A: PDB 107M) and asymmetric Oz binding
with substrate indole present (B: 107N) to the Fe active site in NDO. Possible H-bonding
interaction is shown as a dashed black line.
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coordinated in a symmetric fashion to the Fe center; however, when the substrates indole
or naphthalene were present, the coordination mode of the Fe-02 unit changed slightly to
asymmetric coordination (Figure 3.1). The dioxygen species was postulated to be a
peroxido ligand based on an 0-0 bond distance of 1.4 A, but there is no other data to
support this claim. An asparagine residue (N201) was also located within H-bonding
distance to the bound dioxygen species and thus, could be involved in a water channel that
delivers protons to the Oz species (Figure 3.1).204 Additionally, Lipscomb and coworkers
successfully trapped three different intermediates in different subunits of the
homotetrameric homoprotocatechuate 2,3-dioxgenase enzyme (2,3-HPCD).2%> [n one
subunit, dioxygen coordinated through symmetric side-on binding to the Fe center. This O2
unit was proposed to be a superoxido ligand with an 0-0 bond distance of 1.34 A (Figure
3.2).205 In the next subunit, a bond formed between the substrate 4-nitrocatechol (4-NC)
and the O ligand to form an alkylperoxido intermediate with an 0-0 bond distance of 1.5 A
(Figure 3.2).205 [t is important to note that most of the evidence for initial dioxygen binding

step in mononuclear nonheme Fe metalloproteins comes from structural work with little

A B

Figure 3.2 Molecular structures of side-on Oz binding (A: PDB 2IGA-subunit C) and alkylperoxido
binding (B: PDB 2IGA-subunit D) to the Fe active site in 2,3-HPCD.
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Figure 3.3 Molecular structure of the
Fell-peroxido species from Nam.

spectroscopic evidence to corroborate the formation of Fe-02 adducts. As noted by
Lipscomb, these structural findings make the assignment of the Oz species as a peroxido or
superoxido ligand difficult.

In addition to the work done in native proteins, synthetic complexes have been used
to elucidate spectroscopic and structural features of dioxygen binding to an Fe
center.3251,202,206-215,215-227 For example, Nam and coworkers crystallographically and
spectroscopically characterized a mononuclear nonheme Fe!l-peroxido complex using the
ligand TMC (1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) and H202.228 The
molecular structure revealed an 0-0 bond distance of 1.463(6) A and an average Fe-0
bond distance of 1.910 A (Figure 3.3). Nam reported that the addition of acid caused the
absorbance feature of the Fe!l'-peroxido complex at Amax ~ 782 nm to convert to an
absorbance feature at Amax ~ 526 nm, corresponding to an Fel'-hydroperoxido complex.
The subsequent addition of base rapidly converted the species back to the Fell-peroxido
complex.228

Artificial metalloproteins (ArMs) have also been utilized to study the initial stages of
dioxygen activation. As mentioned in Chapter 1, Ménage and coworkers redesigned the

nickel-binding protein NikA to include a synthetic Fe complex, FeL (L = N-benzyl-N’-(2-
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hydroxybenzyl)-N,N’-ethylenediaminediacetic acid), that was able to catalyze
intramolecular arene hydroxylation.16> The FeL complex was stabilized in the NikA binding
site by several H-bonding interactions and electrostatic interactions with nearby amino
acid residues. Ménage used diffraction methods (X-ray diffraction, XRD) to monitor the
reaction of single crystals of the FeL-NikA ArM with dioxygen at different time intervals,
and structurally characterized four intermediates in the catalytic cycle, including an Fe-02
adduct (Figure 3.4).165 The Fe-02 adduct bond distances are consistent with an end-on Fe-
(hydro)peroxido species, but solution studies could not definitively elucidate the identity of
the 02 adduct as either a peroxido or hydroperoxido ligand.

To further investigate the nature of biologically relevant dioxygen binding to Fe, the
Fell-ArM described in Chapter 2, [Fell(biot-et-dpa(OHz)2(k!-Or112)c2xM-S112E-Sav] (1),
was used as a synthon because the primary coordination sphere matches the 2-His-1-
carboxylate facial triad found in a-ketoglutarate-dependent nonheme monooxygenases.
This chapter describes the crystallographic and spectroscopic characterization of dioxygen

binding to the Sav-based Fe!'l-ArM in the presence of substrate.

Figure 3.4 Molecular structure of the Fe-02 adduct in NikA
(PDB 3MVY). H-bonds are shown as dashed lines.
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Results and Discussion

Design Concepts. As described in Chapter 1, previous work in our group
demonstrated the ability to trap a Cull-hydroperoxido species within Sav and regulate its
reactivity or stability by modifying the H-bonding network that surrounds the Cu active
site. Based on those Cu studies, the above Fell-ArM could analogously model the initial a-
ketoglutarate cofactor and dioxygen binding stages that are seen in a-ketoglutarate-
dependent monooxygenases. For these studies, a modified protein host, K121A-S112E-Sav,
was used instead of the original protein 2xM-S112E-Sav because the E101Q surface mutation
of the original protein was not necessary to form the Fell-ArM.

Structural and solution studies of Fe!'-ArM. Initial attempts to prepare the Fell-ArM
began with the biotinylated complex [Fell(biot-et-dpa)(OH2)2]Brz and the variant K121A-
S112E-Sav to ensure that the coordination environment was the same that was found in in 1
(Chapter 2). The ArM containing the Fe!l complex, [Fe!l(biot-et-dpa(OHz2)2(x-Og112) cK121A -
S112E-Sav] (3), was prepared by incubating a solution of the complex in nanopure water

with K121A -S112E-Sav at pH 8 in phosphate buffer (50 mM). A 2-(4'-hydroxyazo-
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Figure 3.5 HABA titration of Fell-et-dpa in
K121A-S112E-Sav.
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Figure 3.6 Electronic absorbance (A), EPR (B), and Méssbauer (C) spectra of 3 recorded in 50 mM phosphate
buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. Simulation is shown as a red line.

benzene)benzoic acid (HABA) assay, performed as described in Chapter 2, revealed
stoichiometric binding of the biotinylated Fell complex to the protein host (Figure 3.5). The
electronic absorbance spectrum revealed the same absorbance band at Amax = 375 nm as

seen in 1 (Figure 3.6A). Moreover, the parallel-mode (]l-mode) EPR spectrum of 3 exhibited
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Potential (V vs SCE)

Figure 3.7 Cylic voltammagram of 3 recorded in 50 mM
phosphate buffer pH 8: Fell/lll couple. Measurements

were collected at room temperature with a scan rate of
2.5mV/s.
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a broad signal with a g value at 8.8, which is consistent with a high-spin Fe!l species with an
S = 2 spin ground state and the same g value as seen in 1 (Figure 3.6B). Mossbauer
spectroscopy was also used to characterize 3, though it was not used to characterize 1. The
Mossbauer spectrum revealed an isomer shift (8) of 1.32 mm/s and a quadrupole splitting
(AEq) of 3.20 mm/s, which are also indicative of a high-spin Fe!l species (Figure 3.6C).
Electrochemical data revealed a potentially quasi-reversible one electron redox couple at -
163 mV vs SCE. The one electron event is thought to be the Fe!l/lll redox couple. The
additional peak at more positive potentials could come from the phosphate buffer or a
contaminant on the electrode (Figure 3.7). Additionally, the molecular structure, resolved
to 1.40 A, revealed that the coordination environment of 3 was similar to thatin 1, as

predicted (Figure 3.8, Tables 3.1, 3.4, and 3.5).

Figure 3.8 The molecular structures of 3 (3a: unbound, grey; 3b: bound, black) (A) and the
overlay of the molecular structures of 3a (grey) and 1a (cyan) (B). Fe ions are colored in orange,
N atoms are in blue, and O atoms/water molecules are in red. H-bonds are shown as dashed
black lines. The position of the Fe complex is indicated by the 2Fo-F¢ electron density map (grey,
contoured at 1 o) and anomalous difference density (red, contoured at 3 ¢). H-bonds are shown
in black dashed lines. The number schemes in B are the same as those in A.
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Figure 3.9 ChemDraw representation of phenylpyruvate (A) and common
bidentate coordination of phenylpyruvate to an FeL complex (L = ligand) (B).

Solution studies of phenylpyruvate binding to 3 (3-phenylpyruvate). As described in
Chapter 1, in the first step of the accepted mechanism of TauD, the cofactor a-ketoglutarate
(a-KG) coordinates to the Fell center and the substrate taurine docks near the active site.
To visualize this initial binding of a-KG in synthetic systems, many groups have utilized
analogues of a-ketoglutarate that have an aromatic ring appended near the keto acid
functional group. When the aromatic cofactor coordinates in a similar bidentate fashion as
a-KG (Figure 3.9B), this appended aromatic ring gives rise to a distinct color change, with
an absorbance feature between Amax ~ 400-650 nm caused by a low-energy Fell-a-keto
carboxylate metal-to-ligand charge-transfer (MLCT) transition.149223,229-243 Thys, sodium
phenylpyruvate (Figure 3.8A) was chosen as the cofactor for the current studies because
the color change would provide a spectroscopic handle with which to monitor the binding
of the keto acid analogue. In addition, phenylpyruvate contains a benzylic carbon that could
be activated if 3 was able to perform the same type of oxidative chemistry as TauD.

Initial studies began by monitoring the addition of 20 equivalents of phenylpyruvate
in a nanopure water solution to 3 in 50 mM phosphate buffer at pH 8. The only change that
was observed in the spectrum was an increase in absorption intensity at 300 nm, which can
be attributed to the absorbance associated with the addition of phenylpyruvate. No
absorbance bands that could be associated with the coordination of phenylpyruvate to the

Fell center, in the manner shown above, were observed (Figure 3.9B, 3.10A). EPR and
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Figure 3.10 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra of 3-phenylpyruvate
recorded in 50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial spectrum is
shown as a black line, and the final spectrum is shown as a grey line. Simulation is shown as a red line.
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Mossbauer spectroscopies were then employed to investigate the fate of the added
phenylpyruvate. In the [l-mode EPR spectrum, the g = 8.8 feature shifted slightly to g = 9.4,
suggesting a change in the primary coordination sphere around the Fel!l center, but this
result still did not provide clarity about the location of the phenylpyruvate in 3 (Figure
3.10B). The Mdssbauer spectrum showed a similar 6 value of 1.28 mm/s as 3 but a slight
change in the AEq value from 3.20 mm/s to 2.79 mm/s, which also indicates a small but not
significant change to the Fe!l center (Figure 3.10C). These solution studies suggested that
the addition of phenylpyruvate had a modest effect on 3 but did not correlate those effects

to the location of phenylpyruvate within 3.
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Structural characterization of 3-phenylpyruvate. XRD was performed to determine
how phenylpyruvate interacted with the Fe!l complex in Sav. Single crystals were prepared
by soaking crystals of 3 in a 20 mM solution of sodium phenylpyruvate. Analysis of the
resulting crystals, which diffracted to a 1.31 A resolution, revealed the formation of a
mononuclear Fe complex where the dpa ligand, the carboxylate side chain of S112E, and the
two cis aquo ligands coordinated in the same positions as found in 1b in the bound state
(Chapter 2, Figure 2.7C). No additional density was observed near the Fe center to indicate
that the phenylpyruvate was coordinated. However, as described in Chapter 1, Sav is a
tetramer that assembles as a dimer of dimers. Examination of the full space formed by the
dimer of Sav revealed new electron density at the interface of the dimer vestibule. This
electron density was modelled as a disordered phenylpyruvate molecule (Figure 3.11,
Table 3.1, 3.4, and 3.5). Thus, the structure revealed that phenylpyruvate docked between

the two Fe complexes within a Sav dimer. A n-stacking interaction with an average

centroidpy---centroidph distance of ~4.60 A occurred between the pyridine rings of the dpa

AT
A7\

7

Phenylpyruvate

Figure 3.11 Molecular structure of 3-phenylpyruvate.
Fe ions are shown in orange, N atoms are in blue, and O
atoms/water molecules are colored in red. The position
of the phenylpyruvate is indicated by the 2F,-F.
electron density map (blue, contoured at 1 o).

73



ligand and the phenyl ring of phenylpyruvate. Moreover, these n-stacking interactions
involve the pyridine groups that were unbound in 1a; the addition of phenylpyruvate
appears to promote complete coordination of the dpa ligands. Furthermore, the
crystallography data offers an explanation for the subtle changes in the solution
spectroscopy data, in which phenylpyruvate docking does result in a structural change to
the Fell species from 5- to 6-coordinate.

The molecular structure revealed that although phenylpyruvate does not coordinate
to the Fe center within Sav, it docks ~4 A from it. However, this distance does not preclude
further reactivity, as shown in TauD, where the substrate taurine docks through
noncovalent interactions ~ 5 A from the Fe center and still undergoes C-H bond activation.
Thus, while phenylpyruvate does not coordinate to the Fe center, it is possible that
phenylpyruvate is poised to undergo C-H oxidation.

Solution studies of dioxygen binding to 3-phenylpyruvate (3-phenylpyruvate-02).

In order to test whether 3-phenylpyruvate could bind dioxygen or perform C-H bond
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Figure 3.12 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra of 3-phenylpyruvate recorded in
50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. For the electronic absorbance spectra, the
initial spectrum is shown as a black line, and the final spectrum is shown as a black line. Simulation is shown as
ared line.
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activation similar to that seen in native nonheme Fe monooxygenases, excess dioxygen was
added to 3-phenylpyruvate and the resulting changes were monitored by electronic
abosrbance, EPR, and Mdssbauer spectroscopies. It is worth noting that without
phenylpyruvate present, the reaction of adding excess dioxygen to 3 gives different
spectroscopic results than described below (details in Appendix B). The addition of excess
dioxygen to 3-phenylpyruvate at 4 °C produced a red solution with two new absorbance
features at Amax ~ 420 and 540 nm (Figure 3.12A). EPR spectroscopy revealed the loss of
the g = 9.4 signal in the [l-mode EPR spectrum and the evolution of a new L-mode EPR
spectrum with g values at 9 and 4.3, indicative of a high-spin Felll species with a ground
spin state of S = 5/2 (Figure 3.12B). The disappearance of the [|-mode EPR signal was
complete after 120 minutes. Quantitation of the L-mode EPR spectrum indicated that the g
=9 and 4.3 signal accounted for 15% of the reported Fe concentration, suggesting there
could be an EPR-silent species present. Mossbauer spectroscopy was then performed on
the completed reaction to investigate the identity of the Fe species present. The resulting
spectrum showed that 55% of the Fe was represented by a 6-line hyperfine splitting
pattern with § = 0.56 mm/s and AEq = 0.53 mm/s, indicative of a high-spin mononuclear
Felll species (Figure 3.12C). These Mdssbauer parameters are comparable to those of
known high-spin Fell-peroxo complexes in the literature, such as the side-on Felll-(n?2)-
peroxo prepared by Latour and coworkers, which had the parameters § = 0.65 mm/s and
AEq = 0.72 mm/s.224 Thus, the Mdssbauer and EPR parameters for the high-spin
mononuclear Felll species could be suggestive of the formation of an Felll-peroxido species
within Sav. An additional doublet signal corresponding to 40% of a coupled Fe!ll--Felll

species was observed in the Mdssbauer spectrum with an § = 0.53 mm/s and AEq = 0.70
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mm/s. (Figure 3.12C). High-field Mdssbauer studies showed weak antiferromagnetic
coupling between the two Fe centers across the Sav dimer with a J value less than 1 cm-1.
One possible explanation for the doublet signal in the Mdssbauer spectrum is that the Fe
centers are coupled through the phenylpyruvate n-stacking interaction across the Sav
dimer. A Méssbauer time course study was done to understand why the reaction takes 120
min to complete and if there were any intermediates formed during the course of the
reaction. The time course revealed that upon dioxygen addition, two new species formed:
one with parameters indicative of a high spin mononuclear Fe!ll and one for a weakly
coupled Felll..-Felll species. During the time course, these two species continued to grow in
while the Fell starting complex decreased. At 120 min the reaction completed and the Fell

species completely disappeared. The final Mossbauer spectrum from the time course (120

3—-Phenylpyruvate WW,_—._.

3—-Phenylpyruvate + 30 mins O;

3—-Phenylpyruvate + 60 mins O

3—Phenylpyruvate + 120 mins O

12 -8 -4 0 4 8 12
Velocity (mm/s)

Figure 3.13 Timecourse Mdssbauer study on 3-phenylpyruvate with different exposure
times to Oa.
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min) was comparable to the independently prepared sample (Figure 3.12C, 3.13: purple);
however, no other intermediates were observed.

Another spectroscopic study was performed to determine the effects of additional
phenylpyruvate on the reaction of 3-phenylpyruvate and dioxygen. From the studies with
20 equivalents of phenylpyruvate, the spectroscopic and crystallographic data supports
that phenylpyruvate docks weakly near the Fe complexes. Additionally, phenylpyruvate is
important for the reaction because adding dioxygen without phenylpyruvate present gives
different spectroscopic results (details in Appendix B). Electronic absorbance, EPR, and
Mossbauer spectroscopies were utilized to study the changes in 3-phenylpyruvate-0zin
the presence of varying equivalents of phenylpyruvate. Electronic absorbance experiments
performed with increasing equivalents of phenylpyruvate and constant amounts of 3 and
dioxygen revealed significant increases in the two absorbance bands at Amax ~ 420 and 540
nm (Figure 3.14A). Using 100 equivalents of phenylpyruvate showed the largest
absorbance, suggesting more phenylpyruvate is necessary to drive the equilibrium of the
reaction. Because 100 equivalents of phenylpyruvate was observed to have the largest
effect on the reaction, EPR and Mdssbauer spectroscopy were also used to the analyze this
reaction. EPR spectroscopy again revealed a | -mode EPR spectrum with g values at 9 and
4.3, indicative of a high-spin mononuclear Fe!ll species with a ground spin state of $ =5/2.
In comparison to the EPR spectrum using 20 equivalents, the g values are the same but the
quantification of the high-spin mononuclear Fe!ll species increased from 15% to 50%
(Figure 3.14B). Similarly, the Méssbauer spectrum revealed a high-spin mononuclear Fe!l
species with 6 = 0.55 mm/s and AEq = 0.52 mm/s and a weakly coupled Fe!ll..-Felll species

with 6 = 0.50 mm/s and AEq = 0.85 mm/s. The Mdssbauer parameters are comparable
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between the reactions with 20 and 100 equivalents of phenylpyruvate, but the quantitation
of the species is different. With 100 equivalents of phenylpyruvate, the mononuclear Fe!ll
species increased from 55% to 84% and the weakly coupled Felll---Felll species decreased
from 44% to 12% (Figure 3.14C). These experiments indicated that the red color produced
after the addition of Oz became more intense with increasing amounts of phenylpyruvate,
and the Fe center became mostly a high-spin mononuclear Fe!ll species. Based on the EPR
and Mdssbauer studies performed, phenylpyruvate weakly docks within Sav via n-stacking
interactions, and more phenylpyruvate is necessary to drive the equilibrium of 3 towards
the proposed Fel!ll-02 species.

In collaboration with the Méenne-Loccoz lab, resonance Raman (rR) spectroscopy
was utilized to further elucidate the identity of an Oz species within Sav. Samples were
prepared analogously to those prepared for the previously described EPR and Méssbauer
studies. The rR studies showed no resonance-enhanced vibrations at any of the excitation

wavelengths used, indicating that the absorbance features causing the red color of the
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Figure 3.14 Plot of absorbance (420 nm - grey; 540 nm - black) versus increasing concentration of
phenylpyruvate (A), EPR spectra with 20 (black) and 100 (grey) equivalents of phenylpyruvate (B), and
Méossbauer spectra of 3-phenylpyruvate-02z with 100 equivalents of phenylpyruvate. Simulation is shown in
red.
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solution may not be associated with an Fell-peroxido species. Because the absorbance
bands that gave rise to the red color were not resonance enhanced, it is possible that those
absorbance bands are not associated with an Fe-02 adduct. Fe!l-(hydro)peroxo complexes
often have absorbance features between Amax ~ 500-600 nm and are resonance enhanced
with vibrations near vo-o ~ 800 cm-1,51,203,206,215,219,228,244-247 Qne explanation is that the red
color is not associated with the Fe species, and rather, it is associated with a product from a
reaction. With this idea, the absorption data collected, as detailed above, is limited to 30
second intervals; if an intermediate was formed before 30 seconds when the red color is
present, stopped-flow electronic absorbance spectroscopy would be able to detect it.
Therefore, stopped-flow electronic absorbance experiments were performed to monitor
the addition of dioxygen to 3-phenylpyruvate on the millisecond time scale. Monitoring
the reaction by stopped-flow spectroscopy at room temperature showed the growth of two
new absorbance bands at Amax ~ 320 and 535 nm at 500 ms (Figure 3.15). After 1 second,
the absorbance bands seen previously at Amax ~ 420 and 540 nm begin to grow in over the

Amax ~ 320 and 535 nm absorbance bands. Based on the results of the stopped-flow
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Figure 3.15 Stopped flow electronic absorption spectra of reaction of 3-phenylpyruvate with 02 (A) and
zoom of low-energy region (B). Recorded in 50 mM phosphate buffer pH 8 at room temperature (RT).
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experiment, freeze-quench samples for rR experiments were prepared at various
millisecond-to-second timepoints to form the first species (Amax ~ 320 and 535 nm) without
forming the second red species (Amax ~ 420 and 540 nm). Additionally, 160- and 180-
labelled samples were prepared at ~0.5 mM Fe at room temperature (RT). However,
analysis of these samples by rR in search of an isotopically sensitive resonance-enhanced
vibration is still ongoing.

In crystallo studies of 3-phenylpyruvate-02. To provide further evidence that an
Felll-peroxido species forms, single crystals of 3-phenylpyruvate were soaked in an O2-
saturated buffer. The molecular structures of several different crystals indicated that O2
can coordinate to the Fe center; however, different soaking times of the 3-phenylpyruvate
crystals produced different modes and places of Oz coordination to the Fe center.

Analysis of the crystals subjected to short soaking times (0-30 minutes: Structure
3C, resolved to 1.70 A) revealed a similar primary coordination sphere to that of 3. There

were two confirmations for the dpa ligand modelled, 70% bound and 30% unbound to the

Figure 3.16 Molecular structure of 3-phenylpyruvate-0:
(3C). Fe ions are shown in orange, N atoms are in blue, and O
atoms/water molecules are colored in red. H-bonds are shown
as black dashed lines.
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Fe center. Additionally, there were two confirmations modelled with the glutamate residue
side chain, with 80% bound and 20% unbound to the Fe center. However, elongated
density was observed in the place of one of the aquo ligands, and was modelled as an 02
unit with 90% occupancy. The Oz ligand is coordinated end-on to the Fe center with Fe-04
and Fe-05 bond distances of 2.29 A and 2.94 A, respectively, and an 03-04 bond distance
of 1.47 A. Additional H-bonding interactions formed between 03 and a nearby structural
water molecule (Wat2) that is also H-bonded to the residue associated with N49. 02 also
participates in a H-bond to 05 of the carboxylate of S112E, as seen in 3 (Figures 3.16 and
3.21, Tables 3.2, 3.6, and 3.7).

At intermediate soaking times (30-60 minutes: Structure 3D), the Fe structures in

the four subunits of the tetrameric Sav are not equivalent with a mixture of aquo and

3D1 3D2

Figure 3.17 Molecular structure of 3-phenylpyruvate-02z (3D1; 3D2; 3D3). Fe ions are shown in
orange, N atoms are in blue, and O atoms/water molecules in red. H-bonds are shown as black
dashed lines.
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dioxygen ligands. As an example, one crystal resolved to 1.45 A (Figure 3.17, 3.22, and 3.23,
Tables 3.3, 3.8, and 3.9), the one subunit (Structure 3D1) contained a similar primary
coordination sphere as 3-phenylpyruvate, with two cis aquo ligands coordinated to the Fe
center. In the next subunit (Structure 3D2), the density was fit to an end-on O2 species
similar to that in Structure 3C with 80% occupancy. In the final two Sav subunits
(Structures 3D3 and 3D4), elongated density was observed in the equatorial plane of the
Fe center and was modelled to an Oz unit. This Oz unit is asymmetrically coordinated to the
Fe center with average Fe-03 and Fe-04 bond distances of 1.85 and 2.48 A, respectively.
Additionally, 03 is displaced towards O2 of the carboxylate side chain of S112E with an
02---04 average distance of 2.80 A. It is possible that the Oz unit is displaced towards the
carboxylate side chain because it is participating in a H-bonding interaction. The new
electron density in this structure was modelled with a peroxido ligand, but it is not possible
to further assign it as a hydroperoxido or peroxido ligand based on crystallography alone.
Both types of ligand are possible, but if the Oz species does indeed participate in a H-
bonding interaction with the carbonyl of the glutamate residue as suggested by the
displacement of 04 towards 02 in the molecular structure, it is reasonable to suspect that
the Oz species is likely a hydroperoxido ligand. The primary coordination sphere of the Fe
center is completed by an aqua ligand (05), causing the Fe active site to be 7-coordinate.
Additionally, O5 participates in a H-bonding interaction with Wat2, which H-bonds to the

residue group of Nao.
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Figure 3.18 Molecular structure of 3-phenylpyruvate-0:
(Structure 3E). Fe ions are shown in orange, N atoms are in
blue, and O atoms/water molecules in red.

After longer soaking times (60-180 minutes: Structure 3E), the molecular structure,
resolved to 1.55 A, revealed an Oz unit coordinated asymmetrically to the Fe center, similar
to the confirmation observed in Structure 3D3 (Figure 3.18 and 3.26, Tables 3.2, 3.6, and
3.7). However, unlike in the Sav tetramer of 3D in which a mixture of Oz coordination
modes was observed, all four subunits of Sav in Structure 3E have an asymmetrically
coordinated Oz unit that is displaced towards O5 of the carboxylate group from S112E
(Structure 3E: Figure 3.18). The Fe-03 and Fe-04 bond distances are 2.09 A and 2.32 4,
respectively, and the 03-04 bond distance is 1.44 A. The other open coordination site is
occupied by a water ligand (05) that participates in a H-bonding interaction with Wat2 and
the residue group of Nao. Finally, the Oz unit is skewed out of the equatorial plane with an
02---04 distance of 2.78 A. In each of these structures, there is electron density in the Fo-Fc
map that could be modelled to phenylpyruvate in the same location as where it was found
in 3-phenylpyruvate; however, because of the disorder in the density, it is not possible to
determine if the phenylpyruvate has been chemically modified. Regardless of if

phenylpyruvate has been chemically modified, the density was found in the same location
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as was found in 3-phenylpyruvate, which can support the Mdssbauer results that indicate
the presence of an Felll---Felll species with weak coupling.

The reason for the change in binding modes and location of the Oz unit to the Fe
center are still under investigation. However, one possible reason is because that the initial
location of Oz binding is sterically controlled. The phenylpyruvate is docked between the
two Fe complexes and blocking the coordination site in the equatorial plane of the Fe
complex (Figure 3.19). If a reaction is occurring, it is possible that the Oz unit is involved in
the reaction and then once it is completed, the phenylpyruvate is no longer blocking the
final coordination site. Furthermore, there is a significant amount of disorder present in the
shorter exposure time structures with the dpa ligand and the glutamate residue having two

confirmations modelled; whereas, at the longer exposure times, there is not disorder in the

Phenylpyruvate

Figure 3.19 Space-filling model of 3C (A) and 3E (B). Fe ions are colored in
orange, N atoms are in blue, and O atoms/water molecules are in red.
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Figure 3.20 Mossbauer spectrum of crystalline
3-phenylpyruvate-0:z. The spectrum was
recorded at 4 K in 50 mM phosphate buffer pH 8.

active site, the dpa ligand and the glutamate are coordinated 100% to the Fe center. It is
possible that as the Oz ligand moves to the final coordination site, the Fe active site
becomes more ordered.

To help elucidate the identity of the Oz unit produced at long soaking times, in
crystallo Mossbauer studies were performed. The crystalline Méssbauer sample was
prepared by soaking crystals of 3-phenylpyruvate in Oz-saturated buffer for 2 hours. The
Mossbauer spectrum showed a 6-line hyperfine splitting pattern with parameters § = 0.56
mm/s and AEq = 0.53 mm/s that accounted for 70% of the sample (Figure 3.20). The
remaining 30% of the sample was unreacted Fe!l complex. The Mdssbauer spectrum of the
crystalline sample had similar parameters to those obtained from the solution studies;
however, no coupled Felll---Felll species was present in the crystalline sample. It is possible
that during sample preparation, extensive washing steps of the crystals removed the
weakly coordinating phenylpyruvate/product. The major species in the crystalline sample
was a high-spin Fel!ll species with comparable parameters to those of a high-spin Felll-

peroxo species.
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To assess the red color, the protein was separate from the solution using centrifugal
filtration. The filtrate was red in color, indicating it may not be associated with the Fe
species in 3-phenylpyruvate-02. Nuclear magnetic resonance (NMR) and mass
spectrometry analyses of the red filtrate indicated that phenylpyruvate is the major species
present. More experiments are necessary to better determine the identity of the red
species, as well as the cause of the observed changes with variable amounts of
phenylpyruvate.

Summary and Conclusions

In this chapter, phenylpyruvate was shown to dock in the Sav vestibule in 3 via a &-
stacking interaction, and the resulting mononuclear Fe!' ArM 3-phenylpyruvate was
shown to bind dioxygen. Molecular structures from XRD measurements revealed that
dioxygen coordinates to the Fe center and that its binding confirmation is dependent on the
length of exposure. At shorter dioxygen exposure times, dioxygen coordinates end-on to
the Fe center. At intermediate dioxygen exposure times, a mixture of aqua, end-on
dioxygen, and asymmetrically bound dioxygen ligands are observed on the Fe center. At
longer dioxygen exposure times, the dioxygen exclusively coordinates asymmetrically to
the Fe center. Mossbauer studies of solution-based samples showed that the reaction is
complete at approximately 120 min, and thus, the species giving rise to the final spectrum
may correspond to the molecular structure obtained from longer exposure times
(Structure 3E) where dioxygen is coordinated asymmetrically to the Fe center.
Additionally, AEq values of 0.53 and 0.52 mm/s measured for Mossbauer samples prepared
with 20 and 100 equivalents of phenylpyruvate, respectively, are comparable to the AEq

value of known high-spin Fell'-peroxo species in the literature.224# The EPR results also
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support the formation of a high-spin mononuclear Fe!ll species. The 0-0 bond length
further supports the Felll-peroxo assignment of the Fe-02 species. However, future
experiments are needed to determine the fate of phenylpyruvate and the origin of the red
species.

Experimental Details

General Methods. All commercially available reagents were obtained in the highest possible
purity and used as received. Acetonitrile (CH3CN) and diethyl ether were degassed with
argon and dried by vacuum filtration through activated alumina according to the procedure
by Grubbs.183 Triethylamine was distilled from KOH. Thin-layer chromatography (TLC) was
performed on Merck 60 F254 aluminum-backed silica plates or Merck 60 F254 glass-backed
basic aluminum oxide plates. Eluted plates were visualized using UV light. Silica or basic
alumina gel chromatography was performed with the indicated solvent system using Fisher
reagent silica gel 60 (230-400 mesh) or Sigma reagent Brockmann 1 basic aluminum oxide
58 (150 mesh). Biotin pentafluorophenol ester (biot-PFP)!84 and di-(2-picolyl)aminel85
were prepared according to literature procedures.

Physical Methods

Instrumentation. Mass spectra were measured on a MicroMass AutoSpec E, a MicroMass
Analytical 7070E, or a MicroMass LCT Electrospray instrument. Electronic absorbance
spectra were recorded with a Cary 50 or 8453 Agilent UV-vis spectrophotometer. X-band
(9.64 GHz and 9.32 GHz) EPR spectra were recorded on a Bruker spectrometer equipped
with Oxford liquid helium cryostats. The quantification of all signals is relative to a CuEDTA
spin standard. The concentration of the standard was derived from an atomic absorption

standard (Aldrich). For all instruments, the microwave frequency was calibrated with a
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frequency counter and the magnetic field with an NMR gaussmeter. A modulation
frequency of 100 kHz was used for all EPR spectra. The EPR simulation software
(SpinCount) was written by our collaborating author, Michael P. Hendrich.18¢ Méssbauer
spectra were recorded with a Janis Research Super-Varitemp dewar. Isomer shifts are
reported relative to Fe metal at 298 K. Stopped-flow experiments were performed with an
SX20 apparatus (Applied Photophysics) with a 1-cm path length cell at room temperature
inside an anaerobic glovebox. Stock solutions of the Fell protein were prepared to obtain a
final concentration of 0.5 mM in phosphate buffer, pH 8. Oxygenated solutions at 50 mM in
the same buffer were prepared in 1.2 mL glass vials capped with septa and were used
immediately. After each experiment, remaining premixed solutions were recovered from
the stopped-flow apparatus to confirm the concentration of the reactants. Cyclic
voltammetry was performed on a Pine WaveDriver 10 potentiostat and the data was
analyzed using After Math.

Preparative methods

biot-et-dpa and [Fe!!(biot-et-dpa)(OHz)2]Brz were prepared as described in Chapter 2.
Spectroscopic methods

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) solution in 200
mM phosphate buffer pH 7. After 5 min of equilibration, the absorbance at 506 nm was
recorded. A solution of 1 mM Fe complex in nanopure water was added in 4-20 uL portions
until approximately 4 equivalents had been added. The absorbance at 506 nm was

recorded until no further changes in intensity were observed.
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Electronic Absorption Studies. A solution of lyophilized protein (250 pM) was prepared in
nanopure water. Four equivalents of Fe complex (1 mM) in nanopure water were added to
the protein solution. Samples were prepared in a final volume of 500 pL containing 50 mM
potassium phosphate buffer at the indicated pH. For phenylpyruvate samples, 10, 20, 50, or
100 equivalents of phenylpyruvate (10, 20, 50, or 100 mM) in nanopure water were added
to the sample after 3 was prepared. For 02 samples, 5 mL of Oz was added by gas-tight
syringe after the sample was prepared.

EPR Studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 200 pL containing 50 mM potassium phosphate
buffer at the indicated pH. For phenylpyruvate samples, 20 or 100 equivalents of
phenylpyruvate (40 mM or 200 mM) in nanopure water were added to the sample after 3
was prepared. For 02 samples, 5 mL of O2 was added by gas-tight syringe after the sample
was prepared. The sample was prepared in a solution Méssbauer cup, frozen at 77 K in
liquid nitrogen, and run at 10 K.

Mdssbauer studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 300 pL containing 50 mM potassium phosphate
buffer at the indicated pH. For phenylpyruvate samples, 20 or 100 equivalents of
phenylpyruvate (40 mM or 200 mM) in nanopure water were added to the sample after 3
was prepared. For Oz samples, 5 mL of 02 was added by gas-tight syringe after the sample
was prepared. The sample was prepared in a solution Méssbauer cup, frozen at 77 K in

liquid nitrogen, and run at 4 K.
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Electrochemical Measurements. A solution of protein (500 pM) was prepared in nanopure
water. Four equivalents of Fe complex (2 mM) in nanopure water were added to the
protein solution. Samples were prepared to their final volume of 300 pL containing 100
mM potassium phosphate buffer at the indicated pH. Experiments were conducted using a
Pine Wavedriver 10 potentiostat under an N2 atmosphere. Measurements were obtained
using a 1 mm diameter glassy carbon disc working electrode, a glassy carbon rod counter
electrode, and a saturated calomel reference electrode. 3 was sampled between 2.5 and 50
mV/s.

Stopped-Flow Spectroscopy. A solution of protein (250 uM) was prepared in nanopure
water. Four equivalents of Fe complex (1 mM) in nanopure water were added to the
protein solution. Twenty equivalents of phenylpyruvate (20 mM) were added in nanopure
water. Samples were prepared in a final volume of 600 pL containing 50 mM potassium
phosphate buffer at the indicated pH. Samples were run on the stopped-flow electronic
abosrbance spectrophotometer by rapidly mixing the prepared ArM sample and O2-
saturated buffer, collecting at 1 ms (500 points) for 1 s. Initial kinetic analysis indicates that
the kinetics are biphasic and follow a A>B model.

Rapid Freeze-Quench Resonance Raman spectroscopy. Rapid freeze-quench samples were
prepared with three syringes. One syringe was filled with a protein solution (250 uM), four
equivalents of Fe complex (1 mM), and 20 equivalents of phenylpyruvate (20 mM), and
prepared in a final volume of 2 mL containing 50 mM potassium phosphate buffer at the
indicated pH. The second and third syringes were filled with 160- and 180-saturated 50 mM
potassium phosphate buffer at the indicated pH. The samples were then prepared using

these rapid freeze-quench instrument parameters: reactor 400, velocity of 0.8 cm/s,
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displacement of 12 mm, and at 645 s. Resonance Raman spectra were obtained at room
temperature on samples in glass capillaries (1 mM concentration in Fe) using a 90° geometry
with a custom McPherson 2061/207 spectrograph equipped with a liquid-Nz-cooled CCD
detector (LN-1100PB, Princeton Instruments). The 650-nm excitation was derived from an
Ar laser (Innova 302, Coherent). A long-pass filter (RazorEdge, Semrock) was used to
attenuate Rayleigh scattering. Comparison of rapid acquisitions with a range of laser powers
and continuous sample translation with longer data acquisitions provided no evidence of
photosensitivity for all the streptavidin samples. The integrity of the rR samples was
confirmed by direct monitoring of their electronic abosrbance spectra in Raman capillaries
before and after laser exposure. Frequencies were calibrated relative to indene and are
accurate to 1 cm1. Polarization conditions were optimized using CCl4 and indene.
Protein Preparation and Crystallography
Protein Expression and Purification
Preparation of Sav variants. The construction of Ki21A-S112E-Sav and other variants was
achieved by site-directed mutagenesis (SDM) using the codon optimized Ki21A-pET24a-Sav
plasmid,°1 the following primers and, and Q5 polymerase.

S112E_fwd: 5'-GACCTACGGCACCACCGAAGCAAATGC-3'

S112E_rev: 5'-GTGCCGTAGGTCAGCAGCCACTGG-3'
Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of
SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddH20,

18 MQ cm™1). DNA sequencing was performed by Genewiz.
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Sav Expression. Transformation of 4 pL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 uL. LB media. Of this solution, 200 puL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of
a starter culture containing 500 mL LB media and the same antibiotic from a single colony
was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeCls, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiClz, 2
mM NazMoOs, and 2 mM H3BOs all in 60 mM HCl), and 250 pL of 100 mg/mL Kanamycin.
Incubation at 37 °C and 225 rpm was continued until cells reached ODeoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was
centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
agarose column pre-equilibrated with IB buffer. The column was washed with 6 column

volumes (CVs) of IB buffer or until the absorbance at 280 nm (Azso) dropped to zero. Elution
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with 1% acetic acid OH in nanopure H20, and pooling fractions by Az2so, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM
Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid
protein was stored at 4 °C.

Protein Crystallization

Crystallization of [Fe'l(biot-et-dpa(OHz)z2(x-Ok;;,) cKi121A-S112E-Sav] (3). Apo-Sav protein
was crystallized by the sitting drop vapor diffusion method under an inert atmosphere.
Diffraction-quality crystals were grown at room temperature by mixing 3.5 uL of protein
solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH
8) with a 10 mM stock solution of [Fe!!(biot-et-dpa)(OH2)z]Brz in nanopure water (9 uL
crystallization buffer, 1 pL [Fe!!(biot-et-dpa)(OH2)z]Brz overnight. After soaking, the
crystals were transferred to cryo-protectant for 1 min (30% glycerol in soaking buffer) and
shock-frozen in liquid nitrogen.

Crystallization of [Fe!l(biot-et-dpa(OHz)z(k!-0k;;,) cK121A-S112E-Sav] + phenylpyruvate (3-
phenylpyruvate). Apo-Sav protein was crystallized by the sitting drop vapor diffusion
method under an inert atmosphere. Diffraction-quality crystals were grown at room
temperature by mixing 3.5 pL of protein solution (26 mg/mL lyophilized protein in water)
and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH 4).

The droplet was equilibrated against a reservoir solution of 100 pL crystallization buffer.
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Single crystals of Sav were prepared by soaking apo-crystals in a soaking buffer (2.6
ammonium sulfate, 0.1 M sodium acetate, pH 8 or 3 M ammonium sulfate) with a 10 mM
stock solution of [Fell(biot-et-dpa)(OH2)2]Brz in nanopure water (9 pL crystallization
buffer, 1 puL [Fe!ll(biot-et-dpa)(OHz)2]Br2 overnight. After this initial soaking, the crystals
were again soaked in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 8
or 3.0 M ammonium sulfate) with a 200 mM stock solution of sodium phenylpyruvate in
nanopure water for 5-10 min (9 pL soaking buffer, 1 uL sodium phenylpyruvate). After the
second soaking period, the crystals were transferred to cryo-protectant for 1 minute (30%
glycerol in soaking buffer) and shock-frozen in liquid nitrogen.

Crystallization of [Fe!l(biot-et-dpa(OHz)z(x1-Ok;;,)(02) cK121A-S112E-Sav] + phenylpyruvate

(3-phenylpyruvate-0:z). Apo-Sav protein was crystallized by the sitting drop vapor
diffusion method under an inert atmosphere. Diffraction-quality crystals were grown at
room temperature by mixing 3.5 pL of protein solution (26 mg/mL lyophilized protein in
water) and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH
4). The droplet was equilibrated against a reservoir solution of 100 pL crystallization
buffer. Single crystals of Sav were prepared by soaking apo-crystals in a soaking buffer (2.6
ammonium sulfate, 0.1 M sodium acetate, pH 8 or 3.0 M ammonium sulfate) with a 10 mM
stock solution of [Fel'(biot-et-dpa)(OH2)2]Brz in nanopure water (9 pL crystallization
buffer, 1 pL [Fe'l(biot-et-dpa)(OHz)2]Br2 overnight. After this initial soaking, the crystals
were again soaked in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6)
with a 200 mM stock solution of sodium phenylpyruvate in nanopure water for 5-10 mins
(9 uL soaking buffer, 1 pL sodium phenylpyruvate). After the second soaking period, the

crystals were transferred to Oz-saturated soaking buffer (10 uL) for a period ranging from
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30 s-3 h. Then, the crystals were transferred to cryo-protectant for 1 minute (30% glycerol
in soaking buffer) and shock-frozen in liquid nitrogen.

X-ray diffraction data collection processing. X-ray diffraction data were collected at the
Stanford Synchrotron Radiation Lightsource (BL 12.2) and the Advanced Light Source (BL
8.2.1) at a wavelength of 1 A. Data were collected with helical (SSRL) or vector (ALS) data
collection using exposure time/frame 0.2/0.2 s/deg or 1/0.5 s/deg. Helical or vector
collection was used because it decreases the amount of radiation damage on the crystal,
which ensures better quality data. Additionally, using these collection techniques helps
ensure that the exogenous ligands are not dissociated during the collection time. X-ray
diffraction data were processed with XDS192 or iMosflm193 and scaled with AIMLESS (CCP4
Suite).1?3 The structures were solved by molecular replacement using program PHASER
(CCP4 Suite)193 and the structure 2QCB from the PDB as input model ligand with water
molecules removed. For structure refinement, REFMAC5 (CCP4 Suite)194 and
PHENIX.REFINE19> were used. Ligand manipulation was carried out with program REEL
using the small molecule crystal structure RAGQEV01 from the Cambridge Structural
Database as an input model.248 For water picking, electron density, and structure
visualization, the software COOT1%7 was used. Figures were drawn with PyMOL (the PyMOL
Molecular Graphics System, Version 1.8.2.3, Schrodinger, LLC). Crystallographic details,
processing and refinement statistics are given in Supplementary Table 3.4-3.9.

Structural Results.

Crystal Color. All crystals of Sav soaked with [Fell(biot-ethyl-dpa)(OHz)2]Brz changed from
colorless to pale yellow. Crystals soaked with sodium phenylpyruvate still remained

yellow. Crystals soaked with Oz and phenylpyruvate changed from yellow to dark red. It is

95



important to note that sometimes a green color can be observed before the dark red color
begins to form for crystals that are soaked with phenylpyruvate and Oz.
Structural Refinement. Apo-crystals of protein Ki21A-S112E-Sav soaked with [Fe!l(biot-et-
dpa)(OHz)2]Br2 constituted space group 14122 with unit cell parameters reported in Tables
SX. A single Sav monomer was obtained per asymmetric unit after molecular replacement.
Protein residues 2-10 and 135-159 of the N- and C-terminus, respectively, were not
resolved in the electron density, presumably due to disorder. Starting from the Sav
monomer, the biological homotetramer is generated by application of crystallographic Cz-
symmetry axes along the x-, y- and z-axes of the unit cell. The overall protein structures are
virtually identical to structure biotin € WT Sav (PDB 1STP, see Tables 3.4 and 3.6).
Because the crystals soaked with phenylpyruvate and 02 showed disordered
density, it was important to also solve the structures in reduced C121 symmetry to ensure
the correct assignment of the Oz coordination to the Fe center. Additionally, because the
phenylpyruvate is located at the crystallographic C2-symmetry axis, the structures with
phenylpyruvate were also solved in reduced C121 symmetry to ensure that the
phenylpyruvate density was not an artifact of symmetry. The unit cell parameters are
reported in Table 3.8. A single Sav tetramer was obtained per asymmetric unit after
molecular replacement.
General Complex and 02 ligand Modeling. For all structures of apo-protein crystals soaked
with the corresponding Fe-complexes, the following general observations were made: i)
residual electron density in the Fo-Fc: map was observed in the biotin binding pocket, ii) the
biotin vestibule is flanked by protein residues of loop-3,44 (the superscript number

indicates Sav monomer within tetramer) loop-4,5€¢, loop-5,64 loop-7,84 and loop-7,88, and
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iii) an anomalous dispersion density map indicated a significant peak in the biotin vestibule
superimposed with the electron density peak. The residual electron density was fit with the
corresponding Fe-complexes, which projected Fe to the position of the strong anomalous
density peak.

The 02 ligand was modelled using the PDB PEO for hydrogen peroxide. Each density
that was modelled for an Oz ligand was only done so after attempting to model with one or
two water molecules and determining through B-factors, negative density in the Fo-Fc map,
or distances between atoms that were not chemically reasonable that water was not a
reasonable fit for the density. Additionally, the PDB OXY for dioxygen was also used to
determine if the Oz unit was more similar to a superoxido rather than a peroxido ligand.
However, the 0-0 bond distance was contracted to ~1.2 A, which is shortened from known
Fe-02 complexes. Additionally, the O2 unit would not fit the full span of unmodelled
density, and there was some additional density in the Fo-Fc map, indicating that OXY was
not a reasonable fit. Designing a ligand to incorporate an Oz ligand with restraints on the
0:zligand was done and the solutions were similar with similar O-0 bond distances.
However, the final solution was not determined using a model with Oz restraints because
the Fe complex was synthesized, placed into Sav, then phenylpyruvate, and dioxygen were
added, respectively; it was not a pre-synthesized complex that would have provided
knowledge of where the Oz ligand was coordinating or the bond distances. Because of this,
PEO was added after fitting the Fe complex to ensure the most accurate fit of the Oz ligand
that would match how the experiment was conducted. Lastly, using PEO instead of a
restraints file allowed for the refinement to indicate what the O-0 bond distance was,

rather than a bias being placed by designating restraints.
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Structural refinement of 3. The refinement of 3 was similar to that of 1 (from Chapter 2).
Structural refinement of 3-phenylpyruvate. In both the 14122 and C121 symmetry
solutions, the dpa ligand, glutamate residue, and cis water ligands were modelled with
100% occupancy. The dpa ligand was fully coordinated to the Fe center (similar to 1b:
Figure 2.7B). In the 14122 symmetry solution, the phenylpyruvate was modelled with 50%
occupancy because phenylpyruvate lies directly at the center of symmetry. In the C121
symmetry solution (Figure 3.24, Tables 3.8, 3.9, and 3.10), the phenylpyruvate was
modelled in the same location as was found in the 14122 solution, but with 100%
occupancy. The presence of the phenylpyruvate in the C121 symmetry solution supports
that the docking of phenylpyruvate is not an artifact of symmetry. The higher B-factors for
the phenylpyruvate are likely because it is disordered, docked in place by weak
noncovalent interactions, and is at the interface of Sav pointing towards the solvent. There
is some density in the Fo-Fc map near the glutamate side chain that is present at 3 o, but
disappears at 4 o. The second confirmation (as seen in 3) was not modelled because the
density is likely not more than 1%-5% of the total density.

Structural refinement of 3C. The 14122 symmetry solution revealed a disordered active site.
The dpa ligand still showed two conformations - the major conformation is the pyridine-
bound species modelled to 70% occupancy, and the minor conformation is the pyridine-
unbound species modelled to 30% occupancy. Additionally, there is disorder in the
glutamate side chain S112E, modelled to 80% glutamate coordinated to the Fe center, and
20% uncoordinated to the Fe center. The Oz binds in an end-on fashion to the Fe center
with 90% occupancy. A possible reason for the disorder observed in this structure is

because it is an intermediate species along the pathway towards a stable Oz conformation.
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Also, the phenylpyruvate molecule has been modelled in the same conformation as that
seen in 3-phenylpyruvate; however, there are significantly higher B-factors. Possible
reasons for high B-factors are that the phenylpyruvate is disordered and the a-keto
carboxylate chain at the surface of the protein is facing the solvent.

In the C121 symmetry solution (Figure 3.25, Tables 3.8, 3.9, and 3.11), density for
phenylpyruvate was found in the same location as in the 14122 symmetry solution with
significantly high B factors. The high B factors again are likely due to the disorder of
phenylpyruvate and that is located at the surface of the protein. In one dimer, the 02 ligand
is modelled with 100% occupancy for both Fe complexes; however, in the second dimer,
the 02 ligand is modelled with 80% occupancy for both Fe complexes. This is a possible
reason why the 02z ligand is modelled at 90% occupancy in the [4122 symmetry solution.
Structural refinement of 3D. The 14122 symmetry solution showed a mixture that made it
difficult to determine the O2 conformations. Because of this difficulty, the C121 symmetry
solution was the primary solution for this structure. The Fe center was modelled to 80%
occupancy; this decrease can be caused by disorder in the structure. Each of the O2
conformations was modelled with 80% occupancy. There are two possible reasons for the
occupancy decrease: 1) the Oz units are disordered and 2) this is also an intermediate
structure that was trapped before the final conformation was stabilized. There is some
density in the Fo—Fc map that could be modelled to the unbound pyridine conformation of
the dpa ligand; however, it was left unmodelled because it is likely to be less than 5%.
Lastly, there is some density in the Fo—Fc map at the location where phenylpyruvate is

typically found. Most of the phenyl ring density and the carboxylate chain were only
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observable at 0.7 o. Because of this, phenylpyruvate was not modelled into the density. It is
likely that phenylpyruvate is too disordered too be able to model.

Structural refinement of 3E. The 14122 symmetry solution revealed 100% occupancy for the
dpa ligand in the fully bound conformation, the glutamate residue, and the Oz unit
coordinated to the Fe center. Phenylpyruvate was modelled at 50% occupancy because it is
at the center of symmetry. The C121 symmetry solution was not of efficient quality to be

able to assess the 02 coordination.
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AR
Figure 3.21 Molecular structure of 3-phenylpyruvate-02 (3C) (A: monomer; B: dimer). The position of
the cofactor is shown by the 2F,-F¢ electron density (grey, contoured at 1 o), the omit map (green,
contoured at 3 o), and the anomalous map (red, contoured at 3 o). Fe ions are shown in orange, N atoms
are in blue, and O atoms/water molecules are in red. The number schemes in 3C are the same as those in

Figure 3.16. H-bonds are shown as black dashed lines.
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3D2

3D3

Figure 3.22 Molecular structure of 3-phenylpyruvate-02z (3D2; 3D3; 3D4) and the
position of the Oz ligand is shown by the omit map (green, contoured at 3 ¢). Fe ions are
shown in orange, N atoms are in blue, and O atoms/water molecules in red. The number
schemes in 3D2, 3D3, 3D4 are the same as those in Figure 3.17. H-bonds are shown as black
dashed lines.
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Dimer A

Dimer B

Figure 3.23 Close-up views of the Fe sites in the molecular structure of 3D1, 3D2, 3D3, and 3D4
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein
is displayed in cartoon representation, and the Fe complex and residues 112 are displayed as
sticks. The position of the ligand molecules is indicated by the 2F,-F. electron density (grey,
contoured at 1 o). Fe ions are colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. The number schemes in 3D2, 3D3, 3D4 are the same as those in Figure 3.17.
H-bonds are shown as black dashed lines.
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Dimer A

Figure 3.24 Close-up views of the Fe sites in the molecular structure of 3-phenylpyruvate
solved in C121 symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The
protein is displayed in cartoon representation, and the Fe complex and residues 112 are
displayed as sticks. The position of the ligand molecules is indicated by the 2F,-F. electron
density (grey, contoured at 1 o). Fe ions are colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in 3-phenylpyruvate are the same
as those in Figure 3.8 and 3.11. H-bonds are shown as black dashed lines.
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Dimer A

Figure 3.25 Close-up views of the Fe sites in the molecular structure of 3C solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation, and the Fe complex and residues 112 are displayed as
sticks. The position of the ligand molecules is indicated by the 2F,-F. electron density (grey,
contoured at 1 o). Fe ions is colored in orange, N atoms are in blue, and O atoms/water
molecules are in red The number schemes in 3C are the same as those in Figure 3.16. H-bonds
are shown as black dashed lines.
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3E: A

Figure 3. 26 Close-up views of the Fe sites in the molecular structure of 3E (A: monomer; B: dimer) The
position of the ligand molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 o), the omit
map (green, contoured at 3 ¢), and the anomalous map (red, contoured at 3 ¢). The protein is displayed in cartoon
representation, and the Fe complex and residues 112 are displayed as sticks. Fe ions are colored in orange, N
atoms are in blue, and O atoms/water molecules are in red. The number schemes in 3D2, 3D3, 3D4 are the
same as those in Figure 3.18. H-bonds are shown as black dashed lines.

106



Table 3.1 Selected bond lengths and (A) and angles (°) for 3a, 3b, 3-phenylpyruvate.

Bond lengths (A) 3a 3b 3-
and angles (°) phenylpyruvate
Fe-01 2.15 2.15 2.10
Fe-03 2.22 2.22 2.06
Fe-04 2.18 2.18 2.10
Fe-N1 2.07 2.14 2.23
Fe-N2 2.33 2.36 2.23
Fe-N3 - 2.24 211
N1-Fe-03 164 167 164
N1-Fe-N2 73 71 71
N1-Fe-04 98 99 100
N2-Fe-03 100 99 96
N2-Fe-04 168 168 165
03-Fe-04 91 91 95
01-Fe-N1 98 94 94
01-Fe-N2 79 82 81
01-Fe-N3 - 172 168
01-Fe-03 94 94 94
01-Fe-04 95 95 90
N1-Fe-N3 - 79 78
N2-Fe-N3 - 98 104
N3-Fe-03 - 93 96
N3-Fe-04 - 84 84
03---:02 2.84 2.84 2.66
04---Wat3 2.59 2.59 2.68
Wat3-:-N49 3.02 3.02 3.17
centroidyy--centroidr, 4.86 - -
Average - - 4.60

centroidpy---centroidpn
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Table 3.2 Selected bond lengths and (A) and angles (°) for 3C1, 3C2, 3E.

Bond lengths (A) and  Structure Structure Structure

angles (°) 3C1 3C2 3E
Fe-01 2.25 2.25 2.13
Fe-03 2.31 2.31 2.09
Fe-04 2.29 2.29 2.32
Fe-05 2.94 2.94 2.24
Fe-N1 2.31 2.35 2.30
Fe-N2 2.24 2.24 2.29
Fe-N3 2.29 - 2.26
N1-Fe-03 168 161 158
N1-Fe-N2 69 76 69
N1-Fe-04 99 100 -
N2-Fe-04 162 168 -
03-Fe-05 - - 65
03-Fe-04 92 92 -
OL-Fe-N1 95 106 95
0O1-Fe-N2 83 86 82
0O1-Fe-N3 165 - 163
01-Fe-03 90 90 99
01-Fe-04 85 85 -
01-Fe-05 - - 90
N2-Fe-03 101 95 130
N1-Fe-N3 80 - 74
N2-Fe-N3 107 - 105
N3-Fe-03 98 - 88
N3-Fe-04 82 - -
N3-Fe-05 - - 79
N2-Fe-05 - - 164
N1-Fe-05 - - 98
Fe-03-04 - - 80
03-04 - - 1.44
Fe-04-05 101 101 -
04-05 1.47 1.47 -
03--:02 2.79 2.79 -
04---02 - - 2.78
05---Wat2 - - 2.58
Wat2---N49 - - 3.04
04---Wat3 2.41 2.41 -
Wat3---N49 3.04 3.04 -
Average - -
centroidpy---centroidyn 4.53 - 4.79
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Table 3.3 Selected bond lengths and (A) and angles (°) for 3D1, 3D2, 3D3, 3D4.

Bond lengths (A) Structure Structure Structure Structure
and angles (°) 3D1 3D2 3D3 3D4
Fe-01 2.28 2.19 2.25 2.27
Fe-03 2.35 2.40 1.85 1.86
Fe-04 2.30 2.20 2.48 2.39
Fe-05 - 2.66 2.34 2.37
Fe-N1 2.23 2.34 2.20 2.29
Fe-N2 2.32 2.17 2.34 2.21
Fe-N3 2.19 2.37 2.26 2.36
N1-Fe-03 166 168 154 149
N1-Fe-N2 70 70 72 70
N1-Fe-04 100 - -
N2-Fe-04 167 166 - -
O1-Fe-N1 94 96 97 96
0O1-Fe-N2 83 83 82 84
01-Fe-N3 163 163 168 162
01-Fe-03 90 92 105 102
01-Fe-04 89 84 - -
N1-Fe-N3 76 71 75 73
N2-Fe-N3 105 102 104 105
N3-Fe-03 103 103 82 82
N2-Fe-03 97 102 127 136
04-Fe-03 93 86 - -
N3-Fe-04 80 89 - -
01-Fe-05 - - 91 87
02-Fe-05 - - 64 59
N2-Fe-05 - - 168 164
N1-Fe-05 - - 100 97
N3-Fe-05 - - 82 80
Fe-04-05 - 91 - -
Fe-03-04 - - 96 91
04-05 - 1.46 - -
03-04 - - 1.47 1.47
03---02 2.70 2.80 - -
04---Wat7 2.47 - - -
Wat7---N49 2.99 - - -
04---:02 - - 2.80 2.71
05---Wat5 - - - 2.49
Wat5-:-N49 - - - 3.08
05---Wat2 - - 2.49 -
Wat2---N49 - - 3.00 -
04---Wat3 - 2.43 - -
Wat3---N49 - 3.04 - -
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Table 3.4 X-ray Crystallography Data Processing and Refinement Statistics for 14122
symmetry solutions of 3 and 3-phenylpyruvate.

Identification
Sav Mutant K121A-S112E Ki21A-S112E
Fe complex [Fell(biot-et-dpa(OH>): [Fell(biot-et-dpa(OHz2)2(k!-
(x2-Ogq4,) ] Ok,,,)]* + phenylpyruvate
(3) (3-phenylpyruvate)
PDB Code Unpublished Unpublished
Fe complex PDB 3-letter QGI QGI
code
Data Processing
Unit Cell a,b,c=577A,57.7A,1842A ab,c=578A 5784, 183.7
a, B, y=90° A
a, B, y=90°
Space Group 14,22 14,22
Resolution (A) 54.99 - 1.40 55.10 - 1.31
Highest reS(o)lution shell 142 -1.40 1.33-1.31
(A)
Rumerge (%) 9(132) 9.4 (75)

No. of unique

31049 (1498)

38377 (1832)

reflections
Multiplicity 11.5(11.3) 20.1 (19.9)
1/Sig(1) 14.6 (1.9) 18.6 (4.1)
Completeness 100 (100) 100.0 (100)
CC(1/2) 0.999 (0.587) 0.99 (0.92)
Beamline ALS 8.2.1 SSRL 12.2
Structure Refinement
Rwork 0.17 0.17
Rfree 0.20 0.18
Rmsd bond length (A) 0.018 0.019
Rmsd bond angle (°) 2.434 2.508
Rmsd compared to 0.62 0.81
biotin-Sav WT (PDB
1STP) (A)
No. ligands
Fe complex 1 1
Water 106 115
Phenylpyruvate - 1
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Table 3.5 Summary of structural details for 3 and 3-phenylpyruvate.

PDB Code Unpublished Unpublished
Complex 3 3-phenylpyruvate
Electron density at Fe 35 56
in F,-F. omit map (o)
Anomalous dispersion 12 37

density at Fe (o)
Geometry of Fe
complex
Coordination number
of
Fe complex
Occupancy of Fe
complex (%)
B-factor (A2)
Overall protein
S112E
K121A
Fe complex
DPA
Fe
Phenylpyruvate
Distance Fe-Fe (A)

70%: square pyramidal
30%: distorted octahedral
70%: 5
30%: 6

90

17
(80/20): 17/11
13
(70/30): 21/14
(70/30): 21/13
26

10

Distorted octahedral

6

100

15
13
10
14
14
17
32
10
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Table 3.6 X-ray Crystallography Data Processing and Refinement Statistics for
14122 symmetry solutions of Structure 3C and Structure 3E.

Identification

Sav Mutant
Fe complex

PDB Code
Fe complex PDB 3-
letter code

K121A-S112E
[Fel(biot-et-dpa(OH>)

(x1-Og,4,)]* + phenylpyruvate

+ 02
(Structure 3C)
Unpublished

QGI

K121A-S112E
[Fell(biot-et-dpa(OHz):
(x1-Og,,,)]* + phenylpyruvate
+ 02
(Structure 3E)
Unpublished

QGI

Data Processing

Unit Cell

Space Group
Resolution (A)

Highest resolution
shell (A)
Rmerge (%)

No. of unique

a,b,c=5754, 5754, 183.5
A
a, B, y=90°
14122
37.18 - 1.70

1.73-1.70

9.3 (62)
17481 (913)

a,b,c=57.7A,57.74,183.6 A
a, B, y=90°

14,22
45.89 - 1.55

1.58 - 1.55

12 (84)
23070 (1121)

reflections
Multiplicity 8.9 (9.4) 10.2 (8.8)
I[/Sig(D) 15.0 (3.4) 11.7 (2.1)
Completeness 99.9 (100.0) 99.9 (99.0)
CC(1/2) 0.997 (0.932) 0.997 (0.809)
Beamline SSRL 12.2 ALS 8.2.1
Structure Refinement
Rwork 018 021
Rfree 021 025
Rmsd bond length 0.016 0.013
(A)
Rmsd bond angle 2.622 2.296
)
Rmsd compared to 0.63 0.83
biotin-Sav WT
(PDB 1STP) (4)
No. ligands
Fe complex 1 1
Water 79 104
Phenylpyruvate 1 1
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Table 3.7 Summary of structural details for Structure 3C and Structure 3E.

PDB Code Unpublished Unpublished
Complex 3C 3E
Electron density at Fe 29 29
in F,-F. omit map (o)
Anomalous dispersion 5 10
density at Fe (o)
Geometry of Fe 70% Distorted Distorted octahedral
complex octahedral
30% Square
pyramidal
Coordination number 70%: 6 7
of 30%: 5
Fe complex
Occupancy of Fe 90 100
complex (%)
Occupancy of 02 (%) 90
B-factor (A2)

Overall protein 21 16
S112E 80/20:21/13 16
K121A 17 12

Fe complex 80/20: 23/19 17
DPA 80/20:23/19 17

Fe 32 22
Phenylpyruvate 74 35
0. 34 36
Distance Fe-Fe (A) 10 10

113



Table 3.8 X-ray Crystallography Data Processing and Refinement Statistics for C121
symmetry solutions of Structure 3D, 3-phenylpyruvate, and Structure 3C.

Identification
Sav Mutant K121A-S112E K121A-S112E
Fe complex [Fe!(biot-et-dpa(OH2): [Fell(biot-et-
(k1-Ok1,)]* + dpa(OHz2)2(k1-Oky,)]* +
phenylpyruvate + Oz phenylpyruvate
(Structure 3D) (3-phenylpyruvate)
PDB Code Unpublished Unpublished
Fe complex PDB QGI QGI

3-letter code

K121A-S112E
[Fell(biot-et-dpa(OHz):
(k1-Okq4,)]* +
phenylpyruvate + Oz
(Structure 3C)
Unpublished
QGI

Data Processing

a,b,c=19294,57.84,

a,b,c=192.6 4, 57.84,

a,b,c=19224,57.5A4,

Unit Cell
57.8 A 57.8 A 57.5 A
a, B, y=90°107.4°, a, B,y=90°107.5°,90° o B,y=90°107.4° 90°
90°
Space Group C121 C121 C121
Resolution (A) 37.32-1.45 55.10-1.31 37.18-1.76
Highest 1.47 - 1.45 1.33-1.31 1.79-1.76
resolution shell
(4)
Rmerge (%) 8.1 (68) 8.3 (69) 6.9 (40)
No. of unique 100858 (4997) 137517 (6751) 56252 (3299)
reflections
Multiplicity 3.8(3.8) 5.6 (5.4) 2.5 (2.5)
I/Sig(D) 8.1(1.7) 10.1 (2.0) 6.4 (1.9)
Completeness 94.3 (94.4) 93.9 (95.3) 94.6 (96.5)
CC(1/2) 0.996 (0.772) 0.994 (0.724) 0.994 (0.850)
Beamline SSRL 12.2 SSRL 12.2 SSRL 12.2
Structure Refinement
Rwork 0.20 0.19 0.18
Rfree 0.23 0.17 0.20
Rmsd bond 0.014 0.017 0.015
length (A)
Rmsd bond angle 2.232 2.443 2.382
)
Rmsd compared 0.65 0.61 0.65
to biotin-Sav WT
(PDB 1STP) (A)
No. ligands
Fe complex 4 4 4
Water 280 442 243
Phenylpyruvate Disordered 2 2
02 2 - 4
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Table 3.9 Summary of structural details of Structure 3D, 3-phenylpyruvate, and

Structure 3C.

PDB Code Unpublished Unpublished
Complex 3D 3-phenylpyruvate 3C
Electron density 28 50 25
at Fe in F,-F,; omit
map (o)
Anomalous - - -
dispersion
density at Fe (o)
Geometry of Fe  Distorted octahedral = Distorted octahedral 70% Distorted
complex octahedral
30% Square
pyramidal

Coordination
number of
Fe complex

D1-D2: 6-coordinate
D3-D4: 7-coordinate

6-coordinate

70%: 6-coordinate
30%: 5-coordinate

Occupancy of Fe 80 100 90

complex (%)

Occupancy of 0 80 - 100 (2 subunits)

(%) 80 (2 subunits)
B-factor (A2)

Overall protein 20 15 20
S112E 19 14 16
K121A 17 10 16

Fe complex 25 15 19

DPA 25 15 19

Fe 28 18 33

Phenylpyruvate - 59 92

0 33 - 39

Distance Fe-Fe 10 10 10
(A)

*B-factors were averaged from the tetrameric Sav
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Table 3.10 3-phenylpyruvate bond lengths and distances from C121 symmetry solution.

Bond lengths (A) Monomer Monomer Monomer Monomer
1 2 3 4
Fe-01 2.15 2.11 2.10 2.11
Fe-03 2.05 2.05 2.08 2.05
Fe-04 2.10 2.14 2.12 2.10
Fe-N1 2.24 2.23 2.22 2.24
Fe-N2 2.26 2.23 2.23 2.24
Fe-N3 2.13 2.16 2.12 2.16
03---02 2.63 2.67 2.68 2.66
04---Wat3 2.64 - - -
Wat3:--N49 3.23 - - -
04---Wat6 - 2.65 - -
Wat6---N49 - 3.23 - -
04---Wat12 - - 2.72 -
Wat12---N49 - - 3.22 -
04---Wat9 - - - 2.70
Wat9---N49 - - - 3.26
Distances (A) Dimer A (1 &2) Dimer B (3 & 4)
Average 4.58 4.66
centroidpy:--centroidpn
Fe---Fe’ 10 10

Table 3.11 3C bond lengths and distances from C121 symmetry solution.

Bond lengths M M 1er M 1er Monomer Monomer Monomer Monomer Monomer
A 1A 1B 2A 2B 3A 3B 4A 4B
Fe-01 2.29 2.29 2.31 2.31 2.32 2.32 2.27 2.27
Fe-03 2.30 2.30 2.35 2.35 2.25 2.25 2.20 2.20
Fe-04 2.25 2.25 2.23 2.23 2.20 2.20 2.17 2.17
Fe---05 2.85 2.85 2.82 2.82 2.70 2.70 2.74 2.74
Fe-N1 2.16 2.20 2.20 2.33 2.19 2.23 2.12 2.16
Fe-N2 2.19 2.27 2.26 2.25 2.22 2.26 2.27 2.32
Fe-N3 2.21 - 2.19 - 2.18 - 2.16 -
03---02 2.51 2.51 2.60 - 2.84 2.84 2.80 2.80
04---Wat190 241 241 - - - - - -
Wat190---N49 2.99 2.99 - - - - - -
04---Wat155 - - 2.47 2.47 - - - -
Wat155---N49 - - 2.95 2.95 - - - -
04---Wat144 - - - - 2.35 2.35 - -
Wat144---N49 - - - - 3.00 3.00 - -
04---Wat146 - - - - - - 2.42 2.42
Wat146---N49 - - - - - - 2.96 2.96
Distances (A) Dimer A (1 & 2) Dimer B (3 & 4)

Average 4.63 4.58

centroidpy-+

centroidpn

Fe---Fe’ 10 10
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CHAPTER 4
The Hunt for Blue Precious

Introduction

As discussed in Chapter 1, several dinuclear Fe metalloenzymes are capable of
binding and/or activating dioxygen.24? For example, hemerythrin (Hr) reversibly binds
dioxygen, while soluble methane monooxygenase (sMMO) and the 3-subunit of
ribonucleotide reductase (RNR-R2) activate dioxygen to perform the hydroxylation of
methane and the conversion of ribonucleotides to deoxyribonucleotides, respectively.249-

253 In native di-Fe enzymes, the primary coordination sphere is commonly occupied by

Figure 4.1 Molecular structures of the active sites of di-Fe proteins Hr (A: PDB 1HMD), RNR-R2
(B: PDB 1PFR), purple acid phosphatase (C: PDB 1QCF), and sMMO (D: PDB 1HMY).
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amino acid residues and aqua, hydroxido, or oxido ligands.24° For example, the Fe centers
in Hr, RNR, sMMO, and purple acid phosphatase are coordinated by histidine amino acid
residues and carboxylate-containing amino acid residues that bridge the two Fe centers via
a 1,3- or 1,1-carboxylate bridge; in Hr and sMMO, an additional aqua or hydroxido ligand
further couples the two metal centers (Figure 4.1).24% In purple acid phosphatase, a
tyrosine amino acid residue coordinates the Fe center, which gives the protein a diagnostic
color (Amax ~ 500 nm) at the Felll oxidation state.254-257 n di-Fe proteins, the distance
between the two Fe centers is often between 3.0 and 4.2 A, which gives rise to diagnostic
coupling that can typically be identified by various spectroscopic techniques, such as
electronic absorbance, Mdssbauer, and electron paramagnetic resonance (EPR)
spectroscopies and superconducting quantum interference device (SQUID)
magnetometry.?49 Additionally, noncovalent interactions in the secondary coordination
sphere play an integral role in the progression of substrate oxidation. For example, in RNR,
a nearby tyrosine amino acid residue is known to generate a relatively stable tyrosyl

radical that is required for initiating ribonucleotide reduction,249.258-260 and in Hr, a

Figure 4.2 Molecular structure of di-Fel' DFT2.
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hydrogen bond (H-bond) from the hydroxido bridge stabilizes the dioxygen ligand bound
to the coordinatively unsaturated Fe center.1622.249,261

Bioinorganic chemists have used several approaches to further understand the
structures of di-Fe proteins and how these structures control the impressive chemical
competencies. For example, in the field of artificial metalloproteins, DeGrado has utilized
DF2t from the due-ferri (DF) family of de novo-designed peptides to develop a 4-helix
bundle that assembles a di-Fe binding site containing a 4-Glu, 2-His motif (Figure 4.2).107
The two Felllions are bridged by a p-oxido ligand and a p-(1,3)-acetato ligand which
positions the Fe centers 3.6 A apart.197 Many synthetic chemists have sought to achieve
similar Fe-Fe separations by designing binucleating ligands capable of supporting discrete
di-Fe complexes to further study their electronic and structural properties.4286,101,249,262-268
Kodera and coworkers used the ligand 1,2-bis[2-{bis(2-pyridylmethyl)amino-methyl}-6-
pyridyl]ethane (6-HPA) to form a di-Fe complex with a p-oxido bridging atom that was
able to epoxidize alkenes with H202 (Figure 4.3A).269270 Qur lab has also designed the

ligand [MST]3-, which contains sulfonamido groups that can both act as H-bond acceptors

Mes” N—Feﬁ'} (j\‘s'lo
K/ N—\J/lN \Mes

Figure 4.3 ChemDraw structures of synthetic model complexes of di-Fe protein active sites from
Kodera (A) and Borovik (B).
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Figure 4.4 ChemDraw representation of biotinylated ligands
used in this chapter (n = 2, biot-et-dpa; n = 3, biot-pr-dpa; n =
4, biot-bu-dpa).

and establish an auxiliary metal binding site that has produced several discrete di-Fe
systems (Figure 4.3B).78-81

To further explore the properties of di-Fe cores in proteins, new artificial
metalloproteins (ArMs) with a di-Felll active site have been developed. To accomplish this
goal, several design elements had to be established, which are discussed. Within this study,
two new ligands analogous to biot-et-dpa (Chapter 2), biot-pr-dpa and biot-bu-dpa (Figure
4.4), were prepared, and three new variants of Sav, S112Y-Sav, Ki21Y-Sav, and Ki121A-L124Y-
Sav were expressed and purified. Fe!ll complexes supported by the family of dpa ligands
were synthesized, and the di-Fe!ll ArMs were characterized by electronic absorbance,
perpendicular-mode (L-mode) EPR, Mdssbauer, resonance Raman (rR), and X-ray
absorption (XAS) spectroscopies. The combined data showed that new di-Felll ArMs were
formed within Sav.
Results and Discussion

Design Concepts. Previous work in our lab utilizing biot-et-dpea (Chapter 1) and
biot-et-dpa27! successfully produced mononuclear Cu sites immobilized within Sav;
however, the design of dinuclear sites proved to be increasingly difficult. A dpa ligand with
a longer linker, biot-bu-dpa (Figure 4.5A), was employed in an attempt to bring the Cu

centers closer together. However, crystallographic characterization of the resulting Cu ArM
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Figure 4.5 ChemDraw representation of biot-bu-dpa (A) and molecular structure displaying the
binding interface of [Cu(biot-bu-dpa)]?*cWT-Sav (B).

revealed that the two Cu centers could come no closer than 6.7 4, too long of a distance for
the Cu centers to undergo any identifiable magnetic coupling.2’! The structure of [Cu(biot-
bu-dpa)]?*cWT-Sav (wild-type) also revealed that the Cu centers extended towards the
open solvent channel of the protein vestibule (Figure 4.5B).271 With the knowledge that the
butyl linker alone was not sufficiently long to bring the Cu centers close enough together,
we turned to the idea of utilizing an endogenous ligand of Sav that would facilitate covalent
attachment of the metal complexes to Sav, and aid in establishing dinuclear cores. The
binding of the complexes to an endogenous ligand would potentially allow them to span
across the Sav dimer, rather than puckering outward

Previous studies in our group have indicated that endogenous ligand binding relies
on the correct match between the linker on the biotinylated metal complex and the
position of the amino acid residue within Sav. Analogous to the noted artificial cupredoxins

in Chapter 1, several native nonheme mononuclear and dinuclear proteins have a
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Figure 4.6 Surface representation of amino acid residues in the vestibule of Sav (A) and
ChemDraw structures of amino acid residues subjected to site-directed mutagenesis (B).

spectroscopic handle associated with the coordination of an amino acid residue to an Fe!ll
center. In particular, phenolate coordination to an Felll center is spectroscopically
observable as a ligand-to-metal charge transfer (LMCT) transition in the range Amax ~ 400-
700 nm (em ~ 1000-4000 M-1cm1).257 [n the mononuclear protein protocatechuate 3,4
dioxygenase and the dinuclear protein purple acid phosphatase, phenolate coordination to
the Felll center is observed as an absorbance band at Amax= 435 nm (em ~ 2900 M-1cm1)
and 550 nm (em ~ 2500 M-1cm1), respectively.256.272 The premise of our approach was to
vary both the linker length (et, pr, bu) and the placement of the tyrosine mutation within
the Sav vestibule (S112Y-Sav, Ki21Y-Sav, and Ki21A-L124Y-Sav: Figure 4.6) to identify
conditions that would give an observable color change. This optical screen would allow us
to monitor endogenous ligand coordination by absorption rather than solely relying on

crystallography.

122



Synthesis and Characterization of Biotinylated Fe'! compounds. The ligands biot-pr-
dpa and biot-bu-dpa were prepared analogously to biot-et-dpa (Chapter 1). The ligands of
the biot-n-dpa series (n = et, pr, bu) were hygroscopic and therefore stored under an inert
atmosphere. The Felll complexes were prepared by the treatment of biot-n-dpa with
FeCl3-6H20 in ethanol, which resulted in the immediate precipitation of yellow solids. The
Felll complexes were also stored under an inert atmosphere. The Felll complexes were
analyzed by ESI-MS, giving molecular ion peaks corresponding to [Fe!ll(biot-n-dpa)Clz]*.
Elemental analysis showed that the Felll complexes were trihydrates with the assigned
formation of [Fell(biot-n-dpa)(OHz2)3]Cls. The three complexes also showed similar
absorption spectra with broad absorbance bands with a Amax~ 260, 320, and 480 nm
(Figure 4.7A). The L-mode EPR spectra of the three Felll complexes showed weak signals
centered around g = 9 and 4.3, consistent with an S = 5/2 mononuclear Fe!'l center (Figure

4.7B). Titration experiments were done with 2-(4'-hydroxyazo-benzene)benzoic acid

A B 43

9.1

| /

9.1 43

9i1 /

0_|||||||| I T N T N TN Y O N T O
200 300 400 500 600 s5pp 1000 1500 2000

Wavelength (nm) B (G)

Figure 4.7 Electronic absorbance (A) and EPR (B) spectra of Felll-n-dpa. Absorbance data
were collected in nanopure H20 at RT, and EPR data were collected in CH30H at 10 K. n =2
(black), et; 3, pr (grey); 4, bu (blue).
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Figure 4.8 HABA titrations of Fell-n-dpa in S112Y-Sav (A), K121Y-Sav (B), and Ki21A/L124Y-Sav (C). n = 2

(black), et; 3, pr (grey); 4, bu (blue).
(HABA) to determine the binding stoichiometry of the [Fe!!l(biot-n-dpa)(OHz)3]Cl3
complexes to each Sav variant. The HABA studies indicated a 4:1 bioinylated Fe! complex
to protein host ratio, confirming complete occupancy within the three Sav variants (Figure
4.8).

Development of an optical screen. Initial studies were done using a 96-well plate to
visually monitor for a color change with the addition of the Fe!ll-n-dpa complexes to
solutions of the three Sav variants (S112Y-Sav, Ki21Y-Sav, and Ki121A-Li124Y-Sav). The Felll
complexes in nanopure H20 were pale yellow (Figure 4.9). In the variant S112Y, the three
Felll complexes remained yellow, indicating that tyrosine did not coordinate to the Fe
center. Similarly, in the variant K121Y, Felll-et-dpa remained yellow, while Fell-pr-dpa and
Felll-bu-dpa changed color to light green. In the variant K121A-L124Y, Felll-et-dpa remained
yellow, Felll-pr-dpa converted to a light blue-purple, and Fe'll-bu-dpa produced an
immediate intense color change to dark blue (Figure 4.9). Thus, the optical screen provided

an immediate assessment of the best linker and variant combination for phenolate

coordination to the Fe complex. Of the ArMs screened in this study, the ArM with the Ki21A-
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Figure 4.9 Optical screen of Fe!ll-n-dpa and tyrosine variants of Sav.

L124Y variant and butyl linker length is the combination that extends farthest into the Sav
vestibule. Thus, the optical screen highlighted which ArM to pursue for the possible
formation of a di-Fe ArM. For the remainder of the chapter, the ArM Fe!ll-bu-dpacK121A-
L124Y-Sav will be referred to as Precious.

Spectroscopic Characterization of Precious. As illustrated in the optical screen,
Precious had a distinct blue color in nanopure water at room temperature (RT). The
optical properties observed by electronic absorbance spectroscopy supported the
formation of an artificial Fe!ll-tryosinate protein with an absorbance feature at Amax = 605
nm (em ~ 2800 M-1cm1) (Figure 4.10A). The rR spectrum also supported the presence of an
Fe-Ovyi124 interaction with a vibration at 590 cm-1, consistent with the assignment of
previously characterized Fe-tyrosine interactions in the literature.257 Additional features in

the rR spectrum revealed a strong resonance enhancement of the phenol ring vibrations in
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Figure 4.10 Electronic absorbance (A), Mossbauer (B), and rR spectra (C) of Precious. Recorded in
nanopure Hz20 at RT for absorbance and rR spectra (647-nm excitiaton wavelength) and 4 K for
Maossbauer spectrum. Simulation is shown as a red line.

the 800-1600 cm-! region, which were assigned as follows: 1600 and 1500 cm-?, C=C
breathing; 1292 cm, ring/C-0 stretch; 1172 cm-1, C-H bend; and 888 cm-1, C-C breathing
mode (Figure 4.10C). Although both the UV-vis and rR data are consistent with
coordination of the phenolate to a Felll center, neither is indicative of the formation of a di-
Fe species. To address the goal of the design, EPR and Mdssbauer spectroscopies were
utilized to determine if the Fe centers interacted with one another. The 1-mode EPR
spectrum for Precious was silent tentatively supports assignment as a dinuclear Fe!ll
species within Sav. The Mdssbauer spectrum was more conclusive, as it revealed
parameters indicative of a coupled di-Felll species with an isomer shift (§) of 0.54 mm/s
and quadrupole splitting (AEq) of 0.86 mm/s (Figure 4.10B). High-field Mdssbauer studies
were conducted and demonstrated strong antiferromagnetic coupling suggestive of a p-
oxido atom bridging the di-Fe!ll species in Sav. Oxido bridged species are known to
facilitate stronger coupling (J > 100 cm1) than hydroxido (J < 100 cm1) or aqua bridging
atoms. More extensive high-field studies are required to obtain an accurate J value, but at
this time, the magnitude of coupling was estimated to be large enough to support
antiferromagnetic coupling through an oxido bridging ligand.249273,274
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Structural Characterization of Precious:
Crystallographic Structural Characterization. Single crystals of Precious were
prepared by soaking apo-Ki21A-Li124Y-Sav crystals in a solution of [Fe!ll(biot-bu-

dpa)(OHz2)3]Cls. Uptake of the Fe complex was observed as a change in the color of the

Figure 4.11 Photograph of crystals of Precious (A) and the molecular structure of Precious (B &
C). For the structure in C, the position of the Fe-bu-dpa complex is indicated by the 2F.-F. electron
density map (grey, contoured at 1 o) and anomalous difference density (red, contoured at 4 o). Fe
ions are colored in orange, N atoms are in blue, and O atoms/water molecules are in red. Two
subunits are shown (grey and black).
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crystals from colorless to blue (Figure 4.11A). The molecular structure was resolved to
1.30 A, revealing a dinuclear Fe complex immobilized within each Sav dimer. Nitrogen
donors N1, N2, and N3 from dpa coordinated to each Fe center in a meridional fashion with
an average bond distance of 1.97 A. Additionally, the O-atom donors from the phenolate
group of L124Y were bound to each Fe center with a bond length of 1.78 A, which supports
the observable color change. Additional density was observed between the two Fe centers
that was modelled to as O-atom bridge with a bond length of 2.10 A to each Fe center and
an Fe-02-Fe’ bond angle of 141°. A disordered acetato ligand, provided by the
crystallization conditions, docked between the two Fe centers with differing Fe-03 and
Fe’-04 bond lengths of 2.17 A and 3.39 A. The two distinct bond lengths suggest that the
acetato ligand was coordinated to one Fe center and weakly interacting with the other Fe
center. The Fe...Fe’ distance was 3.96 A, which is at the longer end of the range of distances
known for di-Fe proteins; however, this distance is most comparable to the bond distance
of 3.93 A observed in the XRD structure of RNR-R2 (Figures 4.11B and 4.11C, and 4.22A,
Tables 4.1, 4.2 and 4.3).

XAS. In order to gain a better understanding of the coordination environment of
Precious, XAS studies were performed. On frozen solution samples, X-ray absorption near
edge structure (XANES) analysis provided a K-edge energy of 7124.4 eV for Precious. This
value of the K-edge energy falls well within the range found for other diferric enzymes,
including Cmll, R2lox, and frog M ferritin, supporting the assignment as a diferric
species.?4? Additional analysis of the XANES region revealed that the pre-edge area value
for Precious is 8.1 units (Figure 4.12A). The area of the pre-edge falls well below the

average value of ~14 units for Fe(IlI)2(u-0) species, the species hypothesized to be the
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bridging motif based on Méssbauer spectroscopy. The value is more consistent with the
pre-edge area of Fe(Ill)2(u-OH) species, which have an average area of ~7 units.24 The
conflicting XAS pre-edge data and Mossbauer studies make it difficult to conclusively assign
an identity to the bridging ligand.

Data from extended X-ray absorption fine structure (EXAFS) analysis of Precious
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Figure 4.12 Pre-edge region analysis of Precious. The experimental data (black dotted), baseline (blue
dashed), pre-edge peak componenets (grey solid), residuals (green solid), and total fit (red solid) are shown
(A). Fit (red solid) of the unfilted (black solid) EXAFS data (B) and corresponding Fourier transform (FT) (C)
of Precious. Data were fit in the range k = 2-14 A1,
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were fit with two sets of scatterers in the primary coordination sphere: Fe-N/0 at 1.89 A
and 2.10 A. The longer distance was fit with four scatterers and had a relatively high mean-
squared deviation (02) value of ~8 x 10-3 A2, Attempts to split the shell resulted in a set of
shorter (~2.05 A) and longer (~2.15 A) scatterers with reasonable ¢2values, but the
resolution of the data (AR = 0.13 A) did not justify the inclusion of the split shell in the best
fit. The Fe-N/O bond distance at 1.89 A is consistent with the tyrosine residue binding to
the di-Fe complex. Carbon scatterers were required at 3.05 A; these scatterers are
consistent with the alkyl linkages between the pyridyl arms of the ligand as well as the
carbon atoms adjacent to the N atoms of the pyridyl groups. The Fe---Fe distance was fit at
4.02 A, consistent with the distance found from the molecular structure obtained from XRD.
The Fe---Fe fit had a primary contribution in the Fourier transformed (FT) data at R+A ~3.5
A that only fit the feature when Fe---C scatterers that contributed intensity to the FT feature
at R+A ~4 A were included at 4.20 A. This long carbon scatterer can be assigned to the
carbon atoms in the planar pyridyl rings of the ligand, as well as the aromatic rings of the
tyrosine residues. The removal of either the Fe:--Fe or the Fe-:-C scatterers prevented an
appropriate fit of the corresponding FT features to be obtained. In addition, fitting these
features exclusively with carbon scatterers also resulted in an inadequate fit of the data
(Figures 4.12B and 4.12C, Table 4.12).

Binding of additional bridging ligands to Precious:

Acetate (Precious-0Ac). The discovery of a disordered acetato ligand in the structure of
Precious prompted examination of the ability to purposefully bind other exogenous
ligands to the Fe centers. Since the structure of Precious indicated that an acetato ligand

could dock nearby and interact with the Fe centers, initial studies were done with the
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Figure 4.13 rR spectra of Precious (black), Precious-
OAc (green), Precious-Ns (purple), Precious-SCN
(blue), and Precious-CN (red). Recorded at RT using
647-nm excitation wavelength.

addition of sodium acetate (NaOAc). The fact that several native di-Fe proteins, such as

RNR-R2 and Hr, contain active sites with carboxylato-bridged Fe centers further motivated
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Figure 4.14 Electronic absorbance (A) and Méssbauer spectra (B) of Precious-0Ac
in nanopure H20 at RT and 4 K, respectively. Initial spectrum of Precious (black)
and spectrum after treatment with NaOAc (grey) for absorbance spectra. Simulation
is shown as red line.
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this initial course of action.

The binding of acetate was first examined in solution. Precious was treated with 10
equivalents of NaOAc in nanopure water at room temperature, which afforded a spectrum
with a change in the absorbance band at Amax = 600 nm (Figure 4.14A). In addition, the
treatment of Precious with excess NaOAc showed no significant change in the EPR,
Mossbauer, and rR spectra (Figure 4.13: green, 4.14B).

Single crystals of Precious-0Ac were prepared by soaking crystals of Precious in a
100 mM solution of NaOAc. The resulting Precious-0Ac crystals diffracted to a resolution
of 1.50 A, and the solution of their structure revealed the formation of a dinuclear Fe active
site within each dimer of Sav. The primary coordination spheres around the Fe centers in
this active site were similar to those found in Precious. One distinct difference between the
structures of Precious and Precious-OAc was the clear addition of a new bridging ligand.

In place of the previously disordered acetato ligand in Precious, an ordered acetato ligand

L124Y*

Figure 4.15 Molecular structure of Precious-0Ac (A), the position of the cofactor is indicated
by the ZF,-Fc electron density map (B: grey, contoured at 1 ¢) and anomalous difference density
(red, contoured at 3 o). Fe ions are colored in orange, N atoms are in blue, and O atoms/water
molecules are colored in red. Two subunits are shown (grey and black).
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was resolved in Precious-OAc with a bond distance of 2.20 A to each Fe center. The p-(1,3)
coordination of the acetato ligand to the two Fe centers offers a stabilization effect because
of the formation of a 6-membered chelate ring. Further analysis showed a minimal
shortening of the Fe...Fe’ distance from 3.96 A in Precious to 3.91 A in Precious-OAc but a
significant change in the Fe-02-Fe’ bond angle to 134° (Figures 4.15A, 4.15B, and 4.22B,
Tables 4.1, 4.2, and 4.3).

Azide (Precious-N3). The structure of Precious-0OAc provided a proof of concept that a
bridging ligand can be purposefully added to Precious. However, the carboxylate bridge
did not substantially decrease the distance between the Fe centers. In further efforts to
bring the two metal centers closer together, other bridging ligands were explored. This
study investigated the binding of azide ions to Precious. Solution studies of azide produced
a species with similar electronic properties as Precious and Precious-0OAc by UV-vis, EPR,

and rR spectroscopies (Figure 4.16A, 4.14: purple). However, in the Mossbauer spectrum,
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Figure 4.16 Electronic absorbance (A) and Méssbauer spectra (B) of Precious-Ns collected in nanopure
H20 at RT and 4 K, respectively. FTIR photolysis difference spectrum of Precious-Ns collected at 30 K (C).
Initial shown as black line and final shown as black line for absorbance spectra. Simulation is shown as red
line.
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two species were found: 1) 60% mononuclear Fell and 2) 40% of the same coupled species
that was found in Precious. In contrast, the EPR studies produced a different estimate of
90% of the coupled species and 10% mononuclear Fe!ll present in the Precious-Ns3
solution sample (Figure 4.16B). It is possible that adding an azide ligand disrupted the p-
oxido bridging ligand, but this scenario is not consistent with the EPR results. However,
azide bridging ligands have an added benefit of possessing distinct vibrations that can be
observed by infrared spectroscopy. Therefore, in collaboration with the Méenne-Loccoz
group, Fourier-transform infrared spectroscopy (FTIR) studies were conducted to
determine if the azido ligand was coordinated in solution. The FTIR data revealed two
peaks (V(NNN) = 2065 cm! and 2088 cm1) attributed to the Fe-azido interaction,
suggesting that the azido complex exists as two conformers.275 Photolysis experiments
were conducted to determine if the azido ligand could be photodissociated from the di-Fe
complex, and these experiments resulted in a negative band at 2032 cm-1. This feature is
marginally lower than the vibration of free azide (2048 cm-1) and can still be attributed to
photodissociation of the azido ligand from the di-Fe complex. The photolytic process was
shown to be fully reversible by annealing the samples at 130 K and then changing the

temperature to 30 K to generate the same spectrum with a vibration at 2032 cm-1,
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Figure 4.17 Molecular structure of Precious-Ns (A & B). For the structure in B, the position of the Felll-
bu-dpa complex is indicated by the 2F,-Fc electron density map (grey, contoured at 1 ¢), and anomalous
difference density (red, contoured at 3 o), and the azido ligand position is indicated with the Fo-Fc omit
map (green, contoured at 3 o). Fe ions are colored in orange, N atoms are in blue, and O atoms/water
molecules are in red. Two subunits are shown (grey and black).

supporting that, in solution, the azido ligand is coordinated to the Fe complex (Figure
4.16C).

Single crystals of Precious-N3 were prepared in the same manner as Precious-0Ac
but a 100 mM solution of NaN3 was used instead of NaOAc. The molecular structure was
solved to a resolution of 1.70 A and revealed a similar primary coordination sphere as
those of Precious-0Ac and Precious. One important difference is the presence of
additional electron density for another bridging ligand between the two Fe centers, which
was modelled as an azido ligand. The azido ligand binds in a p-(1,3) fashion to the Fe
centers with a distance of 2.45 A and an Fe-N4-N5 bond angle of 96°. Moreover, the

Fe...Fe’ distance has shortened to 3.82 A relative to that in Precious-0Ac and Precious

with an Fe-02-Fe’ bond angle of 126° (Figures 4.17A,4.17B, and 4.22C, Tables 4.1, 4.2, and
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Figure 4.18 Electronic absorbance spectrum

of Precious-SCN. Recorded at RT in nanopure

H:0. Initial is shown as black line and final is

shown as grey line.
4.3). The bridging O atom was modelled with 100% occupancy when the azido ligand is
present, which directly contrasts the solution Méssbauer studies that showed 60% of a
mononuclear Felll species. This discrepancy could be explained by differences in solution
and crystallographic studies; however, because the EPR results support the structural
work, more work is necessary to determine the difference in the quantification of the
Mossbauer results. The shortening of the Fe...Fe’ distance shows that it is possible to
decrease the distance between the two Fe centers in Precious with the aid of an exogenous
bridging ligand.
Isothiocyanate (Precious-SCN). The isothiocyanate ion was chosen as an additional three-
atom bridging ligand due to its ability to coordinate to the Fe centers in a similar p-(1,3)
fashion as an azide ion. Initial spectroscopic studies showed that when Precious was
treated with 10 equivalents of NaSCN in nanopure water, the new species had similar

electronic properties by UV-vis, EPR, and rR as Precious, Precious-0Ac, and Precious-N3

(Figure 4.18, 4.13: blue)
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Single crystals of Precious-SCN were prepared by the same method as described
above with a 100 mM solution of NaSCN. Analysis of the molecular structure, resolved to
1.90 A, again revealed similar coordination of the dpa ligand, the phenolate group, and the
O-atom bridge to the Fe centers found for Precious. Additional electron density between
the two Fe centers was apparent and was fit to a bridging isothiocyanato ligand. With the
limitations of crystallography, the coordination of the S/N atoms to a specific Fe center
could not be determined, and thus, both conformations were modelled. The isothiocyanato
ligand binds in a p-(1,3) fashion to the Fe centers with an Fe-S/N distance of 2.42 A and an
Fe-S/N-C bond angle of 89°. The bound isothiocyanato ligand also forms a 6-membered
chelate ring with the two Fe centers and the p-oxo bridging atom. Additionally, the Fe...-Fe’
distance further shortened to 3.77 A with an Fe-02-Fe’ bond angle of 122° (Figures 4.19A,

4.19B, and 4.23A, Tables 4.1, 4.6, and 4.7). Similar to the results of the azide studies, the

Figure 4.19 Molecular structure of Precious-SCN (A & B). For the structure in B, the position of the Felll-
bu-dpa complex is indicated by the 2F,-F. electron density map (grey, contoured at 1 ¢), and anomalous
difference density (red, contoured at 3 o), and the isothiocyanato ligand position is indicated with the Fo-F:
omit map (green, contoured at 3 o). Fe ions are colored in orange, N atoms are in blue, S atoms are in blue,
and O atoms/water molecules are in red. Two subunits are shown (grey and black).
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studies involving isothiocyanate successfully showed that exogenous three-atom bridging
ligands can be used to bind two Fe centers and cause a slight decrease in the distance
between them.

Cyanide (Precious-CN). The success of adding three-atom bridging ligands to decrease the
distance between the two Fe centers in Precious prompted further studies using cyanide
ions which could serve as a two-atom bridging ligand. The treatment of Precious with 10
equivalents of NaCN in nanopure water was monitored spectroscopically and revealed an
initial shift in the UV-vis spectrum to a band at Amax ~ 500 nm. At room temperature, the
absorbance band slowly decreased over a period of 30 minutes to give a featureless
spectrum (Figure 4.20). Precious-CN was also examined by EPR and rR spectroscopies

and there were no significant changes from those of Precious. (Figure 4.13: red)
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Figure 4.20 Electronic absorbance spectrum of
Precious-CN. Recorded at RT in nanopure Hz0.
Initial is shown as black line and final is shown as
blue line.
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Single crystals of Precious-CN were prepared in a similar manner as described
above using a 100 mM solution of NaCN. The molecular structure was resolved to a 1.70 A
resolution to reveal a similar primary coordination sphere as that of Precious with a
bridging cyanido ligand. Again, due to the limitations of crystallography, the coordination
of the C/N atoms to a specific Fe center could not be determined, and thus, both
conformations were modelled. There is no difference in the bond metrics for either
confirmation. The cyanido ligand binds in a p-(1,2) fashion to the Fe centers with a distance
of 2.47 A and an Fe-C/N-C/N bond angle of 109°. The bound cyanido ligand also forms a 5-
membered chelate ring with the two Fe centers and the p-oxido bridging atom. It is
important to note that the Fe...Fe’ distance shortened to 3.73 A with an Fe-02-Fe’ bond

angle of 132° (Figure 4.21A, 4.21B, and 4.23B, Tables 4.1, 4.6, and 4.7). Thus, the cyanide

studies highlight that using two-atom bridging ligands also successfully decreases the

Figure 4.21 Molecular structure of Precious-CN (A & B). For the structure in B, the position of the Felll-
bu-dpa complex is indicated by the 2F,-F: electron density map (grey, contoured at 1 ¢), and anomalous
difference density (red, contoured at 3 o), and the cyanido ligand position is indicated with the Fo-F: omit
map (green, contoured at 3 o). Fe ions are colored in orange, N atoms are in blue, and O atoms/water
molecules are colored in red. H-bonds are displayed as dashed black lines. Two subunits are shown (grey
and black).
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distance between the two Fe centers, and forms a di-Fe ArM with an Fe.-.Fe’ distance that is
comparable to that in native di-Fe proteins.
Summary and Conclusions

In this chapter, new di-Fe ArMs were constructed, and an optical screen was
developed to help elucidate the placement of the Fe!ll complexes within Sav. The optical
screen employed three new protein variants, S112Y-Sav, K121Y-Sav, and Ki21A-L124Y-Sav, in
conjunction with two analogous ligands to biot-et-dpa (Chapter 2), biot-pr-dpa and biot-
bu-dpa. The optical study suggested that the optimal linker length to form an Fe'-Oryr
bond was butyl. The combination of biot-bu-dpa with K121A-L124Y-Sav resulted in the
controlled formation of a di-Fe species within Sav. Méssbauer spectroscopy suggested that
the O-atom bridge between the two Fe centers was a p-oxo atom, and UV-vis and rR studies
supported the coordination of the phenolate group from the tyrosine amino acid residue at
position 124 to the Fe centers. Further studies varied the Fe...Fe’ distance from 3.7-4 A by
adding various bridging ligands (OAc, N3, SCN, or CN).

The structural results indicate that it is difficult for the Fe---Fe distance to contract
below 3.7 A. In fact, all doubly bridged centers had a small variation in the Fe---Fe distance
(3.9-3.7 A) and only a slight change was observed in Precious-CN. One explanation for
why the Fe centers could be brought no closer together than 3.7 A is the two anchor points
in the di-Fe ArMs: the biotin moiety and the tyrosine amino acid residue. The biotin anchor
on the synthetic complex is locked into place by a series of H-bonds and cannot move. The
tyrosine amino acid residue cannot move significantly because of a steric interaction with a
second tyrosine amino acid residue in the opposing subunit of the Sav dimer. The phenyl

rings of the tyrosine amino acid residues have a centroidph-centroidph distance of ~5 A,
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which allows for a m-stacking interaction that positions them pointing directly up towards
the open solvent channel of the Sav vestibule. The new di-Fe ArMs with phenolate
coordination and the optical screen described in this chapter provide a foundation from
which to design more biologically relevant di-Fe ArMs that have a resting state of Fell and
that are capable of activating dioxygen and oxidizing substrates.

Experimental Details

General Methods. All commercially available reagents were obtained in the highest purity
and used as received. Ethanol (EtOH) and diethyl ether were degassed with argon and
dried by vacuum filtration through activated alumina according to the procedure by
Grubbs.183 Triethylamine was distilled from KOH. Thin-layer chromatography (TLC) was
performed on Merck 60 F254 aluminum-backed silica plates or Merck 60 F254 glass-
backed basic aluminum oxide plates. Eluted plates were visualized using UV light. Silica or
basic alumina gel chromatography was performed with the indicated solvent system using
Fisher reagent silica gel 60 (230-400 mesh) or Sigma reagent Brockmann 1 basic aluminum
oxide 58 (150 mesh). Biotin pentafluorophenol ester (biot-PFP)184 and di-(2-
picolyl)aminel85 were prepared according to literature procedures. The ligand biot-et-dpa
and Fell complex [Felll(biot-et-dpa)(OHz)3]Cl3 were prepared as described in Chapter 2.
The ligands biot-pr-dpa and biot-bu-dpa and Fe!! complexes [Fe!!!(biot-pr-dpa)(OHz)3]Cl3
and [Fel(biot-bu-dpa)(OHz2)3]Cl3 were prepared with slight modifications to the
procedures detailed in Chapter 2.

Physical Methods

Instrumentation. 1H NMR spectra were recorded at 500 MHz. 1H NMR spectra were

reported in ppm on the § scale and referenced to tetramethylsilane or solvent residual. The
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data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, quin = quintet, m = multiplet, br = broad), and integration. Mass spectra
were measured on a MicroMass AutoSpec E, a MicroMass Analytical 7070E, or a MicroMass
LCT Electrospray instrument. Electronic absorbance spectra were recorded with a Cary 50
or 8453 Agilent UV-vis spectrophotometer. X-band (9.64 GHz and 9.32 GHz) EPR spectra
were recorded on a Bruker spectrometer equipped with Oxford liquid helium cryostats.
The quantification of all signals was performed relative to a CuEDTA spin standard. The
concentration of the standard was derived from an atomic absorption standard (Aldrich).
For all instruments, the microwave frequency was calibrated with a frequency counter and
the magnetic field with an NMR gaussmeter. A modulation frequency of 100 kHz was used
for all EPR spectra. The EPR simulation software (SpinCount) was written by our
collaborating author, Michael P. Hendrich.186 Méssbauer spectra were recorded with a Janis
Research Super-Varitemp dewar. Isomer shifts are reported relative to Fe metal at 298 K.
Preparative Methods
2-(2-(bis(pyridin-2-ylmethyl)amino)propyl)isoindoline-1,3-dione.137 2-(2-
(bis(pyridin-2-ylmethyl)amino)propyl)isoindoline-1,3-dione was prepared
analogously to literature procedures to yield a yellow oil (42%). 1H (500 mHz, CDCl3) &
8.48 (d, 2H), 7.82 (dd, 2H), 7.71 (dd, 2H) 7.63 (t, 2H), 7.54 (d, 2H), 7.11 (t, 2H), 3.85 (m, 4H),
3.70 (t, 2H), 2.63 (t, 2H), 1.91 (m, 4H). MS (ESI, MeOH) m/z calcd C23H22N402 [M + (H*)]
386.17, found 386.92.

N,N-bis(pyridin-2-ylmethyl)propane-1,2-diamine.137 N,N-bis(pyridin-2-
ylmethyl)propane-1,2-diamine was prepared analogously to literature procedures to

yield a yellow oil (55%). 'H (500 mHz, CDCl3) & 8.53 (d, 2H), 7.65 (t, 2H), 7.52 (d, 2H) 7.14
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(t, 2H), 3.81 (s, 4H), 2.70 (t, 2H), 2.60 (t, 2H), 1.68 (q, 2H). MS (ESI, MeOH) m/z calcd
C1sH20N4 [M + (Na*)] 279.16, found 279.14.

biot-pr-dpa.137 biot-pr-dpa was prepared analogously to literature procedures to yield a
tan solid (83%). 1H (500 mHz, DMSO) 6 8.48 (d, 2H), 7.77 (br, 1H), 7.75 (t, 2H) 7.50 (d, 2H),
7.25 (t, 2H), 6.42 (s, 1H), 6.35 (s, 1H), 4.31 (t, 1H), 4.11 (t, 1H), 3.71 (s, 4H), 3.03 (m, 1H),
3.01 (q, 2H), 2.81 (dd, 1 H), 2.57 (d, 1 H), 2.46 (t, 1H), 2.46 (s, 2H), 2.00 (t, 2H), 1.62 (m, 8H).
MS (ESI, MeOH) m/z calcd C25H34N602S [M + (Na*)] 505.24, found 505.17.
2-(2-(bis(pyridin-2-ylmethyl)amino)butyl)isoindoline-1,3-dione.137 2-(2-
(bis(pyridin-2-ylmethyl)amino)butyl)isoindoline-1,3-dione was prepared according to
literature procedure to yield a yellow oil. The crude product was purified via column
chromatography with silica gel and CH3OH:DCM (0.5:9.5) as the eluent (44%). 1H (500
mHz, CDCls) 6 8.49 (d, 2H), 7.82 (dd, 2H), 7.71 (dd, 2H) 7.63 (t, 2H), 7.53 (d, 2H), 7.12 (t,
2H), 3.79 (m, 4H), 3.63 (t, 2H), 2.57 (t, 2H), 1.67 (m, 2H), 1.57 (m, 2H). MS (ESI, MeOH) m/z
calcd C24H24N402 [M + (H*)] 401.2, found 401.3.
N,N-bis(pyridin-2-ylmethyl)butane-1,2-diamine.!3” N,N-bis(pyridin-2-
ylmethyl)butane-1,2-diamine was prepared according to literature procedure to yield a
yellow oil (65%). 1H (500 mHz, CDCls) 6 8.52 (d, 2H), 7.65 (t, 2H), 7.52 (d, 2H) 7.14 (t, 2H),
3.81 (s, 4H), 2.62 (t, 2H), 2.55 (t, 2H), 1.57 (m, 2H), 1.41 (m, 2H), 1.41 (br, 2H). MS (ES],
MeOH) m/z calcd Ci6H22N4 [M + (H*)] 271.2, found 271.4.

biot-bu-dpa.137 biot-bu-dpa was prepared according to literature procedure to yield a
light tan solid (64%). 'H (500 mHz, DMSO) 6 8.47 (d, 2H), 7.77 (br, 1H), 7.75 (t, 2H) 7.51 (d,

2H), 7.25 (t, 2H), 6.40 (s, 1H), 6.34 (s, 1H), 4.29 (t, 1H), 4.11 (t, 1H), 3.70 (s, 4H), 3.07 (m,
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2H), 2.97 (q, 1 H), 2.78 (dd, 1 H), 2.57 (d, 1H), 2.43 (t, 2H), 2.03 (t, 2H), 1.33 (m, 10H). MS
(ESI, MeOH) m/z calcd C26H36N602S [M + (Na*)] 519.18, found 519.19.

Preparation of Metal Complexes

[Fel'(biot-pr-dpa)(OH2)3]Cl3.187 [Fe!ll(biot-pr-dpa)(OHz)3]Cl3 was prepared according to
literature procedure to yield a yellow solid (77%). HRMS (ESI, MeOH) m/Z calcd for
C27H40Cl2FeN602S [M - (3CI-) + (OCH3)2] 600.22, found 600.21. Elem. Anal. Calcd for
(C25H40NeSOsFeCls): C, 42.96; H, 5.77; N, 12.03. Found: C, 42.56; H, 5.07; N, 11.89.
[Fel(biot-bu-dpa)(0Hz)3]Cls.187 [Felll(biot-bu-dpa)(OHz)3]Cl3 was prepared according to
literature procedure to yield a yellow solid (96%). HRMS (ESI, MeOH) m/z calcd for
C28H42Cl2FeN602S [M - (3Cl-) + (OCH3)2] 614.23, found 614.21. Elem. Anal. Calcd for
(C26H42N6SOsFeCls): C, 43.80; H, 5.94; N, 11.79. Found: C, 43.69; H, 5.49; N, 11.65.
Spectroscopic methods

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) solution in 200
mM phosphate buffer pH 7. After 5 min of equilibration, the absorbance at 506 nm was
recorded. A solution of 1 mM Fe complex in nanopure water was added in 4-20 uL portions
until approximately 4 equivalents of the appropriate Fe complex had been added. The
absorbance at 506 nm was recorded until no further changes in intensity were observed.
Electronic Absorption Studies. A solution of lyophilized protein (50-250 pM) was prepared
in nanopure water. Four equivalents of Fe complex (0.2-1 mM) in nanopure water were
added to the protein solution. Samples were prepared in a final volume of 500 pL with
nanopure water. It is important to note that all solution experiments had to be performed

in nanopure water. Any buffer that was used (Good’s, phosphate, >100 mM acetate) or the
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organic solvent DMF disrupted the Fe-phenolate interaction and Precious could not be
made.

EPR Studies. A solution of protein (500 pM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 200 pL with nanopure water. The sample was
transferred to an EPR tube and frozen at 77 K in liquid nitrogen, and data were collected at
10 K.

Modssbauer studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 300 pL with nanopure water. The sample was
prepared in a solution Mdssbauer cup, frozen at 77 K in liquid nitrogen, and run at 4 K.

XAS Studies. A solution of protein (750 uM) was prepared in nanopure water. Four
equivalents of Fe complex (3 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 250 uL with nanopure water and 30% glycerol.
The sample was pipetted into a small delrin solution cell and frozen at 77 K in liquid
nitrogen.

XAS data collection and processing. In collaboration with Dr. Andrew Jasniewski, Fe K-edge
X-ray absorption spectra were collected on SSRL beam line 9-3 using a 100-element Ge
monolith solid-state detector (Canberra) with a SPEAR3 storage ring current of ~500 mA at
an energy of 3.0 GeV. The beam line 9-3 optics consist of a flat, bent, harmonic rejection
vertically collimating Rh-coated Si Mo mirror as well as a cylindrical, bent, Rh-coated
focusing M1 mirror. A total of six Fe K-edge scans were taken between 6882 and 8000 eV at

~10 K using an Oxford Instruments CF1208 continuous flow liquid helium cryostat using an
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open-cycle liquid He dewar (BL 9-3). An Fe foil was placed in the beam pathway prior to the
ionization chamber Io and scanned concomitantly for an energy calibration, with the first
inflection point of the edge assigned to 7112.0 eV. A Soller slit with a 3 um Mn filter was used
to increase the signal to noise ratio of the spectra. Photoreduction was monitored by
scanning the same spot on the sample twice and comparing the first derivative peaks
associated with the edge energy during data collection.

The detector channels from the scans were examined, calibrated, averaged, and
processed using EXAFSPAK.189% Theoretical phase and amplitude parameters for a given
absorber-scatterer pair were calculated using FEFF 8.401°0 and subsequently applied to the
nonlinear least squares ‘opt’ fitting program of the EXAFSPAK package during curve fitting.
Parameters for each species were calculated using an appropriate model derived from the
crystal structure. In all analyses, the coordination number of a given shell (N) was a fixed
parameter and was varied iteratively in integer steps, whereas the bond lengths (R) and
mean-square deviation (0%) were allowed to freely float. The estimated uncertainties in R,
62, and N are 0.02 A, 0.1 x 10-3 A2, and 20%, respectively. The amplitude reduction factor So
was fixed at 1.0 for the Fe K-edge data, whereas the edge-shift parameter AEo was allowed
to float as a single value for all shells. Thus, in any given fit, the number of floating parameters
was typically equal to 2 x number of shells + 1. The goodness of fit (GOF) parameters are

calculated as follows:

F :\/Zke(lexp — Xcalc )2
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Pre-edge analysis was performed on the Fe K-edge fluorescence data normalized to have an
edge jump of 1.0 at 7130 eV in the “process” program of the EXAFSPAK package. The pre-
edge features were fit as described elsewhere3 between 7108 eV to 7118 eV using the
Fityk27¢ program with pseudo-Voigt functions composed of 50:50 Gaussian/Lorentzian
functions.

IR studies. A solution of protein (1.25 mM) was prepared in nanopure water. Four
equivalents of Fe complex (5 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 300 pL with nanopure water. The sample was
prepared in an Eppendorf tube, frozen at 195 K in dry ice (for shipping purposes), and run
at room temperature.

R data collection and processing. In collaboration with the Méenne-Loccoz lab, rR spectra
were obtained at room temperature on samples in glass capillaries (3-5 mM concentration
in Fe) using a 90° geometry with a custom McPherson 2061/207 spectrograph equipped
with a liquid N2-cooled CCD detector (LN-1100PB, Princeton Instruments). The 647-nm
excitation was derived from a Kr laser (Innova 302, Coherent). A long-pass filter (RazorEdge,
Semrock) was used to attenuate Rayleigh scattering. Comparison of rapid acquisitions with
a range of laser power and continuous sample translation with longer data acquisitions
provided no evidence of photosensitivity for all the Sav samples. The integrity of the rR
samples was confirmed by direct monitoring of their UV-vis absorption spectra in Raman
capillaries before and after laser exposure. Frequencies were calibrated relative to indene
and are accurate to +1 cm-L. Polarization conditions were optimized using CCl4 and indene.
FTIR studies. In collaboration with the Méenne-Loccoz lab, low-temperature FTIR photolysis

with the azido complex was performed as previously described with slight modifications.277-
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279 Approximately 15 pL of protein solution (5 mM in Fe) was deposited as a droplet on a
CaF2 window, and a second CaF2z window was gently dropped on the sample to form an
optical cell with a pathlength controlled by a 15-um Teflon spacer. The FTIR cell was
mounted to a closed-cycle cryogenic system (Displex, Advanced Research System). The unit
was placed inside the sample compartment of the FTIR and kept in the dark during cooling
down to 30 K. The temperature of the sample was monitored and controlled with a Cryo-Con
32 unit. FTIR spectra were obtained on a Bruker Vertex 80 equipped with a liquid N2-cooled
MCT detector. Sets of 1000-scan accumulations were acquired at 4-cm-l resolution.
Photolysis of the azido ligand was performed by continuous illumination of the sample
directly in the FTIR sample chamber using a 300-W arc lamp after filtering out heat and NIR
emissions. The complete reversibility of the photolysis process was confirmed by
reproducing the same FTIR difference spectra after raising the sample temperature above
120 K, allowing rebinding of the photolyzed group to the Fe site.
Protein Preparation and Crystallography
Protein Expression and Purification
Preparation of Sav variants. The construction of Ki21A-Li24Y-Sav and other variants was
achieved by site-directed mutagenesis (SDM) using the codon optimized K121A-pET24a-Sav
plasmid,°1 the following primers and, and Q5 polymerase.

L124Y_fwd: 5'-CAGCACCTATGTTGGTCATGATACCTTTC-3'

L124Y_rev: 5'-CACCAACATAGGTGCTTTTCCAGGCATTC-3'
Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of

SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
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Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddHz0,
18 MQ cm™1). DNA sequencing was performed by Genewiz.

Sav Expression. Transformation of 4 pL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 pL. LB media. Of this solution, 200 pL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of
a starter culture containing 500 mL LB media and the same antibiotic from a single colony
was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeClz, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiCly, 2
mM NazMoO4, and 2 mM H3BOs all in 60 mM HCI), and 250 pL of 100 mg/mL Kanamycin.
Incubation at 37 °C and 225 rpm was continued until cells reached ODsoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was

centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
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agarose column pre-equilibrated with IB buffer. The column was washed with 6 column
volumes (CVs) of IB buffer or until the absorbance at 280 nm (Az2s0) dropped to zero. Elution
with 1% acetic acid in nanopure H20, and pooling fractions by Az2so, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM
Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid
protein was stored at 4 °C.

Protein Crystallization

Crystallization of [Fez""'(biot-bu-dpa)z(0OAc)(u-0)(Oy,,,)2cKi21Y-Li24Y-Sav] (Precious). Apo-

Sav protein was crystallized by the sitting drop vapor diffusion method. Diffraction-quality
crystals were grown at room temperature by mixing 4 pL of protein solution (26 mg/mL
lyophilized protein in water) and 1 pL of crystallization buffer (2.0 ammonium sulfate, 0.1
M sodium acetate, pH 4). The droplet was equilibrated against a reservoir solution of 100
uL crystallization buffer. Single crystals of Sav were prepared by soaking apo-crystals in a
soaking buffer (3.0 ammonium sulfate) with a 10 mM stock solution of [Felll(biot-bu-
dpa)(OH2)3]Cl3 in nanopure water (9 pL crystallization buffer, 1 puL [Fe!l(biot-bu-
dpa)(OHz2)3]Cls overnight. After the soaking, crystals were transferred to cryo-protectant
for 1 min (30% glycerol in crystallization buffer) and shock-frozen in liquid nitrogen. An
important note is that the 0.1 M sodium acetate must be removed for successfully soaking
the [Fell(biot-bu-dpa)(OHz2)3]Cls complex into K121Y-L124Y-Sav. If acetate is present in the
soaking step, the crystals will not turn blue.

Crystallization of [Fe2""(biot-bu-dpa)z(u-1,3-0Ac)(u-0)(0y,,,)2cKi21Y-Li124Y-Sav] (Precious-

OAc). Apo-Sav protein was crystallized by the sitting drop vapor diffusion method.
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Diffraction-quality crystals were grown at room temperature by mixing 4 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (3.0 ammonium sulfate) with a 10 mM stock
solution of [Fe!l(biot-bu-dpa)(OHz2)3]Cls in nanopure water (9 puL crystallization buffer, 1
uL [Felll(biot-bu-dpa)(OH2)3]Cls overnight. Once the crystals turned blue, they were soaked
in the soaking buffer (3 M ammonium sulfate) with a 1 M stock of NaOAc in nanopure
water for 1-5 min (9 pL soaking buffer, 1 uL. NaOAc). After the second soaking, the crystals
were transferred to cryo-protectant for 1 minute (30% glycerol in soaking buffer) and
shock-frozen in liquid nitrogen.

Crystallization of [Fez"l(biot-bu-dpa)z(-1,3-N3)(u-0)(Oy,,,)2cKi21Y-L124Y-Sav (Precious-

N3)]. Apo-Sav protein was crystallized by the sitting drop vapor diffusion method.
Diffraction-quality crystals were grown at room temperature by mixing 4 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (3.0 ammonium sulfate) with a 10 mM stock
solution of [Fe!ll(biot-bu-dpa)(OH2)3]Cls in nanopure water (9 pL crystallization buffer, 1
uL [Fell(biot-bu-dpa)(OHz2)3]Cl3 overnight. Then, the crystals were soaked in the soaking
buffer (3 M ammonium sulfate) with a 1 M stock of NaN3 in nanopure water for 1-5 min (9

uL soaking buffer, 1 uL. NaOAc). After the second soaking, the crystals were transferred to
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cryo-protectant for 1 minute (30% glycerol in soaking buffer) and shock-frozen in liquid
nitrogen.

Crystallization of [Fez!l(biot-bu-dpa)z(u-1,3-SCN)(1~0)(0y,,,)2cK121Y-L124Y-Sav (Precious-

SCN)]. Apo-Sav protein was crystallized by the sitting drop vapor diffusion method.
Diffraction quality crystals were grown at room temperature by mixing 4 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1 uL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (3.0 ammonium sulfate) with a 10 mM stock
solution of [Fe!ll(biot-bu-dpa)(OH2)3]Cls in nanopure water (9 pL crystallization buffer, 1
uL [Fell(biot-bu-dpa)(OHz2)3]Cl3 overnight. Then, the crystals were soaked in the soaking
buffer (3 M ammonium sulfate) with a 1 M stock of NaSCN in nanopure water for 1-5 min
(9 uL soaking buffer, 1 uL. NaOAc). After the second soaking, the crystals were transferred
to cryo-protectant for 1 minute (30% glycerol in soaking buffer) and shock-frozen in liquid
nitrogen.

Crystallization of [Fez!"'(biot-bu-dpa)z(u-1,3-SCN)(u~0)(Oy,,,)2cK121Y-L124Y-Sav (Precious-

CN)]. Apo-Sav protein was crystallized by the sitting drop vapor diffusion method.
Diffraction quality crystals were grown at room temperature by mixing 4 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (3.0 ammonium sulfate) with a 10 mM stock
solution of [Fe!ll(biot-bu-dpa)(OHz2)3]Cl3 in nanopure water (9 pL crystallization buffer, 1
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uL [Fell(biot-bu-dpa)(OHz2)3]Cls overnight. Then, the crystals were soaked in the soaking
buffer (3 M ammonium sulfate) with a 1 M stock of NaCN in nanopure water for 1-5 min (9
uL soaking buffer, 1 uL. NaOAc). After the second soaking, the crystals were transferred to
cryo-protectant for 1 minute (30% glycerol in soaking buffer) and shock-frozen in liquid
nitrogen.

X-ray diffraction data collection processing. X-ray diffraction data were collected at the
Stanford Synchrotron Radiation Lightsource (BL 12.2) and the Advanced Light Source (BL
5.0.2.and 8.2.1) at a wavelength of 1 A. Data were collected with helical (SSRL) or vector
(ALS) data collection using exposure time/frame 0.2/0.2 s/deg or 0.5/1 s/deg. Helical or
vector collection was used because it decreases the amount of radiation damage on the
crystal, which ensures better quality data. Additionally, using these collection techniques
helps ensure that the exogenous ligands are not dissociated during the collection time. X-
ray diffraction data were processed with XDS1°2 or iMosflm and scaled with AIMLESS
(CCP4 Suite). The structures were solved by molecular replacement using program
PHASER (CCP4 Suite) and the structure 2QCB from the PDB as input model ligand with
water molecules removed. For structure refinement, REFMAC5 (CCP4 Suite) and
PHENIX.REFINE were used. Ligand manipulation was carried out with program REEL using
the small molecule crystal structure RAGQEV01 from the Cambridge Structural Database as
an input model. For water picking, electron density, and structure visualization, the
software COOT197 was used. Figures were drawn with PyMOL (the PyMOL Molecular
Graphics System, Version 1.8.2.3, Schrédinger, LLC). Crystallographic details, processing
and refinement statistics are given in Supplementary Table 4.2-4.7.

Structural Results.
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Crystal Color. All crystals of Sav soaked with the complex [Fe!l(biot-bu-dpa)(OH2)3]Cl3
changed from colorless to dark blue. Crystals soaked with NaOAc remained dark blue.
Crystals soaked with NaN3 changed from dark blue to dark red. Crystals soaked with
NaSCN changed to a greenish, blue color. Crystals soaked with NaCN changed to a purple-
blue color.
Structural Refinement. Apo-crystals of proteins Ki21A-Li124Y-Sav soaked with [Fe!!/(biot-bu-
dpa)(OHz2)3]Cls constituted space group 14122 with unit cell parameters reported in Tables
4.2 and 4.6. A single Sav monomer was obtained per asymmetric unit after molecular
replacement. Protein residues 2-10 and 135-159 of the N- and C-terminus, respectively,
were not resolved in the electron density, presumably due to disorder. Starting from the
Sav monomer, the biological homotetramer is generated by application of crystallographic
Cz-symmetry axes along the x-, y- and z-axes of the unit cell. The overall protein structures
are virtually identical to structure biotin € WT-Sav (PDB 1STP, see Tables 4.2, 4.4, and 4.6).
Because the crystallographic C2-symmetry axis lies directly at the interface where
the two monomers of Sav connect, the apo-crystals of proteins Ki21A-L124Y-Sav soaked with
[Fell(biot-bu-dpa)(OH2)3]Cl3 were also solved in reduced C121 symmetry to ensure that
the bridging atoms were not artifacts of symmetry. The unit cell parameters are reported in
Table 4.4 and 4.6. A single Sav tetramer was obtained per asymmetric unit after molecular
replacement.
General Complex Modeling. For all structures of apo-protein crystals soaked with the
corresponding Fe-complexes, the following general observations were made: i) residual
electron density in the Fo-Fc map was observed in the biotin binding pocket, ii) the biotin

vestibule is flanked by protein residues of loop-3,44 (the superscript number indicates Sav
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monomer within tetramer) loop-4,5¢, loop-5,64 loop-7,84 and loop-7,88, and iii) an
anomalous dispersion density map indicated a significant peak in the biotin vestibule
superimposed with the electron density peak. The residual electron density was fit with the
corresponding Fe-complexes, which projected Fe to the position of the strong anomalous
density peak.

Structural Refinement of Precious. In the 14122 symmetry solution, the biot-bu-dpa ligand,
p-oxo bridging ligand, and tyrosine amino acid residues are modelled with 100%
occupancy. The Fe center is modelled with 60% occupancy due to a large amount of
negative density. There are several reasons there could be negative density around the Fe
center: 1) the crystal was collected at an energy of 1 A, which is far from the 1.7 A Fe edge
energy, 2) at a higher symmetry, the Fe centers are close to the center of symmetry for the
monomer of Sav, and 3) there is disorder associated with the entire chelator portion of the
biotinylated complex [Fe!ll(biot-bu-dpa)]. Due to the disorder associated with the pyridine
groups of the biotinylated ligand, there could be movement of the pyridyl groups and Fe
center, which would cause negative density to arise around the Fe center.

In the C121 symmetry solution (Figure 4.24, Table 4.4, 4.5, 4.8), the biot-bu-dpa
ligands, p-oxo bridging ligand, and tyrosine amino acid residues are modelled with 100%
occupancy. However, the Fe center is modelled with 80% occupancy. The increase of the
occupancy of the Fe center can be possibly explained by the change in the asymmetric unit.
In the lower symmetry solution, the asymmetric unit is the tetramer of Sav, which means
that the center of symmetry is no longer between the two monomers of Sav that constitute
one dimer. Without this center of symmetry, it is possible that the negative density around

the Fe center lessened as it is being contributed to by the disorder of the pyridyl rings still.
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Structural Refinement of Precious-0Ac. For the solution of Precious-0Ac, the biot-bu-dpa
ligands, p-oxo bridging ligand, Fe centers, and tyrosine amino acid residues are modelled
with 100% occupancy. However, there is a discrepancy between the 14122 and the C121
symmetry solution (Figure 4.25, Tables 4.4, 4.5, and 4.9). In the higher symmetry structure,
the p-oxo bridging ligand is fit with 100% occupancy. In contrast, in the lower symmetry
solution, the resolved structure revealed that one Sav dimer had all the components that
the higher symmetry solution had, the acetate and p-oxo bridging ligand. In the opposite
Sav dimer, the acetato bridging ligand was present with similar bond distances to the Fe
centers and Fe---Fe’ bond distance but the p-oxo bridging ligand was missing. When solving
a molecular structure with a lower symmetry (C121) than what the symmetry of the crystal
is actually (14122), the resolution of the structure is decreased (1.50 to 1.65 A). One
possible reason for the missing density of the p-oxo bridging ligand is because there is not
sufficient resolution to see the atom. With the bond distances of the di-Fe active site
remaining similar between the two dimers, this is a likely reason for the discrepancy
between the two structures. Two solutions were attempted to determine if the occupancy
of the p-oxo bridging ligand was assigned correctly. First, In the 14122 symmetry solution,
the occupancy was decreased to 25% from 50%. In the higher symmetry solution, the
symmetry mate of the monomer reveals that the bridging ligands are in the same x,y,z
coordinates as the solved structure. For this reason, the occupancy is initially decreased to
50% when solving 14122 structures. The solution gave an increased amount of density in
the Fo-Fcmap, indicating that the occupancy was incorrect. Second, in the C121 symmetry,
the occupancy was decreased to 50% from 100% for the p-oxo bridging ligand that was

present. The solution showed no new Fo-F¢ density in the opposite dimer where there was
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no p-oxido bridging ligand, indicating that the occupancy was incorrect. With the results
from the two occupancy tests, it is likely that the p-oxo bridging ligand density is not
present because of resolution restraints.

Structural Refinement of Precious-Ns. For the solution of Precious-N3, the biot-bu-dpa
ligands, p-oxo bridging ligand, Fe centers, and tyrosine amino acid residues are modelled
with 100% occupancy. However, there is a discrepancy in bond distances to the azido
bridging ligand between the 14122 and C121 symmetry solutions (Figure 4.26, Tables 4.4,
4.5,4.10). In the 14122 symmetry solution, the bond distance between Fe-N4 of the azido
ligand is 2.45 A; however, in the C121 symmetry solution, the bond distance Fe-N4 /Fe’-N6
is 2.32 A as an average of the Sav tetramer. One possible reason for the 0.13 A difference in
bond distance is because the azido ligand is located at the center of symmetry in the 14122
symmetry solution. If a ligand is directly on the center of symmetry in a molecular
structure, it can be difficult to determine accurate bond distances because of symmetry
artifacts in the Fo-Fc map. Additionally, there is density above the azido ligand that is
present until ~5 o in the Fo-Fc map. Another conformation of the azido or an acetato ligand
was attempted to fit in the extra density. The azido ligand was modelled as binding to only
one Fe center rather than bridging. Any fit attempted resulted in increased density in the
Fo-Fc map around the bridging azido ligand and negative density around the second
conformation of the azido ligand. Additionally, the position of the bridging azido ligand
would change and not fit the 2F.-Fc density well to allow for the placement of the second
azido ligand conformation. Similar results were found when attempting to place an acetato
ligand with the bridging azido ligand. If there is an additional ligand present that fits the Fo-

Fc density well, the ligand will only have ~1-10% occupancy.
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Structural refinement of Precious-SCN. For the solution of Precious-SCN, the biot-bu-dpa
ligands, p-oxo bridging ligand, Fe centers, and tyrosine amino acid residues are modelled
with 100% occupancy. Only the 14122 symmetry solution was obtained for Precious-SCN
because attempts to solve in the C121 symmetry decreased the resolution of the structure
to ~2.2 A, and it was difficult to determine the location of both the isothiocyanato and p-
oxo bridging ligands. From the 14122 symmetry solution, it is not possible to determine the
location of the S atom or the N atom of the isothiocyanato ligand by XRD. For this reason,
the molecular structure shows both conformations of the bridged isothiocyanato ligand.
Structural refinement of Precious-CN. For the solution of Precious-CN, the biot-bu-dpa
ligands, p-oxo bridging ligand, Fe centers, and tyrosine amino acid residues are modelled
with 100% occupancy. For both the 14122 and C121 symmetry solutions, there is extra
density in the Fo-F: map above the cyanido ligand (Figure 4.27, Tables 4.6, 4.7, 4.11). In the
14122 symmetry solution, it is possible that there is a second conformation of the cyanido
ligand, where instead of bridging in a pu-(1,2) fashion to the two Fe centers, the cyanido
ligand instead binds one cyanido ligand to one Fe center. The solution of this second
conformation was attempted. However, the cyanido ligands are less than 1 A apart, which
makes this solution chemical unreasonable. In the C121 symmetry solution, placing the
cyanido ligand bridging in a p-(1,2) fashion between the two Fe centers matches the Fo-Fc
density well and does not support a second conformation. With the C121 symmetry
solution, it is possible that the second conformation of the cyanido ligand might be a
symmetry artifact because again, the cyanido ligand is lies on the center of symmetry for

the monomeric Sav.
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Figure 4.22 Close-up views of the Fe sites in the molecular structure of Precious (A),
Precious-0Ac (B), and Precious-Ns (C). For clarity, only one Sav dimer is displayed.
The protein is displayed in cartoon representation, and the Fe complex and residues 124
are displayed as sticks. The position of the ligand molecules is indicated by the 2F,-Fc
electron density (grey, contoured at 1 o) and anomalous difference density (red,
contoured at 4 o; for C, contoured at 3 o). Fe is colored in orange, N atoms are in blue,
and O atoms/water molecules are in red. The number schemes in A, B, and C are the
same as those in Figure 4.11B, 4.15A, and 4.17A.
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Figure 4.23 Close-up views of the Fe sites in the molecular structures of Precious-SCN (A) and
Precious-CN (B). For clarity, only one Sav dimer is displayed. The protein is displayed in cartoon
representation, and the Fe complex and residues 124 are displayed as sticks. The position of the
ligand molecules is indicated by the 2F,-F: electron density (grey, contoured at 1 o) and anomalous
difference density (red, contoured at 4 o; for C, contoured at 3 o). Fe is colored in orange, N atoms

are in blue, S atoms are in yellow, and O atoms/water molecules are in red. The number schemes in A
and B are the same as those in Figure 4.19A and 4.21A.
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Dimer A

Dimer B

Figure 4.24 Close-up views of the Fe sites in the molecular structure of Precious solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is displayed in
cartoon representation, and the Fe complex and residues 124 are displayed as sticks. The position of
the ligand molecules is indicated by the 2Fo-F electron density (grey, contoured at 1 o). Fe is

colored in orange, N atoms are in blue, and O atoms/water molecules are in red. The number
schemes in Dimer A and Dimer B are the same as those in Figure 4.11B.

161



Dimer A

Dimer B

Figure 4.25 Close-up views of the Fe sites in the molecular structure of Precious-0OAc solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is displayed in
cartoon representation, and the Fe complex and residues 124 are displayed as sticks. The position of the
ligand molecules is indicated by the 2Fo-F¢ electron density (grey, contoured at 1 o). Fe is colored in
orange, N atoms are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A
and Dimer B are the same as those in Figure 4.15A.
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Dimer A

Dimer B

Figure 4.26 Close-up views of the Fe sites in the molecular structure of Precious-N3 solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is displayed in
cartoon representation, and the Fe complex and residues 124 are displayed as sticks. The position of the
ligand molecules is indicated by the 2F,-F. electron density (grey, contoured at 1 o). Fe is colored in
orange, N atoms are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A
and Dimer B are the same as those in Figure 4.17A.
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Dimer A

Figure 4.27 Close-up views of the Fe sites in the molecular structure of Precious-CN solved in C121
symmetry. Dimers A and B of the tetrameric Sav are shown for clarity. The protein is displayed in
cartoon representation, and the Fe complex and residues 124 are displayed as sticks. The position of the
ligand molecules is indicated by the 2F,-F. electron density (grey, contoured at 1 o). Fe is colored in
orange, N atoms are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A
and Dimer B are the same as those in Figure 4.21A.
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Table 4.1 Selected bond lengths and (A) and angles (°) for Precious, Precious-OAc,
Precious-N3, Precious-SCN, and Precious-CN.

Bond lengths Precious Precious- Precious- Precious- Precious-
and angles OAc N3 SCN CN
Fe-01 1.78 1.82 1.81 1.82 1.83
Fe-02 2.10 2.12 2.14 2.16 2.04
Fe-03 2.17 2.20 - - -
Fe’-04 3.39 2.23 - - -
Fe-S/N - - - 2.42 -
Fe-N1 2.03 2.06 2.10 2.06 2.08
Fe-N2 1.98 1.99 2.02 2.02 2.01
Fe-N3 1.91 1.92 1.97 1.93 1.94
Fe-N4 - - 245 - -
Fe’-N6 - - 245 - -
Fe-C/N - - - - 2.47
O1-Fe-N2 87 82 86 83 85
O1-Fe-N1 127 121 110 115 116
O1-Fe-N3 110 112 105 111 108
02-Fe-N2 108 105 109 110 109
03-Fe-01 146 151 - - -
03-Fe-02 79 86 - - -
03-Fe-N1 87 84 - - -
03-Fe-N2 99 91 - - -
03-Fe-N3 78 86 - - -
O1-Fe-N4 - - 165 - -
01-Fe-02 68 70 78 68 74
N1-Fe-N2 77 77 75 74 76
N1-Fe-N3 76 78 77 77 76
N1-Fe-N4 - - 85 - -
N1-Fe-02 165 170 172 175 169
N2-Fe-N3 153 155 152 151 152
N2-Fe-N4 - - 96 - -
N3-Fe-N4 - - 80 - -
N3-Fe-02 97 100 99 99 99
N4-Fe-02 - - 88 - -
Fe-02-Fe’ 141 134 126 122 132
Fe...Fe’ 3.96 391 3.82 3.77 3.73
Fe-N4-N5 - - 96 - -
Fe-S/N-C - - - 90 -
N2-Fe-S/N - - - 100 -
N1-Fe-S/N - - - 82 -
N3-Fe-S/N - - - 75 -
02-Fe-S/N - - - 94 -
O1-Fe-S/N - - - 162 -
O1-Fe-C/N - - - - 149
02-Fe-C/N - - - - 80
N1-Fe-C/N - - - - 91
N2-Fe-C/N - - - - 87
N3-Fe-C/N - - - - 93
Fe-C/N-C/N - - - - 109
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Table 4.2 X-ray Crystallography Data Processing and Refinement Statistics for 14122

symmetry solutions of Precious, Precious-0Ac, and Precious-Ns.

Identification

Sav Mutant
Fe complex

PDB Code
Fe complex
PDB 3-letter code

Ki21A-L124Y
[Fezl(biot-bu-

Ki21A-L124Y

dpa)2(0AQ)(u-  1,3-0Ac)(1-0)(Ov,,,):]
0)(Ov,,,)] (Precious-0Ac)
(Precious)
6VOZ 6V09
KM3 KM3

[Fez!(biot-bu-dpa)2(u-

K121A-L124Y
[Fez!(biot-bu-
dpa)z(p-1,3-N3)(p-
0)(0y,,,)2]
(Precious-N3)
6VOB
KM3

Data Processing

Unit Cell

Space GrouE
Resolution (A)
Highest
resolution shell
(&)

Ruerge (%)
No. of unique

a,b,c=57.74A 57.7

A 1842 A 184.7 A
a, B, y=90° a, B, y=90°
14,22 14,22
37.29 - 1.30 46.16 - 1.50
1.32-1.30 1.53 - 1.50
7.1 (145) 8.2 (71)

38785 (1888) 21730 (953)

a,b,c=57.94 5794,

a,b,c=57.74A,57.7
A 18384
a, B, y=90°
14,22
55.02 - 1.70

1.73-1.70

17 (193)
17637 (897)

reflections
Multiplicity 13.3(12.6) 6.4 (5.4) 25.4 (24.5)
1/Sig(1) 19.2 (1.5) 11.6 (1.9) 17.0 (2.6)
Completeness 99.9 (99.2) 84.5 (75.3) 100 (100)
CC(1/2) 0.999 (0.79) 0.993 (0.81) 0.998 (0.772)
Beamline SSRL 12.2 SSRL 12.2 ALS 8.2.1
Structure Refinement
Rwork 0.18 0.18 0.17
Reree 0.20 0.21 0.20
Rmsd bond 0.018 0.014 0.016
length (A)
Rmsd bond angle 2.840 2.865 2.712
)
Rmsd compared 0.64 0.65 0.63
to biotin-Sav WT
(PDB 1STP) (A)
No. ligands
Fe complex 1 1 1
Water 119 93 95
Acetate 1 1 1
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Table 4.3 Summary of structural details for Precious, Precious-0OAc, and Precious—Ns.

PDB Code 6VOZ 6V09 6VOB
Complex Precious Precious-0Ac Precious-N3
Electron density at 19 25 25
Fe in F,-F; omit
map (o)
Anomalous 10 5 9
dispersion density
at Fe (o)
Geometry of Fe Distorted octahedral  Distorted octahedral Distorted
complex octahedral
Coordination
number of 6 6 6
Fe complex
Occupancy of Fe 60 100 100

complex (%)
B-factor (A?%)

Overall protein 19 17 17
L124Y 20 20 22
K121A 15 14 14

Fe complex 29 22 22

DPA 28 22 21

Fe 28 30 30

Acetate 24 27 -

Azide - - 25
Distance Fe—Fe (A) 3.96 3.91 3.82
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Table 4.4 X-ray Crystallography Data Processing and Refinement Statistics for C121

symmetry solutions of Precious, Precious-0Ac, and Precious-Ns.

Identification
Sav Mutant Ki21A-L124Y Ki21A-L124Y Ki21A-L124Y
Fe complex [Fez!(biot-bu- [Fez(biot-bu-dpa)2(u- [Fez(biot-bu-
dpa)2(0AQ)(1-0) (O, )2l 1,3-0Ac)(1-0)(Ov,,,)2]  dpaa(p-1,3-Ns)(u-
(Precious) (Precious-0Ac) 0)(Ov,,,)2]
(Precious-N3)
PDB Code 6VP1 6VP3 6VP2
Fe complex KM3 KM3 KM3
PDB 3-letter
code
Data Processing
Unit Cell a,b,c=193.0A,57.7A, ab,c=19354, 5794  ab,c=1928A4,
57.7 A 57.9 A 57.6A,57.7 A
a, 3,y=90°107.4°, a, B,y =90°107.4°,90° a, 3,y =90°
90° 107.4°,90°
Space Group C121 C121 C121
Resolution (A) 37.29 - 1.45 46.16 - 1.65 55.00 - 1.80
Highest 1.47 - 1.45 1.68 - 1.65 1.84 - 1.80
resolutioon shell
(A)
Rumerge (%) 5.4 (66) 7.4 (28) 14 (92)
No. of unique 104561 (5170) 47899 (2078) 55911 (3174)
reflections
Multiplicity 3.6 (3.3) 2.4 (2.3) 6.8 (6.4)
1/Sig(I) 13.0 (2.4) 7.7 (2.3) 10.2 (2.4)
Completeness 97.6 (97.2) 65.2 (57.7) 99.6 (98)
CC(1/2) 0.989 (0.795) 0.989 (0.905) 0.995 (0.765)
Beamline SSRL 12.2 SSRL 12.2 ALS 8.2.1
Structure Refinement
Rwork 0.18 0.18 0.17
Reree 0.20 0.22 0.20
Rmsd bond 0.016 0.013 0.013
length (A)
Rmsd bond 3.022 2.868 2.679
angle (°)
Rmsd compared 0.63 0.64 0.63
to biotin-Sav
WT (PDDB 1STP)
(A)
No. ligands
Fe complex 4 4 4
Water 214 498 424
Acetate -
Azide 2
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Table 4.5 Summary of structural details for Precious, Precious-0OAc, and Precious-Ns.

PDB Code 6VP1 6VP3 6VP2
Complex Precious Precious-0Ac Precious-N;

Electron density at 19 20 25
Fe in F,—-F; omit map
(o)
Anomalous - - -
dispersion density
at Fe (o)
Geometry of Fe Distorted octahedral  Distorted octahedral Distorted octahedral
complex
Coordination
number of 6 6 6
Fe complex
Occupancy of Fe 80 100 100
complex (%)
B-factor (A2)

Overall protein 18 16 17
L124Y 20 20 23
K121A 15 14 14

Fe complex 29 22 22
DPA 28 22 21
Fe 34 28 31
Acetate 27 28 -
Azide - - 23
Dimer A Distance Fe- 4.01 3.95 3.75
Fe (A)
Dimer B Distance 3.99 4.02 3.71
Fe-Fe (A)

*B-factors were averaged from the Sav tetramer

169



Table 4.6 X-ray Crystallography Data Processing and Refinement Statistics for 14122 and

C121 symmetry solutions of Precious-SCN and Precious-CN.

Identification
Sav Mutant K121A-Li124Y K121A-Li124Y Ki121A-L124Y
Fe complex [Fe ll(biot-bu-dpa)2(p- [Fe,l(biot-bu- [Fe2lll(biot-bu-
1,3-SCN)(u-0)(0y,,,)2] dpa)2(p-1,2-CN) (p- dpa)2(p-1,3-CN)(p-
(Precious-SCN) 0)(0v,,,)2] (Precious- 0)(0y,,,)2]
CN) (Precious-CN)
PDB Code Unpublished Unpublished Unpublished
Fe complex KM3 KM3 KM3
PDB 3-letter
code
Data Processing
Unit Cell a,b,c=57.7A,57.74, a,b,c=57.6A,57.6A ab,c=19234,57.6
184.0 A 183.5A A, 576A
a, B, y=90° a, B, y=90° a, B, y=90°107.4°,
90°
Space Group 14,22 14,22 C121
Resolution (A) 55.05-1.90 45.86 - 1.70 45.86 -1.90
Highest 1.94 -1.90 1.73-1.70 1.94 -1.90
resolutioon shell
(A)
Rumerge (%) 134 (1239) 21 (184) 15 (82)

No. of unique

12788 (804)

17537 (899)

45992 (2913)

reflections
Multiplicity 14.4 (14.4) 11.7 (11.7) 3.3(3.0)
1/Sig(1) 5.0 (3.2) 9.1 (1.8) 6.3 (1.7)
Completeness 100 (100) 100 (100) 97.1 (96.3)
CC(1/2) 0.577 (0.323) 0.997 (0.380) 0.990 (0.467)
Beamline ALS 8.2.1 ALS 5.0.2 ALS 5.0.2
Structure Refinement
Rwork 0.22 0.19 0.19
Reree 0.27 0.22 0.12
Rmsd bond 0.011 0.013 0.016
length (A)
Rmsd bond 2.709 2.685 2.705
angle (°)
Rmsd compared 0.63 0.64 0.62
to biotin-Sav
WT (PDB 1STP)
(A)
No. ligands
Fe complex 1 1 1
Water 122 71 275
SCN 1 - -
CN - 1 2

170



Table 4.7 Summary of structural details for Precious-SCN and Precious-CN.

PDB Code Unpublished Unpublished Unpublished
Complex Precious-SCN Precious-CN Precious-CN
(14,22) (C121)
Electron density at 19 21 17
Fe in F,-F; omit
map (o)
Anomalous 5 5 -
dispersion density
at Fe (o)
Geometry of Fe Distorted octahedral  Distorted octahedral Distorted
complex octahedral
Coordination
number of 6 6 6
Fe complex
Occupancy of Fe 100 100 100
complex (%)
B-factor (A2)

Overall protein 11 21 22
L124Y 18 27 30
K121A 8 18 21

Fe complex 17 34 36
DPA 17 33 35
Fe 26 46 55
Isothiocyanate 20 - -
Cyanide - 24
Fe-Fe (A) 3.77 3.73
Dimer A Distance - - 3.83
Fe-Fe (A)
Dimer B Distance - - 3.82
Fe-Fe (A)

*B-factors were averaged from the Sav tetramer
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Table 4.8 Precious bond lengths and distances from C121 symmetry solution.

Bond lengths Monomer Monomer Monomer Monomer
(A) 1 2 3 4
and angles (°)
Fe-01 1.88 1.90 1.86 1.89
Fe-02 2.16 2.14 2.16 2.12
Fe-03 2.22 - 2.15 -
Fe’-03’ 2.18 - 2.13
Fe’-04 - 3.60 - 3.50
Fe-04’ 3.56 - 3.57 -
Fe-N1 2.03 2.03 2.03 2.03
Fe-N2 1.94 1.95 1.94 1.95
Fe-N3 1.97 1.97 1.97 1.98
Dimer A (1 & 2) Dimer B (3 & 4)
Fe-02-Fe’ 138 138
Fe...Fe’ 4.01 3.99

Table 4.9 Precious-0Ac bond lengths and distances from C121 symmetry solution.

Bond lengths Monomer Monomer Monomer Monomer
(A 1 2 3 4
and angles (°)
Fe-01 1.78 1.69 1.76 1.81
Fe-02 2.05 2.26 - -
Fe-03 2.22 - 2.18 -
Fe’-04 - 2.35 - 2.40
Fe-N1 2.03 2.02 2.05 2.02
Fe-N2 1.98 1.95 1.99 1.97
Fe-N3 1.91 1.93 1.92 1.90
Dimer A (1 & 2) Dimer B (3 & 4)
Fe-02-Fe’ 132 -
Fe...Fe’ 3.95 4.02
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Table 4.10 Precious-N3 bond lengths and distances from C121 symmetry solution.

Bond lengths Monomer Monomer Monomer Monomer
(A) 1 2 3 4
and angles (°)
Fe-01 1.81 1.81 1.77 1.82
Fe-02 212 2.16 2.05 2.04
Fe-C/N 2.47 - 2.60 -
Fe’-C/N - 2.48 - 2.53
Fe-N1 2.06 2.06 2.05 2.05
Fe-N2 2.01 2.00 2.00 2.00
Fe-N3 1.94 1.93 1.94 1.94
Dimer A (1 &2) Dimer B (3 & 4)
Fe-02-Fe’ 127 139
Fe...Fe’ 3.83 3.82

Table 4.11 Precious-CN bond lengths and distances from C121 symmetry solution.

Bond lengths Monomer Monomer Monomer Monomer
(A 1 2 3 4
and angles (°)
Fe-01 1.77 1.77 1.79 1.78
Fe-02 2.10 2.14 2.11 2.12
Fe-N4 2.34 - 2.29 -
Fe’-N6 - 2.33 - 2.30
Fe-N1 2.07 2.08 2.07 2.09
Fe-N2 2.01 2.00 2.02 2.01
Fe-N3 1.95 1.94 1.96 1.95
Dimer A (1 & 2) Dimer B (3 & 4)
Fe-02-Fe’ 124 122
Fe...Fe’ 3.75 3.71
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Table 4.12 EXAFS fit parameters for Precious. Fit 21 corresponds to the most reasonable

fit of the data between k=2 and 14 A-1.

Fe-N/O Fe-0O/N Fe---C Fe---Fe GOF

- 2 o2 o o2 o 02 o o2 ,

Fit | N | ROA) | (o | N | RA) | (G0 | N| RA) | (0o RA) | o5y | AR | F | F

1 1 2.13 1.87 8.95 | 307 | 782

2 2 2.12 5.71 8.04 | 236 | 686

3 3 2.11 9.46 7.03 | 204 | 637

4 4 | 2.09 13.27 5.86 | 192 | 617

5 1 2.14 0.89 1 2.01 5.56 4.67 | 232 | 680

6 1| 212 1.88 2 2.02 9.11 554 | 194 | 621

7 2 | 2.09 4.21 1 1.94 3.31 6.33 | 190 | 615

8 3 | 2.07 7.84 1 1.90 3.11 5.09 | 177 | 594

9 4 | 210 8.03 1 1.89 4.79 3.54 | 159 | 562

10 | 5 | 2.09 10.43 1 1.87 4.70 3.03 | 163 | 569

11 | 2 | 217 4.25 2 2.02 3.57 4.23 | 164 | 571

1 1.87 2.14
12 | 2 | 2.16 4.45 1 2.04 1.49 3 3.05 3.69 5.79 | 104 | 454
1 191 3.07

13 | 3 | 212 5.96 1 1.92 5.74 3 3.05 3.44 5.38 | 109 | 466

14 | 3 | 212 5.92 1 1.92 5.61 3 3.05 3.44 4.12 13.22 5.14 | 102 | 451

15 | 4 | 211 8.29 1 1.89 5.29 3 3.05 3.53 4.73 | 107 | 461

16 | 4 | 211 8.29 1 1.89 5.32 3 3.05 3.52 4.11 1294 | 4.75 | 100 | 446

17 | 3 2.12 6.01 1 1.92 5.84 3 3.05 3.55 4.07 7.83 5.30 90 422
1 4.23 -3.20

18 | 3 | 212 6.03 1 1.93 591 3 3.05 3.58 5.50 | 103 | 452
1 4.23 -1.90

19 | 3 2.12 6.02 1 1.92 5.90 3 3.05 3.48 548 | 105 | 457
3 4.03 1.61
4 4.21 2.00

20 | 3 2.12 6.06 1 1.93 5.94 3 3.05 3.47 4.03 3.90 5.49 87 417
5 4.20 1.64

21 | 4| 210 8.36 1| 189 5.41 3 | 3.05 3.57 4.02 3.75 4.72 84 | 407
5| 420 1.61
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APPENDIX A

Development of bis-biotinylated Cu'-cyclam artificial proteins

Introduction

As described in previous chapters, our group and the Ward lab have utilized several
biotinylated metal complexes to construct both biomimetic models of metalloproteins and
artificial enzymes with enhanced functionality.?8.113137,138,280,281 The ]jbrary of synthesized
biotinylated ligands is limited to mono-biotinylated ligands that have constructed both
mononuclear and dinuclear active sites within streptavidin (Sav). To extend our approach,
this appendix describes a collaborative project with the Ward lab to design a bis-
biotinylated 1,8-Dimethyl-1,4,8,11-tetraazacyclotetradecane (Figure A.1: dimethyl-cyclam)
ligand that could utilize the full Sav dimer for productive chemistry. Designing a bis-
biotinylated ligand is desirable because there would likely be more space in the Sav
vestibule for the construction of active sites and the active site would be more accessible to
substrates for reactivity. Additionally, a cyclam ligand is an attractive choice because the
chemistry of metallated cyclam complexes has been thoroughly investigated by synthetic
chemists.282-294,294-300,300-326 For example, Nam and Que have successfully generated and

characterized a high valent FelV-oxido species from [Fe!/(TMC)(O0Tf)z] (TMC: 1,4,8,11-
)
NH N
Figure A.1 ChemDraw

- (\I
Ph
representation of dimethyl

HN
dimethyl-cyclam
cyclam (dmc).
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tetramethyl-1,4,8,11-tetraazacyclotetradecane) and dioxygen, which is known to be the
competent oxidant in several nonheme Fe metalloproteins. 2832949

This appendix was work done in collaboration with Dr. Ryan Peterson and Dr. Joan
Serrano-Plana from the Ward lab at the University of Basel in Switzerland. This appendix
details the construction and characterization by X-ray diffraction (XRD) of three new Cul!
artificial metalloproteins (ArMs) using the bis-biotinylated dimethyl-cyclam ligand (bis-
biot-dmc).
Results and Discussion

Design Concepts. In order to take advantage of the full Sav dimer, constructing a
ligand of appropriate length was critical. In the dinuclear Fe!ll work (detailed in Chapter 4),
it was determined that that a 4-carbon linker between the biotin moiety and the metal
chelator was necessary to assemble a dinuclear center coupled through a bridging atom.
Similarly, for a ligand to span the Sav dimer, there would need to be greater than a 4-atom
linker so that the cyclam ligand would dock at the interface of the Sav vestibule. In addition,
the choice of dimethyl-cyclam as the starting synthon was in order to ensure biotinylation
of only two trans amino groups. Initial studies with the bis-biot-dmc ligand utilized Cu!! for
metallation because from previous work in our group, obtaining molecular structures is
less difficult with Cu complexes than the other first-row transition metals. Additionally, Cu'!
has a spectroscopic handle by both electron paramagnetic resonance (EPR) and electronic
absorbance spectroscopies.

Synthesis of bis-biot-dmc and Cu' complex. Synthesis of bis-biot-dmc was
accomplished by first Cbz-protecting the two free amine groups of dimethyl-cyclam in

dichloroethane. Acid-base extraction afforded a pale pink solid that is the bis-Cbz-protected
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Scheme A.1 First synthetic route of bis-biot-dmc.

~ o] N
N HN J\ Cbz H
[ j . o HMO ﬂ-_ \H/\/\N \;\/\/N\Cbz
NH N7 DCE, 25°C LN
N \
dimethyl-cyclam (dmc) Chz dibenzyl ((4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)

bis(propane-3,1-diyl))dicarbamate

Dry MeOH, 25"Cl Pd/C

>\“NH \ Biot-gly \N

o]
HN{\ ) (‘N/\) 0 HN—¢' (\
H H HATU, Et;N
R N \)L AN N N NH —+—————— H N"T~""N N _~_-NH2
“ N N ~N ° 2
A Gl Sy )
o N\ 0 s \
bis-biot-dmc 3,3"-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)

bis(propan-1-amine)

dimethyl-cyclam. Palladium on carbon deprotection in dry methanol yielded the free amine
as a white solid. A glycine modified version of biotin (Biot-gly), was coupled to the free
amine dimethyl-cyclam using an amide coupling agent HATU with triethylamine in DMF.
Addition of acid and precipitation with diethyl ether afforded a mixture of mono-
biotinylated and bis-biotinylated dimethyl-cyclam, which was then purified via reverse
phase high performance liquid chromatography (HPLC) (Scheme A.1).

Another synthetic route was attempted to increase the yield of preparing the bis-
biot-dmc ligand that was similar to the preparation of biot-n-dpa (n=2,3,4; Chapter 2 and
4). The free amine groups of dimethyl-cyclam were protected by N-(2-
bromopropylphthalimide, with KI and K2COs3, in acetonitrile. Acid-base extraction, followed
by column chromatography, afforded pure bis-phthalimide protected dimethyl-cyclam. The
bis-phthalimide-protected dimethyl-cyclam was deprotected via hydrazine monohydrate in
heated ethanol to yield the free amine as a yellow oil. Biotinylation with the free amine and

a glycine modified pentafluorophenol ester of biotin (Biot-gly-PFP) was performed in DMF
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Scheme A.2 Second proposed synthetic route for bis-biot-dmc.

0

SN HN
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dimethyl-cyclam (dmc)
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3

bis-biot-dmc
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O

2,2'-((4,11-dimethyl-1,4,8,11tetraazacyclotetradecane-1,8-diyl)
bis(propane-3,1-diyl))bis(isoindoline-1,3-dione)

EtOH, 80 °C, N; | N H4-H0
Biot-gly-PFP N

EtN HN" "N N A~ -NH:
DMF, 25°C (\/N

3,3'-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)
bis(propan-1-amine)

with triethylamine. Biotinylation yielded a mixture of mono-biotinylated and bis-

biotinylated dimethyl-cyclam that was unable to be purified (Scheme A.2). Further

experiments are necessary to improve the final purification step of bis-biot-dmc.

The Cul! complex was prepared by treatment of bis-biot-dmc with 3 equivalents of

Cu''(OTf)z2 in a mixture of 1:1 acetonitrile/methanol, followed by diethyl ether precipitation

to yield a light blue solid of [Cu!!(bis-biot-dmc)]?*. Titration experiments were done with 2-

(4'-hydroxyazo-benzene)benzoic acid (HABA) to determine the binding stoichiometry of

0.8
1 B
.
06l
S
3 | ™
(/)]
0 .
< 0.4_ ®
™
e o @
0.2
L | L | L | I
0 1 2 3

[Cu'(bis-biot-dmc)]*'/[L.  Y-Sav]
Figure A.2 HABA titration of [Cu!(bis-biot-dmc)]2*cL124Y-Sav.
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the Cull complex to Sav. The HABA studies indicated a 2:1 bis-bioinylated Cul' complex to
protein host ratio, confirming complete occupancy Sav (Figure A.2).

204Structural Characterization of [Cu'l(bis-biot-dmc)]?cWT Sav (4). Single crystals of
4 were prepared by soaking wild-type (WT)-Sav crystals with [Cul!(bis-biot-dmc)]3+
overnight. Analysis of the molecular structure of 4, resolved to 1.63 A, revealed a
mononuclear Cu complex immobilized within each Sav dimer (Figures A.3A, A.3C). The
molecular structure showed the success of the ligand design because the bis-biot-dmc

ligand was able to span the full dimer of Sav and have the metal chelating dmc ligand dock
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Figure A.3 Close up view of the Cu site in the molecular structure of 4 (A), H-bonding network (B),
and the position of the ligand molecules is indicated by the 2F,-F. electron density (grey, contoured
at 1 o) and anomalous difference density (red, contoured at 4 ¢) (C). The protein is displayed in
cartoon representation and the Cu complex as well as residues 112 as sticks. Cu is colored in cyan, N
atoms in blue, and O atoms/water molecules are displayed as red spheres. H-bonds are shown as
black dashed lines.
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directly at the interface of the Sav dimer. Nitrogen donors N1-N4 from the dmc ligand are
coordinated to the Cu center with an average bond distance of 2.13 A. The 4-coordinate Cu
complex has a 74 value of 0.07, indicating square planar geometry. There is an additional
water molecule (Wat38) that is 2.56 A away the Cu center, which is longer than a typical
distance for a bond (Tables A.1, A.2, and A.3). However, Wat38 does participate in an
extended hydrogen-bonding (H-bonding) network with nearby water molecules and the
serine amino acid residue at position 112 (Figure A.3B). It is possible that Wat38 is bound
to the Cu center, but the bond length is longer because the water molecule is participating
in an extended H-bonding network.

Structural Characterization of [Cu'l(bis-biot-dmc)[?*cLi24Y-Sav (5). To investigate the
effect of the protein environment on Cul! complex, the L124Y-Sav variant, previously
described in Chapter 4, was utilized. The Li24Y-Sav variant introduces a tyrosine mutation
that could possibly act as a ligand to the Cu center or participate in H-bonding interactions

near the Cu complex. Single crystals of 5 were prepared by soaking L124Y-Sav crystals with

B

Figure A.4 Close up view of the Cu site in the molecular structure of 5 (A) and the position of the ligand
molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 ¢) and anomalous difference
density (red, contoured at 3 o) (B). The protein is displayed in cartoon representation and the Cu
complex as well as residues 124 as sticks. Cu is colored in cyan, N atoms in blue, and O atoms/water
molecules are displayed as red spheres. H-bonds are shown as black dashed lines.
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[Cu'(bis-biot-dmc)]2* overnight. The molecular structure was resolved to a 1.35 A
resolution and revealed a highly disordered Cu complex (Figure A.4A and A.4B). The Cu
complex was disordered over two places at the interface of the Sav vestibule. In both
conformations, the primary coordination sphere is similar to that of 4, including a water
molecule (Wat1) with a Cu-0 bond distance of 2.48 A (Tables A.1, A.2, and A.3). Watl is
participating in a bifurcated H-bond with both tyrosine residues at the interface of the Sav
vestibule with a distance of 01---Y124/Y124’ of 2.71 A. Tyrosine residues participating in
H-bonding near an active site is important in several metalloproteins such as the oxygen
evolving complex (OEC) or ribonucleotide reductase (detailed in Chapter 4) for their
function.260,327

Structural Characterization of [Cu'l(bis-biot-dmc)]? cLi24E-S112K-Sav (6). Another
protein investigated was a variant that placed a carboxylate-containing residue near the
Culcomplex. Single crystals of 6 were prepared by soaking Li124E-S112K-Sav crystals with

[Cul'(bis-biot-dmc)]2* overnight. The molecular structure was resolved to a 1.32 A

Figure A.5 Close up view of the Cu site in the molecular structure of 6 (A) and the position of the ligand
molecules is indicated by the 2F,-Fc electron density (grey, contoured at 1 o) and anomalous difference density
(red, contoured at 7 ) (B). The protein is displayed in cartoon representation and the Cu complex as well as
residues 124 as sticks. Cu is colored in cyan, N atoms in blue, and O atoms/water molecules are displayed as
red spheres.
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resolution to reveal a disordered Cu complex (Figure A.5A and A.5B). There was only
anomalous density for the Cu ion in one location but the ligand was disordered over two
locations. The primary coordination sphere for both conformations of the ligand is similar
to that of 4 and 5, including the water molecule. The distance Wat1---Cu is 2.38 A and
compared to 4 and 5, this is the closest water molecule distance to the Cu complex.
Additionally, O1 is participating in a bifurcated H-bond, similarly to 5, but with the
disordered glutamate residues at position 124 (Tables A.1, A.2, and A.3). One conformation,
modelled at 50%, is poised to H-bond with Wat1, with a Wat1---E124/E124’ distance of
2.67 A. While this system does not allow for the carboxylate residue to coordinate to the
Cu-cyclam active site, participating in a H-bonding interaction near the active site has been
known in native systems to be important for function.
Summary and Conclusions

In this Appendix, a new bis-biotinylated ligand was developed and three new Cu!!
ArMs were constructed. The bis-biotinylated ligand was designed to take advantage of the
full Sav dimer for productive chemistry. A modified cyclam was chosen as the ligand
because several biomimetic models of protein active sites have been successfully
characterized and used for structure and function studies. In these studies, Cu was chosen
as the first attempt to make metal complexes with the bis-biot-dmc ligand because we have
been successful in designing and obtaining molecular structures of Cu complexes in Sav
(Chapter 2). Constructing the mononuclear Cu complex in WT-Sav demonstrated that the
design of the bis-biot-dmc ligand was successfully able to span the full Sav dimer. Further
structural work showed that placing a tyrosine or a glutamate residue near the Cu complex

using different Sav variants, both residues were able to participate in H-bonding
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interactions with the Cu complex. These foundational studies highlight the utility of a bis-
biotinylated ligand and provide opportunities for future studies investigating the effects of
noncovalent interactions with the Cul! complex. Importantly, the synthesis of the bis-biot-
dmc ligand is difficult and in need of further development to increase the yield and purity
of the final product. In order to purify the ligand, reverse-phase HPLC could be utilized.
Moreover, in the Ward lab, initial studies of [Fe!!(bis-biot-dmc)]?*cSav and [Mn!(bis-biot-
dmc)]?*cSav and their reactivity with olefins have been investigated, but no reactivity or
structural data has been successfully collected. The successful development of a bis-
biotinylated ligand highlights the versatility of biot-Sav technology and the promise of
studying how noncovalent interactions can affect structure and function of
metalloproteins.

Experimental Details

General Methods. All commercially available reagents were obtained of the highest purity and
used as received. Acetonitrile (CH3CN), diethyl ether, dichloroethane (DCE),
dichloromethane (DCM), dimethylformamide (DMF), chloroform (CHCl3), and methanol
(CH30H) were degassed with argon and dried by vacuum filtration through activated
alumina according to the procedure by Grubbs. Triethylamine was distilled from KOH. Thin-
layer chromatography (TLC) was performed on Merck 60 F254 aluminum-backed silica
plates or Merck 60 F254 glass-backed basic aluminum oxide plates. Eluted plates were
visualized using UV light. Silica or basic alumina gel chromatography was performed with
the indicated solvent system using Fisher reagent silica gel 60 (230-400 mesh) or Sigma
reagent Brockmann 1 basic aluminum oxide 58 (150 mesh). Biotin pentafluorophenol ester

(biot-PFP) was prepared according to literature procedure.184
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Physical Methods

Instrumentation. 1H and 1°F NMR spectra were recorded at 500 MHz and 400 MHz,
respectively. 1TH NMR spectra were reported in ppm on the 6 scale and referenced to
tetramethylsilane or solvent residual. The data are presented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet, br
= broad), and integration. Mass spectra were measured on a MicroMass AutoSpecE, a
MicroMass Analytical 7070E, or a MicroMass LCT Electrospray instrument. Electronic
absorbance spectra were recorded with a Cary 50 or 8453 Agilent UV-vis
spectrophotometer.

Preparative Methods

First synthetic route.
Dibenzyl((4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propane-
3,1-diyl))dicarbamate. A solution (5 mL) of dimethylcyclam (228 mg) and 2.1 equivalents
of 3-[(Benzyloxycarbonyl)amino]propionaldehyde (Cbz) (450 mg) was prepared in DCE.
Sodium triacetoxyborohydride (STAB-H) (500 mg) was added and allowed to react
overnight at room temperature. The resulting solution was added to ~ 50 ml of water and
the pH was adjusted to 1. The resulting aqueous solution was extracted 4 x 25 mL with
DCM and the organic phase discarded. The pH of the aqueous layer was adjusted to pH ~12
with NaOH and extracted with 3 x 25 mL DCM. The organic phase was collected, dried with
Na2S04, and solvent removed to yield a pale pink solid (550 mg). Note: the product has
limited solubility in CH30H and could possibly be used for purification by crystallization. 1H

(500 MHz, CDCls) & 8.2 (t, 2H), 7.3 (m, 12H), 5.1 (s, 4H) 3.3 (t, 4H), 2.2 (m, 14H), 2.1 (s, 4H).
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3,3’-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propan-1-
amine). Dibenzyl((4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-
diyl)bis(propane-3,1-diyl))dicarbamate (50 mg) was deprotected using 10% Pd/Cin 17
mL of dry methanol (starting material was not fully soluble but product was). The solution
was filtered through a celite plug and reduced to dryness to yield a white solid (330 mg). 1H
(500 MHz, MeOD) 6 3.33 (t, 5H), 2.96 (t, 1H), 2.65 (m, 1H) 2.48 (t, 3H), 2.33 (s, 1H), 1.74 (m,
2H).

Bis-biot-dmc-cyclam. 3,3’-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-
diyl)bis(propan-1-amine), 2.1 equivalents of Biotin-gly, 2 equivalents of amide coupling
agent 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU), and 4.75 equivalents of triethylamine were stirred in DMF at
room temperature for 2.5 hours. 10 equivalents concentrated HCl was added to the
solution, followed by precipitation with diethyl ether. The resulting solution was
centrifuged and suspended/precipitated with heated 2- propanol/diethyl ether. The
sample was suspended in water, adjusted to pH 3, and filtered through a 0.45 pM filter. The
solution was purified by column chromatography via reverse phase C-18 HLPC (A: Water +
0.1% formic acid; B: CH3CN +0.1 % formic acid). The sample was loaded with 100% A and
then slow gradient 1-2% per min. The product typically eluted with ~13% B. The solution
was reduced to dryness and was a white solid (the bis-formate salt). It should be noted that
this reaction could be optimized and may be cleaner by using the biot-gly-PFP for the biotin
coupling and CH3CN as solvent. Additionally, ligand binding to the C18-column is very
sensitive to pH. Use caution when purifying this ligand, sometimes for unknown reasons

the sample does not stick to the column well. Do not discard any solution until the product

185



is obtained. The wavelengths 216 and 220 nm are used for UV-detection. 1H (500 MHz,
DMSO0) 6 8.29 (s, 2H), 8.05 (t, 2H), 7.87 (t, 2H) 6.43 (s, 2H), 4.30 (t, 2H), 4.15 (t, 2H), 3.64 (s,
6H), 3.10 (m, 6H), 2.82 (m, 2H), 2.64 (32H), 2.38 (t, 4H), 1.53 (18H).

Second Synthetic Route.
2,2’-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propane-3,1-
diyl))bis(isoindoline-1,3-dione).137 Dimethyl-cyclam (2.61 g, 11.4 mmol), N-(2-
Bromoethyl)phthalimide (6.43 g, 24.0 mmol), KI (0.38 g, 2.28 mmol) and K2CO0s3 (12.6 g,
91.4 mmol) were dissolved in 210 mL CH3CN and refluxed for 24 h. The solution was
cooled to room temperature, filtered, and reduced to dryness. The maroon-brown residue
was dissolved in 50 mL DCM and washed with 3 x 30 mL aqueous NaHCOs3 (with a small
addition of brine) and 2 x 50 mL water. The maroon-brown organic layer was acidified
with 20 mL 12 mM HCI dissolved in 40 mL water and washed with 5 x 50 mL DCM. The
aqueous layer was carefully neutralized with solid NaHCO3 and extracted with 4 x 50 mL
DCM. The solution was dried with MgSOs, filtered and reduced to dryness to yield a pale
yellow foamy solid. The crude product was purified via column chromatography with basic
alumina and CH30H:CHCI3 (10:90) as the eluent to yield pure product as a pale yellow solid
(1.11 g 16%). 1H (500 MHz, CDCl3) § 7.82 (d, 4H), 7.69 (d, 2H), 3.70 (t, 4H), 2.51 (m, 12H),
2.42 (m, 8H), 2.19 (s, 6H), 1.81 (quintet, 4H), 1.58 (quintet, 4H).
3,3’-(4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propan-1-
amine).137 Hydrazine monohydrate (0.89 mL, 0.02 mol) and 2,2’-(4,11-dimethyl-
1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propane-3,1-diyl))bis(isoindoline-
1,3-dione) (1.11 g, 1.84 mmol) were dissolved in 25 mL EtOH and refluxed under Nz for 3

h. The phthalhydrazide byproduct precipitated as a white solid after 10 min of reflux. The

186



solution was filtered to remove the phthalhydrazide and washed with 3 x 20 mL CHCls. The
solution was reduced to dryness, and the yellow, oily residue was dissolved in 20 mL CHCl3
and 20 mL of 1 M NaOH. The aqueous layer was extracted with 3 x 20 mL CHCl3, dried over
MgSOs, filtered, and reduced to dryness. The product was recovered as a yellow oil (0.19 g,
30%). 1H (500 MHz, CDCl3) & 2.46 (m, H), 2.33 (m, 20H), 2.22 (s, 6H), 1.64 (m, 8H).
Biot-glycine (Biot-gly). Glycine (0.73 g, 9.68 mmol) was dissolved in 5 mL nanopure water
and triethylamine (1.47 mL, 10.6 mmol) was added. Biot-PFP (3.61 g, 8.80 mmol) was
dissolved in 80 mL DMF and added to the glycine solution with an additional 5 mL
nanopure water. The solution was allowed to stir under N2 overnight. The solution was
reduced to dryness and then triturated with diethyl ether until a free flowing solid formed
(1 day). The white solid was filtered, washed with diethyl ether, and dried under vacuum
(2.86 g,82%). 1H (400 MHz, DMSO) 6 8.05 (s, 1H), 6.39 (s, 1H), 6.33 (s, 1H), 4.30 (t, 1H),
4.13 (t, 1H), 3.71 (d, 2H), 3.08 (quintet, 1H), 2.84 (dd, 1H), 2.56 (d, 1H), 2.15 (t, 2H), 1.49
(m, 6H).

Biot-gly-PFP. Biot-glycine (0.79 g, 2.78 mmol) was dissolved in 40 mL DMF in a 70 °C oil
bath. After 30 min, the solution was cooled to room temperature and pentafluorophenyl
trifluoroacetate (0.68 mL, 3.96 mmol) and triethylamine (0.68 mL, 4.84 mmol) were added
slowly. The resulting dark red-orange solution stirred under N2 for one hour. An orange
solid precipitated and was dried under vacuum. The orange solid was washed with diethyl
ether until a white solid remained (3-7 days), which was dried under vacuum. 1H (400
MHz, DMSO) 6 8.05 (s, 1H), 6.39 (s, 1H), 6.33 (s, 1H), 4.30 (t, 1H), 4.13 (t, 1H), 3.72 (d, 2H),

3.08 (quintet, 1H), 2.83 (dd, 1H), 2.56 (d, 1H), 2.13 (t, 2H), 1.47 (m, 6H). 1F (400 MHz,
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DMSO0) 6 -153.1,-157.8, -162.5. Note: sometimes a peak at -165.8 is present but the origin
is unknown.

Bis-biot-dmc-cyclam. A solution of biot-gly-PFP (1.05 g, 2.24 mmol), 3,3’-(4,11-dimethyl-
1,4,8,11-tetraazacyclotetradecane-1,8-diyl)bis(propan-1-amine), (0.19 g, 0.56 mmol),
and triethylamine (0.13 g, 1.24 mmol) in 6 mL 1:1 DMF:nanopure water (note: if not
dissolving - add more water or heat until everything is soluble) was allowed to stir
overnight. The DMF:nanopure water was removed under vacuum to yield a sticky tan
residue. The residue was triturated with diethyl ether until a free-flowing solid formed (3-7
days). The light tan solid was filtered, washed with diethyl ether, and dried under vacuum.
A mixture of mono-biotinylated and bis-biotinylated dmc ligand was present, and further
purification is needed. The solid was stored under an inert atmosphere. MS (ESI, CH30H)
m/z calcd C42H76N1206S2 [M + (H*)] 909.55, found 909.0.

Note: One suggestion is to dissolve the biot-gly-PFP in DMF:nanopure water first (and heat
if necessary), then add the triethylamine and 3,3’-(4,11-dimethyl-1,4,8,11-
tetraazacyclotetradecane-1,8-diyl)bis(propan-1-amine) and stir overnight.
Preparation of Metal Complexes

[Cul'(bis-biot-dmc)(0Tf):]. Ligand dissolved in methanol with 4 equivalents of
triethylamine. 3 equivalents of Cu(OTf)2 dissolved in acetonitrile and added to ligand to
make 1:1 CH3CN: MeOH. Stir at RT for 1 h. Precipitate and wash solid with diethyl ether.
Spectroscopic methods

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) in 200 mM

phosphate buffer pH 7. After 5 min equilibration, the absorbance at 506 nm was recorded.
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A solution of 1 mM Cu complex in nanopure water was added in 4-20 pL portions until
approximately 2 equivalents had been added. The absorbance at 506 nm was recorded
until no further changes in intensity were observed.

Protein Preparation and Crystallography

Protein Expression and Purification

Preparation of Sav variants. The construction of Li24Y-Sav and Li24E-Sav and other variants
was achieved by site-directed mutagenesis (SDM) using the pET11b-Sav plasmid, the
appropriate primers and, and Q5 polymerase. These Sav variants were prepared in the Ward
lab.114,328

Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of
SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddH:z0,
18 MQ cm™1). DNA sequencing was performed by Genewiz.

Sav Expression. Transformation of 4 uL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 uL. LB media. Of this solution, 200 uL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of
a starter culture containing 500 mL LB media and the same antibiotic from a single colony
was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeCl3, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiCly, 2

mM NazMoO4, and 2 mM H3BOs all in 60 mM HCI), and 250 pL of 100 mg/mL Kanamycin.
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Incubation at 37 °C and 225 rpm was continued until cells reached ODsoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was
centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
agarose column pre-equilibrated with IB buffer. The column was washed with 6 column
volumes (CVs) of IB buffer or until the absorbance at 280 nm (Az2s0) dropped to zero. Elution
with 1% acetic acid in nanopure H20, and pooling fractions by Azso, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM
Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid
protein was stored at 4 °C.

Protein Crystallization

Crystallization of [Cul(bis-biot-dmc)?*cWT-Sav] (4). Apo-Sav protein was crystallized by
sitting drop vapor diffusion method. Diffraction quality crystals were grown at room
temperature by mixing 4 puL of protein solution (26 mg/mL lyophilized protein in water)

and 1 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH 4). The
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droplet was equilibrated against a reservoir solution of 100 uL crystallization buffer. Single
crystals of Sav were prepared by soaking apo-crystals in soaking buffer (2.6 ammonium
sulfate, 0.1 M sodium acetate pH 6) with a 10 mM stock solution of [Cul!(bis-biot-dmc)]?*in
nanopure water (9 pL crystallization buffer, 1 pL [Cull(bis-biot-dmc)]?*) overnight. After
the soaking, crystals were transferred to cryo-protectant for 1 min (30% glycerol in
crystallization buffer) and shock-frozen in liquid nitrogen.

Crystallization of [Cu'l(bis-biot-dmc) 2*cLi24Y-Sav] (5). Apo-Sav protein was crystallized by
sitting drop vapor diffusion method. Diffraction quality crystals were grown at room
temperature by mixing 4 pL of protein solution (26 mg/mL lyophilized protein in water)
and 1 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH 4). The
droplet was equilibrated against a reservoir solution of 100 pL crystallization buffer. Single
crystals of Sav were prepared by soaking apo-crystals in soaking buffer (2.6 ammonium
sulfate, 0.1 M sodium acetate pH 6) with a 10 mM stock solution of pL [Cu!!(bis-biot-dmc)]2*
in nanopure water (9 uL crystallization buffer, 1 pL [Cu!!(bis-biot-dmc)]2+) overnight. After
the soaking, crystals were transferred to cryo-protectant for 1 min (30% glycerol in
crystallization buffer) and shock-frozen in liquid nitrogen.

Crystallization of [Cu"(bis-biot-dmc) ?* cLi24E-S112K-Sav] (6). Apo-Sav protein was
crystallized by sitting drop vapor diffusion method. Diffraction quality crystals were grown
at room temperature by mixing 4 pL of protein solution (26 mg/mL lyophilized protein in
water) and 1 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH
4). The droplet was equilibrated against a reservoir solution of 100 pL crystallization
buffer. Single crystals of Sav were prepared by soaking apo-crystals in soaking buffer (2.6

ammonium sulfate, 0.1 M sodium acetate pH 6) with a 10 mM stock solution of [Cul!(bis-
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biot-dmc)]2*) in nanopure water (9 uL crystallization buffer, 1 pL [Cull(bis-biot-dmc)]?*)
overnight. After the soaking, crystals were transferred to cryo-protectant for 1 min (30%
glycerol in crystallization buffer) and shock-frozen in liquid nitrogen.

X-ray diffraction data collection processing. X-ray diffraction data were collected at the
Swiss Light Source at a wavelength of 1 A. X-ray diffraction data was processed with XDS192
and scaled with AIMLESS (CCP4 Suite). The structures were solved by molecular
replacement using program PHASER (CCP4 Suite) and the structure 2QCB from the PDB as
input model ligand with water molecules removed. For structure refinement REFMAC5
(CCP4 Suite) and PHENIX.REFINE were used. Ligand manipulation was carried out with
program REEL. For water picking, electron density, and structure visualization, the
software COOT197 was used. Figures were drawn with PyMOL (the PyMOL Molecular
Graphics System, Version 1.8.2.3, Schrédinger, LLC). Crystallographic details, processing
and refinement statistics are given in Tables A.2-A.5.

Structural Results.

Crystal Color. All crystals of Sav soaked with complexes [Cul!(bis-biot-dmc)]2* changed from
colorless to light blue.

Structural Refinement. Apo-crystals of proteins WT-Sav, L124Y-Sav, and L124E-S112K-Sav
soaked with [Cu'l(bis-biot-dmc)]?* constituted space group 14122 with unit cell parameters
reported in Tables A.2 and A.3. A single Sav monomer was obtained per asymmetric unit
after molecular replacement. Protein residues 2-10 and 135-159 of the N- and C-terminus,
respectively, were not resolved in the electron density, presumably due to disorder.
Starting from the Sav monomer the biological homotetramer is generated by application of

crystallographic C2-symmetry axes along the x-, y- and z-axes of the unit cell. The overall

192



protein structures are virtually identical to structure biotin € WT Sav (PDB 1STP, see
Tables A.2, A.4).

Because the crystallographic C2-symmetry axis lies directly at the interface where
the two monomers of Sav connect, the apo-crystals of proteins WT-Sav, L124Y-Sav, and
L124E-S112K-Sav soaked with [Cull(bis-biot-dmc)]2* were also solved in reduced C121
symmetry to ensure that the dimethyl-cyclam ligand and water molecule density were not
an artifact of symmetry. The unit cell parameters are reported in Table A.4 and A.5. A single
Sav tetramer was obtained per asymmetric unit after molecular replacement.

General Complex Modeling. For all structures of apo-protein crystals soaked with the
corresponding Cu-complexes the following general observations were made: i) residual
electron density in the Fo-Fc map was observed in the biotin binding pocket, ii) in the biotin
vestibule which is flanked by protein residues of loop-3,44 (the superscript number
indicates Sav monomer within tetramer) loop-4,5¢, loop-5,64 loop-7,8% and loop-7,88, and
iii) an anomalous dispersion density map indicated a significant peak in the biotin vestibule
superimposed with the electron density peak. The residual electron density was fit with the
corresponding Cu-complexes, which projected Cu to the position of the strong anomalous
density peak.

Structural Refinement of 4. In both 14122 and C121 symmetry solutions, the Cul! complex
and the water molecule were modelled at 100% occupancy. In the 14122 symmetry
solution, the Cul' complex was modelled at 50% occupancy because it spans the full Sav
dimer. There were no significant changes between the two solutions of the ArM (Figure A.7,

Tables A.4, 4.5, and A.6).
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Figure A.6 Close up view of the Cu site in the molecular structure of 5 and the
position of the ligand molecules is indicated by the 2F,-F. electron density
(grey) and contoured at 0.6 ¢ (A) and 1.0 ¢ (B). The protein is displayed in
cartoon representation and the Cu complex as sticks. Cu is colored in cyan and
N atoms are in blue. The number scheme in A and B are the same as in Figure
A4A

Structural Refinement of 5. In the 14122 symmetry solution, there was significant disorder
associated with the dimethyl-cyclam ligand that made identifying the location of the ligand
difficult. Because of the disorder, the density of the dimethyl-cyclam was modelled using
the density of the Cu centers as the anchor point. As is, this structure is not of publishable
quality because the ligand is modelled by mostly chemical intuition based on reasonable
bond lengths and angles of a Cull-cyclam compound. Below, there is a comparison with
different levels of sigma (o) levels for the 2F,-F. electron density displayed for clarification
of how the ligand was modelled into the density. Using o = 0.6 (Figure A.6A), the ligand
density is clearer for modelling, but it is not publishable quality (o = 1.0: Figure A.6B).
Additionally, there is some unmodelled density near the active site, which is another
possible location of the ligand but was more difficult to model because that model would
not allow for the metal center to be fit in the proper location. The ligand was modelled with

50% occupancy because the ligand spans the Sav dimer.
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In the C121 symmetry solution, the Cu!! complex density was similarly disordered as
in the higher symmetry solution (Figure A.8, Tables A.4, A.5, and A.7). The ligand was
modelled similarly to the 14122 symmetry solution, with 50% for each conformation of the
Cu'' complex in both Sav dimers. The lower symmetry solution was important for the
determining that the density of the water molecule involved in the bifurcated H-bond with
the tyrosine amino acid residues was not an artifact of symmetry. The water density was
found in the same location as in the higher symmetry solution, indicating that it is not an
artifact. Each conformation was modelled with 50% occupancy in each of the Sav dimers.
Structural Refinement of 6. In the 14122 symmetry solution, the Cull-complex was
disordered and revealed two conformations of the ligand. The Cul! center was modelled at
80% occupancy due to some negative density surrounding the metal center. The decrease
of the metal center occupancy could be because the metal is located directed at the
interface of the Sav dimer, which in 14122 symmetry is the center of symmetry for the
solution of the molecular structure. Moreover, there is significant disorder in the dimethyl-
cyclam ligand which could cause there to be extra negative density surrounding the metal
center. The ligand was modelled at 50% occupancy because it spans the Sav dimer. The
water molecule was modelled with 100% occupancy. Additionally, there is some
unmodelled density above the complex because it was unclear whether that extra density
was due to the complex being located at the center of symmetry, disorder of the complex,
or if an additional water molecule could be fit.

In the C121 symmetry solution, the bis-biot-dmc ligand was modelled with 100%
occupancy (Figure A.9, Tables A.4, A.5, and A.8). The Cu center was again modelled to 80%

occupancy, which could be a product of the disorder associated with the complex. There is
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a discrepancy in location of the water molecule between the symmetry solutions. In the
C121 symmetry solution, in Dimer A4, it is clear that there is a water molecule axial to the Cu
complex. However, the distances of the H-bonding interactions have changed from
01---E124/E124’ distance of 2.67 A to an elongation of one of the H-bonding interactions to
3.16 A. The same effect is seen in Dimer B, except that the elongation is longer to 3.80 A.
However, in Dimer B, it is more difficult to assign the location of the water molecule
because there the density is more disordered in Dimer B than in Dimer A. The change
between symmetry solutions can be related to two reasons: 1) the water molecule is
disordered and decreasing the resolution of the structure when lowering the symmetry
causes the location of the water molecule to be more difficult to determine, or 2) the water
molecule is only present in Dimer A in this structure and in the high symmetry solution, the
occupancy is being affected because the water molecule is at the center of symmetry. With
this discrepancy, this structure would need to be reproduced for better quality data for

publication.
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Dimer A

Dimer B

Figure A.7 Close up views of the Cu sites in the molecular structure of 4 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is displayed
in cartoon representation and the Cu complex. The position of the ligand molecules is
indicated by the 2Fo-F. electron density (grey, contoured at 1 o). Cu is colored in cyan, N atoms
are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A and
Dimer B are the same as those in Figure A.3A. H-bonds are shown as black dashed lines.
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Dimer A

Figure A.8 Close up views of the Cu sites in the molecular structure of 5 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Cu complex. The position of the ligand molecules
is indicated by the 2F.-F. electron density (grey, contoured at 1 o). Cu is colored in cyan, N
atoms are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A
and Dimer B are the same as those in Figure A.4A. H-bonds are shown as black dashed lines.
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Dimer A

Figure A.9 Close up views of the Cu sites in the molecular structure of 6 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Cu complex. The position of the ligand molecules
is indicated by the 2Fo-F. electron density (grey, contoured at 1 o). Cu is colored in cyan, N
atoms are in blue, and O atoms/water molecules are in red. The number schemes in Dimer A
and Dimer B are the same as those in Figure A.5A. H-bonds are shown as black dashed lines.
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Table A.1 Selected Bond lengths and (A) and Angles (°) for 4, 5, and 6.

Bond lengths 4 5A 5B 6A 6B
(A) and angles (°)

Cu-N1 2.00 2.18 2.15 2.09 2.11
Cu-N2 2.09 2.10 2.08 2.02 2.12
Cu-N3 2.12 2.15 2.18 2.10 2.08
Cu-N4 2.29 2.08 2.10 2.09 1.99
Cu-01 2.56 2.48 2.48 2.38 2.38
01---Y124/Y124’ - 2.71 2.71 - -
01---E124/E124’ - - - 2.67 2.67
N1-Cu-N2 87 79 77 79 97
N2-Cu-N3 92 99 105 99 93
N3-Cu-N4 82 77 79 86 80
N1-Cu-N4 99 105 94 94 100
N1-Cu-N3 177 175 175 170 168
N2-Cu-N4 174 173 173 172 171
01---Wat204/Wat204’ 3.13 - - - -
Wat204/Wat204’---Wat7 /Wat7’ 2.96 - - - -
Wat7/Wat7’---S112/5112’ 291 - - - -
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Table A.2 X-ray Crystallography Data Processing and Refinement Statistics for 14122
symmetry solutions of 4, 5, and 6.

Identification
Sav Mutant WT L124Y L124E-S112K
Cu complex [Cul(bis-biot-dmc)]2* [Cul(bis-biot-dmc)] 2+ [Cul(bis-biot-dmc)] 2+
(4) (5) (6)
PDB Code Unpublished Unpublished Unpublished
Cu complex
PDB 3-letter Unpublished Unpublished Unpublished
code
Data Processing
Unit Cell a,b,c=57.74A,57.7 A, a,b,c=57.6 4, a,b,c=57.6,57.6 A,
183.8 A 57.64,183.5A 183.8A
a, B, y=90° a, B, y=90° a, B, y=90°
Space Group 14,22 14,22 14,22
Resolution (10&) 45.95-1.63 45.87 -1.35 4595 -1.32
Highest 1.66-1.63 1.37-1.35 1.35-1.32
resolution shell
(A)
Ruerge (%0) 10 (61) 5(140) 5(87)
No. of unique 19736 (821) 34527 (1699) 36995 (1856)
reflections
Multiplicity 11.0 (5.8) 12.6 (12.6) 12.0 (9.2)
1/Sig(1) 17.5 (2.4) 27.6 (2.0) 29.5 (2.4)
Completeness 99.9 (86.0) 100 (100) 100 (100)
CC(1/2) 0.997 (0.786) 1.000 (0.661) 1.000 (0.787)
Beamline SLS SLS SLS
Structure Refinement
Rwork 0.22 0.18 0.20
Reree 0.26 0.20 0.21
Rmsd bond 0.013 0.018 0.017
length (A)
Rmsd bond 2.944 3.541 3.486
angle (°)
Rmsd compared 0.69 0.64 0.62
to biotin-Sav
WT (PDOB 1STP)
(A)
No. ligands
Cu complex 1 1 1
Water 83 93 77
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Table A.3 Summary of structural details for 4, 5, and 6.

PDB Code Unpublished Unpublished Unpublished
Complex 4 5 6
Electron density at 19 8 36
Cuin Fo-F. omit
map (o)
Anomalous 6 7 20
dispersion density
at Cu (o)
Geometry of Cu Square planar Square planar Square planar
complex
Coordination
number of 4 4 4
Cu complex
Occupancy of Cu 100 100 80
complex (%)
B-factor (A2)
Overall protein 16 19 16
Cu complex 21 26 18
DPA 21 26 18
Cu 36 43 23
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Table A.4 X-ray Crystallography Data Processing and Refinement Statistics for C121
symmetry solutions of 4, 5, and 6.

Identification
Sav Mutant WT L124Y L124E-S112K
Cu complex [Cul(bis-biot-dmc)] 2+ [Cull(bis-biot-dmc)] 2+ [Cull(bis-biot-dmc)] 2+
(4) (5) (6)

PDB Code Unpublished Unpublished Unpublished
Cu complex Unpublished Unpublished Unpublished
PDB 3-letter

code
Data Processing
Unit Cell a,b,c=192.64,5774 ab,c=192345764 abc=192.6457.64,
57.7 A 57.6 A 57.6 A
a, B, y=90°107.4°,90° «,B,y=90°107.4°90° qa,f,y=90°107.4°90°
Space Group C121 C121 C121
Resolution (A) 45.95-1.70 45.87 - 1.52 45.95-1.40
Highest 1.73-1.70 1.55-1.52 1.42 - 1.40
resolutioon shell
(A)
Rumerge (%) 7.9 (44) 3.4 (41) 4.0 (55)
No. of unique 65933 (3405) 92167 (4522) 118114 (5803)
reflections
Multiplicity 3.1(24) 3.4 (3.3) 3.3(3.2)
1/Sig(I) 10.0 (2.2) 13.1(2.2) 16.9 (2.0)
Completeness 99.1 (98.5) 99.7 (99.6) 99.6 (99.9)
CC(1/2) 0.994 (0.788) 0.999 (0.830) 0.999 (0.712)
Beamline SLS SLS SLS
Structure Refinement
Rwork 022 017 019
Reree 0.25 0.19 0.20
Rmsd bond 0.012 0.015 0.015
length (A)
Rmsd bond 2.730 3.414 3.047
angle (°)
Rmsd compared 0.63 0.63 0.61
to biotin-Sav
WT (PDOB 1STP)
(A)
No. ligands
Cu complex 2 2 2
Water 366 353 298
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Table A.5 Summary of structural details for 4, 5, and 6.

PDB Code Unpublished Unpublished Unpublished
Complex 4 5 6
Electron density at 19 8 31
Cuin Fo-F. omit
map (o)
Geometry of Fe Square planar Square planar Square planar
complex
Coordination
number of 4 4 4
Cu complex
Occupancy of Cu 100 100 80

complex (%)
B-factor (A2)

Overall protein 17 20 16
Cu complex 25 30 23
DPA 25 29 23

Cu 38 51 25

*B-factors were averaged from the Sav tetramer
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Table A.6 4 bond lengths and distances from C121 symmetry solution.
Bond lengths (A)  DimerA Dimer B

Fe-N1 2.04 2.00
Fe-N2 2.35 2.38
Fe-N3 2.06 2.04
Fe-N4 2.38 2.35
Fe-01 2.74 2.67
01---Wat81 3.06 -
Wat81---Wat29 2.92 -
Wat29---S112 2.95 -
01---Wat104 3.30 -
Wat104---Wat48 2.91 -
Wat48---S112’ 2.92 -
01---Wat58 - 3.30
Wat58---Wat46 - 291
Wat46---S112 - 2.98
01---Wat68 - 3.14
Wat68---Wat33 - 2.97
Wat33--:S112’ - 2.95

Table A.7 5 bond lengths and distances from C121 symmetry solution.

Bond lengths Dimer Dimer Dimer Dimer
(A Al A2 B1 B2
Fe-N1 2.13 2.17 2.15 2.16
Fe-N2 2.09 2.03 2.10 2.09
Fe-N3 2.17 2.13 2.17 2.13
Fe-N4 2.09 2.11 2.09 2.10
Fe-01 2.64 2.60 2.61 2.52
01---Y124 2.62 - 2.63 -
01--Y124 2.62 - 2.55 -

Table A.8 6 bond lengths and distances from C121 symmetry solution.

Bond lengths Dimer A DimerB
(A)

Fe-N1 2.10 2.12
Fe-N2 2.06 2.10
Fe-N3 2.10 2.08
Fe-N4 2.08 2.02
Fe-01 2.39 2.42
01---E124 2.66 2.64
01---E124’ 3.16 3.80

205



APPENDIX B

Seeing Red: PartII
Introduction

As described in Chapter 3, dioxygen activation is an important process that occurs in
several metalloproteins. Nonheme Fe oxygenases utilize mononuclear Fe active sites to
bind and activate dioxygen, while concomitantly oxidizing a variety of substrates.143 To
study this, bioinorganic chemists have designed several synthetic and biological systems
(described in Chapter 3) that activate dioxygen and oxidize substrates.51.165> This appendix
details the continued work on binding dioxygen to a mononuclear Fe!l-ArM (3) as
described in Chapter 3. Electronic absorbance, electron paramagnetic resonance (EPR), and
Mossbauer spectroscopies and X-ray diffraction (XRD) were used to study three new
mononuclear Fe ArMs.

Results and Discussion

Design concepts. In Chapter 3, the work detailed our studies on treating 3 with
dioxygen in the presence of substrate phenylpyruvate. This appendix describes the work
done on treating 3 with dioxygen with no substrate present and with substrate
phenylglyoxylic acid present (PGA: Figure B.1A). PGA was chosen as a substrate because
several synthetic systems have used PGA as an analog for a-ketoglutarate as observed in

the a-ketoglutarate-dependent monooxygenases. Additionally, PGA does not have the

A 0 B 1,00
OH LxFe\ _

o
(0

Figure B.1 ChemDraw representation of PGA (A) and
common bidentate coordination of PGA to an Fe!'Lx complex
(Lx = ligand) (B).
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benzylic carbon site that would be able to undergo C-H bond activation, which would allow
it to serve again as a spectroscopic handle for binding (Amax ~ 400-650 nm: Figure B.1B) to
an Fell center and a control analog for the sodium phenylpyruvate studies for
determination of the origin of reactivity.143

Solution studies of dioxygen binding to Fe!'-ArM. The ArM containing the Fell
complex, [Fell(biot-et-dpa)(OHz2)z(k!-Or112) ©K121A -S112E-Sav] (3), was prepared and
characterized as described in Chapter 3. Initial studies with 3 showed that it reacts with
dioxygen (3-02) in 50 mM phosphate buffer pH 8 at 4 °C, causing the initial Amax=375 nm
band to decrease and subsequent growth of an intense absorbance in the UV region of the
spectrum that is masked by the absorbance bands of the protein (Figure B.2A). EPR and
Mossbauer spectroscopy were utilized to further interrogate the species formed after
addition of dioxygen. In the parallel-mode ([l-mode) EPR spectrum, 3 exhibits a broad
signal with a g value at 8.8, which is consistent with a high spin Fe!l species with an § = 2
spin ground state. The Mdssbauer spectrum revealed an isomer shift (6) of 1.32 mm/s and

a quadrupole splitting (AEq) of 3.20 mm/s, which is also indicative of a high spin Fell
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Figure B.2 Electronic absorbance (A), EPR (B), and Méssbauer (C) spectra for 3-02. Recorded in 50 mM
phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial spectrum is shown as a black line
and the final spectrum is shown as a grey line. Simulation is shown as a red line.
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species. After exposure to excess dioxygen, the signal is silent in both the perpendicular-
mode (L-mode) and ||-mode EPR spectrum (Figure B.2B: L -mode shown - grey line). To
investigate this further, Mossbauer spectroscopy was utilized to gain a better
understanding of the oxidation state of the Fe center and determine if 3-02 was a coupled
system. The Mdssbauer spectrum revealed a broad paramagnetic spectrum that has not
provided any conclusive information on the identity of 3-02 (Figure B.2C: grey line). The
reaction was also monitored by stopped-flow spectroscopy at room temperature. The
stopped-flow experiment showed the appearance of an absorbance feature at Amax= 320
nm that grows in on the millisecond time scale and remains constant (Figure B.3). An
absorbance feature at Amax= 320 nm is suggestive of a synthetic Fell-superoxido species
based on literature precedence.216:218,220,223,329-333 However, it is reported that high spin
Felll-superoxido species are |l-mode EPR active with a g value ~ 8.218 With an absorbance
feature at Amax= 320 nm, a silent EPR spectrum, and a broad paramagnetic Méssbauer
spectrum, more work is needed to elucidate the identity of 3-02z in solution.

Structural characterization of 3-02. In order to help determine what species is

formed upon adding dioxygen to 3, single crystals of 3-02 were prepared by soaking

o3l ' without pyruvate added
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Figure B.3 Stopped flow electronic absorption

spectra of reaction of 3 with Oz recorded in 50

mM phosphate buffer pH 8 at room

temperature (RT).
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crystals of apo-Ki121A-S112E-Sav with [Fe!l(biot-et-dpa)(OHz2)2]Br2 in an anaerobic chamber
overnight and then subsequently exposing them to O2-saturated buffer. The molecular
structures obtained from two different crystals showed different conformations of the O2
binding to the Fe center (Figure B.4). Both molecular structures had a similar primary
coordination sphere to the fully bound pyridine conformation of the Fe!l-ArM (3b: Figure
3.8). The first molecular structure (3-02-1: Figure B.4 and B.9) was resolved to 1.70 A and
revealed an elongated density in the equatorial plane that has been modelled to an Oz unit.
The 02 unit is slightly asymmetrically coordinated to the Fe center with bond distances of
Fe-03 and Fe-04 at 2.27 A and 2.46 A and 03-04 bond distance of 1.45 A. The 02 unit is
angling towards a water molecule (05) that is bound the Fe center and possible
participating in a H-bonding interaction with an 04---05 distance of 2.55 A. 05 is also
participating in a H-bonding network with Wat2 and the residue N49. The second molecular
structure (3-02-2: Figure B.4 and B.9) has a similar asymmetric Oz coordination as seen in
Structure 3E (detailed in Chapter 3), with Fe-03 and Fe-04 bond distances of 2.09 and

2.38 A. While structure 3-02-2 looks similar to Structure 3E, 3-02-1 is different than

other Fe-02 structures described in Chapter 3. The difference is observed in that 04 is

3-0--1 3—0,—-2

Figure B.4 Molecular structures of 3-02 showing two conformations of 02 binding (3-02-1) and (3-
02-2). Fe ions are shown in orange, N atoms are in blue, and O atoms/water molecules are colored in
red. H-bonds are shown as black dashed lines.

209



either participating in a H-bond with 02 from the glutamate residue (3-02-2) or with 05
(3-02-1). Additionally, the distance between the O atom (03: 3-02-2; and 02: 3-02-1)
and 02 of the glutamate residue decreases from 3.12 A to 2.93 A as the 02 unit moves
towards the proposed final structure detailed in Chapter 3 (Tables B.1, B.2, and B.3).
Solution studies of PGA binding to 3 (3-PGA). As described in Chapter 1, the cofactor
a-ketoglutarate coordinates in a bidentate fashion to the Fe center to prime the Fe active
site for dioxygen activation in a-ketoglutarate-dependent oxygenases. Similar to studies
done in Chapter 3 with phenylpyruvate, initial studies began by adding 20 equivalents of
PGA in a nanopure water solution to 3 in 50 mM phosphate buffer pH 8. Monitoring the
reaction by UV-vis spectroscopy, there was an absorbance band that grows in around Amax
~ 350 nm, which was similar to what was observed using phenylpyruvate in Chapter 3, can
be attributed to the absorbance associated with PGA alone (Figure B.5A). There were no
absorbance features that could be attributed to the coordination of the PGA to the Fell
center.140.231,236,334 With similar optical features to what was seen with phenylpyruvate,

Mossbauer and EPR spectroscopies were used to determine if the 3-PGA had similar
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Figure B.5 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra for 3-PGA. Recorded in
50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial spectrum is shown as a
black line and final spectrum is shown as a grey line. Simulation is shown as a red line.
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spectroscopic features. In the |[-mode EPR spectrum, there was no significant shift upon
addition of PGA, which was different than the small shift that was seen from the
phenylpyruvate studies (Figure B.5B). The Mdssbauer spectrum indicated that there were
two species present. The first species was still 50% of 3 with an § = 1.29 mm/s and a AEq =
3.15 mm/s and the second species was 50% with a similar 6 = 1.25 mm/s to 3 but a slight
shift in the AEq from 3.20 mm/s to 2.36 mm/s, similar to the shift seen with
phenylpyruvate (Figure B.5C). Using PGA, the Mdssbauer results showed there was not full
incorporation of the PGA into 3. The solution studies did show that some of the
spectroscopic features were similar to what was seen in the phenylpyruvate studies,
indicating that there was a change upon adding PGA but the location of the PGA was
unknown.

Structural characterization of 3-PGA. In order to determine if PGA was interacting

with the biotinylated Fe complex in Sav in the same way as the phenylpyruvate, X-ray

Figure B.6 Molecular structure of 3-PGA. Fe ions are shown
in orange, N atoms are in blue and O atoms/water molecules
are colored in red. The position of the PGA is indicated by
the 2F.-F. electron density map (blue, contoured at 1 o).
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crystallography was utilized. Single crystals of Sav were prepared by an additional soaking
of crystals of 3 with a 100 mM solution of PGA. Analysis of the crystals that diffracted to a
1.70 A resolution revealed a similar molecular structure to 3-phenylpyruvate (from
Chapter 3) and PGA was modelled in the same location as phenylpyruvate (Figure B.6 and
B.10). PGA was participating in a n-stacking interaction with the pyridine rings of the dpa
ligand with an average centroidpy-centroidph distance of 4.78 A (Tables B.1, B.4, and B.5).
While the Mdssbauer spectrum indicated that there was not full occupancy of PGA within 3,
PGA was modelled with 100% occupancy in the molecular structure. The discrepancy could
be attributed to the difference in conditions for obtaining a molecular structure versus
solution studies - a more concentrated stock solution of PGA is utilized to obtain the
molecular structure than can be used for the solution studies. The docking of PGA near the
Fe complex agrees with the subtle changes in the solution spectroscopy because PGA does
not alter the primary coordination sphere, but rather the secondary coordination sphere of
the 3.

Solution studies of dioxygen binding to 3-PGA (3-PGA-0:z). In order to determine
whether PGA could perform similar chemistry to what was seen in the phenylpyruvate
studies or what is seen in native metalloproteins, initial solution studies were performed to
add excess dioxygen to 3-PGA and monitor the changes by UV-vis, EPR, and Mdssbauer
spectroscopies. Addition of excess dioxygen to 3-PGA at 4 °C produces a new spectrum
with a new absorbance around Amax~ 300-350 nm (sh) (Figure B.7A). However, this
absorbance feature is broad, with high intensity, and therefore, difficult to determine the
exact absorbance band. After exposure to dioxygen for 90 min, the signal was silent in both

the L-mode and |l-mode EPR spectrum (Figure B.7B: 1-mode shown - grey line).
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Figure B.7 Electronic absorbance (A), EPR (B), and Mdssbauer (C) spectra for 3-PGA-02.
Recorded in 50 mM phosphate buffer pH 8 at 4 °C, 10 K, and 4 K, respectively. The initial
spectrum is shown as a black line and the final spectrum is shown as a grey line. Simulation is
shown as a red line.

Additionally, the Mdssbauer spectrum revealed that there is no change to the Fell center
after addition of 02 with PGA present (Figure B.7C). More studies will have to be done to
determine why there are differences between the EPR and Mdssbauer studies and if Oz is
coordinating to the Fell center in 3-PGA-02in solution.

Structural characterization of 3-PGA-02. To help determine if dioxygen is
coordinating to the Fe center in 3-PGA-O2, single crystals of 3-PGA were prepared as
described above and then subsequently exposed to Oz-saturated buffer. The structure of 3-
PGA-02 was resolved to 1.44 A and revealed a mononuclear Fe complex immobilized
within each Sav subunit. There were two conformations of the dpa ligand. The major
confirmation of the dpa ligand (3-PGA-02-1) was modelled with 70% occupancy and
found to coordinate to the Fe center; whereas, the minor confirmation of the dpa ligand (3-
PGA-02-2) was modelled with 30% occupancy and it was not coordinated to the Fe
center. In comparison to 3, 3-PGA-02z has a majority of the pyridine coordinated to the Fe
center. One water ligand was replaced by an elongated density that has been modelled to

an 02 unit with 90% occupancy (Figure B.8). Interestingly, the Oz coordination site is the
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3-PGA-0, _"

Figure B.8 Molecular structure of 3-PGA-0:2 Fe ions are in orange, N
atoms are in blue, and O atoms/water molecules are colored in red.

same as where the azido ligand coordinated to the Felll center in 2-N3 (Figure 2.11). The Oz
is asymmetrically coordinated to the Fe center with bond distances of Fe-04 and Fe-05 at
2.17 and 2.31 A, and the 04-05 bond distance is 1.37 A (Tables B.1, B.4, and B.5). There are
additional H-bonding interactions with O3 and a nearby structural water molecule
(Wat110) that is also H-bonded to the residue of N49. Additionally, density for PGA was
observed in the location as seen in 3-PGA; however, the density was only discernible at 0.5
o and was therefore omitted from the structure solution. Further solution spectroscopy
experiments are necessary to elucidate the identity of the Oz unit in this structure and more
structural work is needed to determine if PGA is present.
Summary and Conclusions

In this Appendix, the mononuclear Fe ArM 3 was shown crystallographically to bind
dioxygen without substrate and with the substrate PGA. 3-PGA was also shown to dock
PGA in a m-stacking interaction with the pyridine rings of the dpa ligand in the Sav
vestibule. Molecular structures revealed without substrate, dioxygen coordinates to the Fe
center asymmetrically in the equatorial plane of the Fe complex. Whereas, with substrate

PGA present, the dioxygen coordinates asymmetrically in the axial position to the Fe center.
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The structures described in this appendix and in Chapter 3 support that there are several
locations and modes that dioxygen can coordinate to the Fe center. In native
metalloproteins, there is regulation by the coordination environment around an active site
that can aid in dioxygen coordination to a metal center. However, in Sav, there is no
imposed regulation on dioxygen binding to the metal center. Future studies should include
mutating key amino acid residues near the Fe active site within 3 to help stabilize the Fe-
02 species. Additionally, while crystallographic data shows dioxygen coordination to the Fe
centers of these ArMs, more work is necessary to determine if dioxygen coordinates to the
Fell ArMs in solution.

Experimental Details.

General Methods. All commercially available reagents were obtained of the highest purity and
used as received. Acetonitrile (CH3CN), Ethanol (EtOH) and diethyl ether were degassed with
argon and dried by vacuum filtration through activated alumina according to the procedure
by Grubbs.183 Triethylamine was distilled from KOH. Thin-layer chromatography (TLC) was
performed on Merck 60 F254 aluminum-backed silica plates or Merck 60 F254 glass-backed
basic aluminum oxide plates. Eluted plates were visualized using UV light. Silica or basic
alumina gel chromatography was performed with the indicated solvent system using Fisher
reagent silica gel 60 (230-400 mesh) or Sigma reagent Brockmann 1 basic aluminum oxide
58 (150 mesh). Biotin pentafluorophenol ester (biot-PFP)!84 and di-(2-picolyl)aminel85
were prepared according to literature procedures.

Physical Methods

Instrumentation. Electronic absorbance spectra were recorded with a Cary 50 or 8453

Agilent UV-vis spectrophotometer. X-band (9.64 GHz and 9.32 GHz) EPR spectra were
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recorded on a Bruker spectrometer equipped with Oxford liquid helium cryostats. The
quantification of all signals is relative to a CUEDTA spin standard. The concentration of the
standard was derived from an atomic absorption standard (Aldrich). For all instruments,
the microwave frequency was calibrated with a frequency counter and the magnetic field
with an NMR gaussmeter. A modulation frequency of 100 kHz was used for all EPR spectra.
The EPR simulation software (SpinCount) was written by our collaborating author Michael
P. Hendrich. Méssbauer spectra were recorded with a Janis Research Super-Varitemp
dewar. Isomer shifts are reported relative to Fe metal at 298 K. Stopped-flow experiments
were performed with an SX20 apparatus (Applied Photophysics) with a 1-cm path length
cell at room temperature inside an anaerobic glovebox. Stock solutions of the Fe!l protein
were prepared to obtain a final concentration of 0.5 mM in 50 mM phosphate buffer, pH 8.
Oxygenated solutions at 50 mM in the same buffer were prepared in 1.2 mL glass vials
capped with septa and were used immediately. After each experiment, remaining premixed
solutions were recovered from the stopped-flow apparatus to confirm the concentration of
the reactants.

Preparative methods

Biot-et-dpa and [Fe!!(biot-ethyl-dpa)(OHz)2]Br2 were prepared as described in Chapter 2.
Spectroscopic Methods

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) in 200 mM
phosphate buffer pH 7. After 5 min equilibration, the absorbance at 506 nm was recorded.

A solution of 1 mM Fe complex in nanopure water was added in 4-20 pL portions until
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approximately 4 equivalents had been added. The absorbance at 506 nm was recorded
until no further changes in intensity were observed.

Electronic Absorption Studies. A solution of lyophilized protein (250 pM) was prepared in
nanopure water. Four equivalents of Fe complex (1 mM) in nanopure water were added to
the protein solution. Samples were prepared in a final volume of 500 pL containing 50 mM
potassium phosphate buffer at the indicated pH. For PGA samples, 20 equivalents of PGA
(20 mM) in nanopure water was added after 3 is prepared. For Oz samples, 5 mL of O2was
added by gas-tight syringe after the sample was prepared.

EPR Studies. A solution of protein (500 pM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared a final volume of 200 pL containing 50 mM potassium phosphate
buffer at the indicated pH. For PGA samples, 20 equivalents of PGA (40 mM) in nanopure
water was added to the sample after 3 is prepared. For 02 samples, 5 mL of 02 was added
by gas-tight syringe after the sample was prepared. The sample was frozen at 77 K in liquid
nitrogen and measured at 10 K.

Mdssbauer studies. A solution of protein (500 uM) was prepared in nanopure water. Four
equivalents of Fe complex (2 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 300 pL containing 50 mM potassium phosphate
buffer at the indicated pH. For PGA samples, 20 equivalents of PGA (40 mM) in nanopure
water was added to the sample after 3 is prepared. For Oz samples, 5 mL of O2 was added
by gas-tight syringe after the sample was prepared. The sample was solution Méssbauer

cup, frozen at 77 K in liquid nitrogen and measured at 4 K.
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Stopped-Flow Spectroscopy. A solution of protein (250 uM) was prepared in nanopure
water. Four equivalents of Fe complex (1 mM) in nanopure water were added to the
protein solution. Samples were prepared in a final volume of 600 pL containing 50 mM
potassium phosphate buffer at the indicated pH. Samples were run on the stopped-flow UV-
vis spectrophotometer by rapidly mixing the prepared ArM sample and O2-saturated
buffer, collecting at 1 ms (500 points) for 1 s. For 3-0z, the kinetics are biphasic; the global
analysis uses an [a>b>c] model but in the absence of a large number of absorption features
a simpler [A>B] with heterogeneous kinetics are also acceptable.
Protein Preparation and Crystallography
Protein Expression and Purification
Preparation of Sav variants. The construction of Ki21A-S112E-Sav and other variants was
achieved by site-directed mutagenesis (SDM) using the codon optimized K121A-pET24a-Sav
plasmid,°1 the following primers and, and Q5 polymerase.

S112E_fwd: 5'-GACCTACGGCACCACCGAAGCAAATGC-3'

S112E_rev: 5'-GTGCCGTAGGTCAGCAGCCACTGG-3'
Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of
SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddH20,
18 MQ cm™1). DNA sequencing was performed by Genewiz.
Sav Expression. Transformation of 4 pL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 puL. LB media. Of this solution, 200 pL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of

a starter culture containing 500 mL LB media and the same antibiotic from a single colony

218



was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeCls, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiClz, 2
mM NazMoO4, and 2 mM H3BOs all in 60 mM HCI), and 250 pL of 100 mg/mL Kanamycin.
Incubation at 37 °C and 225 rpm was continued until cells reached ODeoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was
centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
agarose column pre-equilibrated with IB buffer. The column was washed with 6 column
volumes (CVs) of IB buffer or until the absorbance at 280 nm (A2s0) dropped to zero. Elution
with 1% acetic acid in nanopure H20, and pooling fractions by Azso, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM

Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
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lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid
protein was stored at 4 °C.

Protein Crystallization

Crystallization of [Fe!l(biot-et-dpa(OHz)z(k1-0k;;,) cK121A-S112E-Sav] (3). Apo-Sav protein
was crystallized by sitting drop vapor diffusion method under an inert atmosphere.
Diffraction quality crystals were grown at room temperature by mixing 3.5 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH
8) with a 10 mM stock solution of [Fe!!(biot-et-dpa)(OHz2)z]Brz in nanopure water (9 uL
crystallization buffer, 1 pL [Fe'l(biot-et-dpa)(OHz2)2]Brz2) overnight. After the soaking,
crystals were transferred to cryo-protectant for 1 min (30% glycerol in soaking buffer) and
shock-frozen in liquid nitrogen.

Crystallization of [Fe!l(biot-et-dpa(OHz)2(k!-0k;;,)(02) cK121A-S112E-Sav] (3-02). Apo-Sav
protein was crystallized by sitting drop vapor diffusion method under an inert atmosphere.
Diffraction quality crystals were grown at room temperature by mixing 3.5 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 uL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 8
or 3.0 M ammonium sulfate) with a 10 mM stock solution of [Fe!!(biot-et-dpa)(OHz)z]Brz in

nanopure water (9 pL crystallization buffer, 1 pL [Fe!!(biot-et-dpa)(OHz)z]Brz2) overnight.
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After the second soaking, the crystals were transferred to Oz-saturated soaking buffer (10
uL) for 30 min. Then, the crystals were transferred to cryo-protectant for 1 min (30%
glycerol in soaking buffer) and shock-frozen in liquid nitrogen.

Crystallization of [Fe'l(biot-et-dpa(OHz)z2(x!-0k;;,) cKi121A-S112E-Sav] + PGA (3-PGA). Apo-Sav
protein was crystallized by sitting drop vapor diffusion method under an inert atmosphere.
Diffraction quality crystals were grown at room temperature by mixing 3.5 pL of protein
solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization buffer (2.0
ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated against a
reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were prepared by
soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 8
or 3.0 M ammonium sulfate) with a 10 mM stock solution of [Fe!!(biot-et-dpa)(OHz)2]Brz in
nanopure water (9 pL crystallization buffer, 1 pL [Fe!!(biot-et-dpa)(OHz)z]Brz2) overnight.
After this initial soaking, crystals were again soaked in a soaking buffer (2.6 ammonium
sulfate, 0.1 M sodium acetate, pH 6) with a 200 mM stock solution of PGA in nanopure
water for 5-10 min (9 pL soaking buffer, 1 uL PGA). After the second soaking, the crystals
were transferred to cryo-protectant for 1 min (30% glycerol in soaking buffer) and shock-
frozen in liquid nitrogen.

Crystallization of [Fe!l(biot-et-dpa(OHz)z2(!-0k;;,)(02) cK121A-S112E-Sav] + PGA (3-PGA-02).
Apo-Sav protein was crystallized by sitting drop vapor diffusion method under an inert
atmosphere. Diffraction quality crystals were grown at room temperature by mixing 3.5 pL
of protein solution (26 mg/mL lyophilized protein in water) and 1.5 pL of crystallization
buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH 4). The droplet was equilibrated

against a reservoir solution of 100 pL crystallization buffer. Single crystals of Sav were
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prepared by soaking apo-crystals in a soaking buffer (2.6 ammonium sulfate, 0.1 M sodium
acetate, pH 8 or 3.0 ammonium sulfate) with a 10 mM stock solution of [Fe!!(biot-et-
dpa)(OHz)2]Brz in nanopure water (9 pL crystallization buffer, 1 pL [Fe!l(biot-et-
dpa)(OHz)2]Brz2) overnight. After this initial soaking, crystals were again soaked in a
soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6) with a 200 mM stock
solution of PGA in nanopure water for 5-10 min (9 pL soaking buffer, 1 pL sodium
phenylpyruvate). After the second soaking, the crystals were transferred to Oz-saturated
soaking buffer (10 pL) for 1 min-3 h. Then, the crystals were transferred to cryo-protectant
for 1 min (30% glycerol in soaking buffer) and shock-frozen in liquid nitrogen.

X-ray diffraction data collection processing. X-ray diffraction data were collected at the
Advanced Light Source (BL 5.0.2) at a wavelength of 1 A. Data was collected with vector
(ALS) data collection using exposure time/frame 1/0.5 s/deg. X-ray diffraction data was
processed with XDS192 or iMosflm193 and scaled with AIMLESS (CCP4 Suite).193 The
structures were solved by molecular replacement using program PHASER (CCP4 Suite)193
and the structure 2QCB from the PDB as input model ligand with water molecules removed.
For structure refinement REFMACS5 (CCP4 Suite)194 and PHENIX.REFINE195 were used.
Ligand manipulation was carried out with program REEL using the small molecule crystal
structure RAGQEVO01 from the Cambridge Structural Database as an input model.?48 For
water picking, electron density, and structure visualization, the software COOT1%7 was
used. Figures were drawn with PyMOL (the PyMOL Molecular Graphics System, Version
1.8.2.3, Schrédinger, LLC). Crystallographic details, processing and refinement statistics are
given in Supplementary Table B.2-B.5.

Structural Results.
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Crystal Color. All crystals of Sav soaked with [Fe!!(biot-et-dpa)(OHz)z]Brz changed from
colorless to pale yellow. Crystals soaked with PGA remained yellow. Crystals soaked with
02 with and without PGA remained yellow.
Structural Refinement. Apo-crystals of proteins Ki21A-S112E-Sav soaked with [Fell(biot-et-
dpa)(OHz)2]Br2 constituted space group 14122 with unit cell parameters reported in Tables
B.2-B.5. A single Sav monomer was obtained per asymmetric unit after molecular
replacement. Protein residues 2-10 and 135-159 of the N- and C-terminus, respectively,
were not resolved in the electron density, presumably due to disorder. Starting from the
Sav monomer, the biological homotetramer is generated by application of crystallographic
C2-symmetry axes along the x-, y- and z-axes of the unit cell. The overall protein structures
are virtually identical to structure biotin € WT-Sav (PDB 1STP, see Tables B.2, B.4, and
B.6).

Because PGA is located at the crystallographic C2-symmetry axis, the structures with
PGA were also solved in reduced C121 symmetry to ensure that the PGA density was not an
artifact of symmetry. The unit cell parameters are reported in Table B.6 and B.7. A single
Sav tetramer was obtained per asymmetric unit after molecular replacement.
General Complex and 02 Modeling. For all structures of apo-protein crystals soaked with the
corresponding Fe-complexes the following general observations were made: i) residual
electron density in the Fo-Fc map was observed in the biotin binding pocket, ii) in the biotin
vestibule which is flanked by protein residues of loop-3,44 (the superscript number
indicates Sav monomer within tetramer) loop-4,5€¢, loop-5,64 loop-7,84 and loop-7,88, and
iii) an anomalous dispersion density map indicated a significant peak in the biotin vestibule

superimposed with the electron density peak. The residual electron density was fit with the
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corresponding Fe-complexes, which projected Fe to the position of the strong anomalous
density peak.

The 02 ligand was modelled using the PDB PEO for hydrogen peroxide. Each density
that was modelled for an Oz ligand was only done so after attempting to model with one or
two water molecules and determining through B-factors, negative density in the Fo-Fc map,
or distances between atoms that were not chemically reasonable that water was not a
reasonable fit for the density. Additionally, the PDB OXY for dioxygen was also used to
determine if the Oz unit was more similar to a superoxido rather than a peroxido ligand.
However, often, the 0-0 bond distance was contracted to ~1.2 A, which is shortened from
known Fe-02 complexes. Additionally, the Oz unit would not fit the full span of unmodelled
density, and there would be some additional density in the Fo-Fc map, indicating that OXY
was not a reasonable fit. Designing a ligand to incorporate an Oz ligand with restraints on
the Ozligand was done and the solutions were similar with similar O-0 bond distances.
However, the final solution was not determined using a model with Oz restraints because
the Fe complex was synthesized, placed into Sav, phenylpyruvate was added, and then
dioxygen was added; it was not a pre-synthesized complex that would have provided
knowledge of where the 02 ligand was coordinating or the bond distances. In this way, PEO
was added after fitting the Fe complex to ensure the most accurate fit of the Oz ligand that
would match how the experiment was conducted. Lastly, using PEO and not a restraints
file, allowed for the refinement to indicate what the O-0 bond distance was, rather than a
bias being placed by designing a restraints file.

Structural refinement of 3-02-1. For the 14122 symmetry solution, the Fe complex was

modelled with 100% occupancy in the dpa bound confirmation. The glutamate residue was
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modelled with 80% coordinated to the Fe center and 20% not coordinated to the Fe center.
The Fe atom and Oz unit were modelled with 100% occupancy. The anomalous map was
too weak to show a signal at the Fe center; however, the Fe omit map showed density until
18 o, which is indicative of a heavy scattering atom.

Structural refinement of 3-02-2. For the 14122 symmetry solution, the Fe complex was
modelled with 100% occupancy in the dpa bound confirmation. The glutamate residue was
modelled with 100% occupancy bound to the Fe center. The Fe atom and O2 unit were
modelled with 100% occupancy. This structure was added to show that this asymmetric
binding is observed without a substrate present; however, the 2Fo-Fc density around the O2
unit at 1 o connects to the O4 density. It is possible that the O2 unit is disordered and that
causes the diffuse density. Further work is necessary to determine that this structure is
reproducible.

Structural refinement of 3-PGA. For the solution of 3-PGA, the Fe complex and the
glutamate residue were modelled with 100% occupancy. In the higher symmetry solution,
the PGA molecule was modelled with 50% occupancy because it is located at the center of
symmetry for the Sav dimer. The density for PGA shows some disorder in the a-keto
carboxylate group - modelling in two locations. Important to note is the high B-factor for
PGA in both the high and low symmetry solutions. In the high symmetry solution, the high
B-factor is most likely because: 1) PGA sits at the center of symmetry for the Sav dimer, 2)
there is some disorder associated with the carboxylate group of PGA, and 3) PGA is docked
in between the two Fe complexes by n-stacking interactions but it is also solvent exposed
to the surface of the protein and the surface of the protein always exhibits higher B-factors

because of disorder. In the higher symmetry solution, there was a small amount of extra
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unmodelled density in the Fo-Fc between the two cis water molecules bound to the Fe
center. This extra unmodelled density was not seen in the lower symmetry solution,
possibly because the it was significantly lower resolution. In other structures solved with
PGA or phenylpyruvate, that extra density is often fit to an O2 molecule. In this case, O2 was
not fit because the extra unmodelled density was not seen in the lower symmetry solution,
but it is worth noting the extra density is present in the higher symmetry solution (Figure
B.10, Tables B.6, B.7, and B.8).

Structure Refinement of 3-PGA-02z. The 14122 symmetry solution showed disorder in both
the dpa ligand and the glutamate residue (80% bound to Fe, 20% not bound to Fe). The
unbound and bound conformation of the dpa ligand was modelled with 30% (3-PGA-O2-
2) and 70% (3-PGA-02-1), respectively. The Fe occupancy was modelled at 80%, which
could be due to the disorder associated with the full Fe complex. Additionally, the Oz unit
was modelled with 90% occupancy, which could be because of 1) the disorder in the Fe
complex or 2) this structure represents an intermediate Oz species for this ArM. It is likely
that PGA is present because at low o values (less than 1 o), the density is similar to the
density for PGA in the structure 3-PGA. However, upon refinement, there was not enough

density to assign the PGA molecule.
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Figure B.9 Molecular structures of 3-02 and 3-PGA-02. The position of the
cofactor indicated by the 2F,-Fc electron density map (grey, contoured at 1 o),
the omit map of Oz (green, contoured at 3 o) and the anomalous map (red,
contoured at 3 ). The number schemes in 3-02 and 3-PGA-0: are the same as
those in Figure B.4 and B.8. H-bonds are shown as black dashed lines.



Dimer A

Dimer B

Figure B. 10 Close up views of the Fe sites in the molecular structure of 3-PGA solved in C121 symmetry.
Dimer A and B of the tetrameric Sav are shown for clarity. The protein is displayed in cartoon representation
and the Fe complex as well as residues 112 as sticks. The position of the ligand molecules is indicated by the
2F,-Fc electron density (blue, contoured at 1 o). Fe is colored in orange, N atoms are in blue, and O
atoms/water molecules are in red. The number schemes in 3-PGA are the same as those in Figure B.6.
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Table B.1 Selected bond lengths and (&) and angles (°) for 3-02, 3-PGA, 3-PGA-0x-.

Bond lengths 3-0:-1 3-0-2 3-PGA 3-PGA- 3-PGA-
and angles 0:-1 0:-2
Fe-01 2.41 2.38 2.19 2.14 2.14
Fe-03 2.27 2.09 2.15 2.17 2.17
Fe-04 2.46 2.38 2.24 2.17 2.17
Fe-05 2.32 2.33 - 2.31 2.31
Fe-N1 2.32 2.15 2.31 2.23 2.13
Fe-N2 2.31 2.49 2.28 2.30 2.29
Fe-N3 2.32 2.51 2.25 2.18 -
N1-Fe-03 160 154 158 165 161
N1-Fe-N2 72 79 69 71 72
N2-Fe-04 - - 165 160 159
03-Fe-04 - - 98 91 91
O1-Fe-N1 97 99 96 95 101
01-Fe-N2 84 86 84 80 80
01-Fe-N3 170 167 164 168 -
01-Fe-03 92 98 52 93 93
01-Fe-04 - - 86 81 81
N1-Fe-04 - - 103 103 103
N2-Fe-03 92 122 - 98 97
01-Fe-05 94 95 - - -
03-Fe-05 100 58 - - -
N2-Fe-05 169 179 - - -
N1-Fe-05 98 100 - - -
N3-Fe-05 77 76 - - -
N1-Fe-N3 80 73 77 76 -
N2-Fe-N3 104 103 107 103 -
N3-Fe-03 94 86 98 97 -
N3-Fe-04 - - 81 94 -
02-03 1.45 1.45 - - -
Fe-03-04 79 83 - - -
Fe-04-05 - - - 78 78
03-04 - - - 1.37 1.37
Average - - 4.78 - -
centroidpy---centroidpn

03---:02 3.12 - 2.74 - -
04---03 - 2.93 - - -
05---Wat2 2.66 - - - -
Wat2---N49 3.02 - - - -
05---Watl - 2.69 - - -
Wat1---N49 - 3.03 - - -
04---Wat3 - - 2.62 - -
Wat3---N49 - - 3.30 - -
04---Wat110 - - - 2.28 2.28
Wat110---N49 - - - 3.02 3.02
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Table B.2 X-ray Crystallography Data Processing and Refinement Statistics for 14122

symmetry solutions of 3-02-1 and 3-02-1.

Identification
Sav Mutant K121A-S112E
Fe complex [Fell(biot-et-dpa(OHz)-
(k1-Oky )]+ 02
(3-0:-1)
PDB Code Unpublished
Fe complex PDB 3- QGI

letter code

K121A'5112E
[Fell(biot-et-dpa(OHz):
(1!-Oky45)]" + Oz
(3-02-2)
Unpublished
QaGl

Data Processing

a,b,c=57.64A,57.6 A, 183.5

Unit Cell a,b,c=5754,5754,183.3
A A
a, B, y=90° a, B, y=90°
Space Group 14,22 14,22
Resolution (A) 45.81-1.70 45.87 - 1.60
Highest resolution 1.73-1.70 1.63—- 1.60
shell (A)
Rumerge (%) 26 (140) 20 (171)
No. of unique 17501 (913) 20987 (999)
reflections
Multiplicity 12.8 (13.9) 13.0 (14.1)
1/Sig(1) 7.6 (2.6) 9.1 (2.2)
Completeness 100.0 (100.0) 100.0 (100.0)
CC(1/2) 0.986 (0.914) 0.994 (0.793)
Beamline ALS 5.0.2 ALS 5.0.2
Structure Refinement
Rwork 0.26 0.29
Rfree 0.29 0.27
Rmsd bond length 0.013 0.013
(4)
Rmsd bond angle (°) 2.299 2.340
Rmsd compared to 0.68 0.67
biotin-Sav WT (PDB
1STP) (A)
No. ligands
Fe complex 1 1
Water 43 52
PGA - -
02 1 1
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Table B.3 Summary of structural details for 3-02-1 and 3-02-1.

PDB Code Unpublished Unpublished
Complex 3-0:-1 3-0,-2
Electron density at Fe 18 17

in F,—F; omit map (o)
Anomalous dispersion
density at Fe (o)
Geometry of Fe
complex

Coordination number
of
Fe complex
Occupancy of Fe
complex (%)
B-factor (A2)
Overall protein
S112E
K121A
Fe complex
DPA
Fe
PGA
0.
Distance Fe-Fe (A)

Distorted octahedral

7-coordinate

100

19
80/20: 22/14
17
23
22
36
42
10

Distorted octahedral

7-coordinate

100

19
22
16
24
24
32

35
10
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Table B.4 X-ray Crystallography Data Processing and Refinement Statistics for 14122

symmetry solutions of 3-PGA and 3-PGA-0:.

Identification
Sav Mutant Ki21A-S112E Ki21A-S112E
Fe complex [Fel(biot-et- [Fel(biot-et-
dpa(OHz)2(k!-Og,,)]* + dpa(OHz)2(k!-Oky;,)]* +
PGA PGA + O,
(3-PGA) (3-PGA-03)
PDB Code Unpublished Unpublished
Fe complex QGI QGI
PDB 3-letter
code
Data Processing
Unit Cell a,b,c=5754,575A4, a,b,c=57.84,5784,
182.9 A 184.1 A
a, B, y=90° a, B, y=90°
Space Group 14,22 14,22
Resolution (A) 45.72-1.70 46.03 - 1.44
Highest 1.73-1.70 1.47- 1.44
resolutioon shell
(A)
Rumerge (%) 16 (242) 9.4 (149)

No. of unique

17441 (890)

28847 (1430)

reflections
Multiplicity 25.2 (24.7) 25.1 (25.7)
1/Sig(1) 15.9 (2.0) 27.6 (2.7)
Completeness 100.0 (100) 100.0 (100.0)
CC(1/2) 0.999 (0.810) 1.000 (0.844)
Beamline ALS 5.0.2 ALS 5.0.2
Structural Refinement
Rwork 0.21 0.17
Reree 0.24 0.19
Rmsd bond 0.012 0.017
length (A)
Rmsd bond 2.214 2.541
angle (°)
Rmsd 0.85 0.68
compared to
biotin-Sav WT
(PDB 1STP) (A)
No. ligands
Fe complex 1 1
Water 51 103
PGA 1 Disordered
0, - 1
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Table B.5 Summary of structural details for 3-PGA and 3-PGA-02.

PDB Code Unpublished Unpublished
Complex 3-PGA 3-PGA-0;
Electron density at Fe 10 45
in F,-F. omit map (o)
Anomalous dispersion 13 23

density at Fe (o)
Geometry of Fe
complex

Coordination number
of
Fe complex
Occupancy of Fe
complex (%)
B-factor (A2)
Overall protein
S112E
K121A
Fe complex
DPA
Fe
PGA
0
Distance Fe-Fe (A)

Distorted octahedral

100

27
24
23
27
27
30
51

10

Distorted octahedral

80

16
80/20: 15/9
12
16
16
18
29
10
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Table B.6 X-ray Crystallography Data Processing and Refinement Statistics for C121

symmetry solution of 3-PGA.

Identification

Sav Mutant
Fe complex

PDB Code
Fe complex
PDB 3-letter code

K121A-S112E
[Fell(biot-et-dpa(OH2)2(x!-0g,,,)]* + PGA
(3-PGA)

Unpublished
QGI

Data Processing

Unit Cell a,b,c=191.6 A, 57.4 A, 57.4 A
a, B, y=90°107.4° 90°
Space Group C121
Resolution (A) 41.80-1.99
Highest resolution 2.04-1.99
shell (A)
Rumerge (%) 12 (66)
No. of unique 41038 (3078)
reflections
Multiplicity 3.6 (3.8)
1/Sig(I) 7.5 (2.2)
Completeness 99.8 (100.0)
CC(1/2) 0.993 (0.736)
Beamline ALS 5.0.2
Structure Refinement
Rwork 0.21
Rfree 0.24
Rmsd bond length 0.010
(A)
Rmsd bond angle 2.098
(°)
Rmsd compared to 0.70
biotin-Sav WT (PDB
1STP) (A)
No. ligands
Fe complex 4
Water 183
PGA 2
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Table B.7 Summary of structural details for 3-PGA.

PDB Code Unpublished
Complex 3-PGA
Electron density at Fe 8

in F,-F. omit map (o)
Geometry of Fe
complex
Coordination number
of
Fe complex
Occupancy of Fe
complex (%)
B-factor (A2)
Overall protein
S112E
K121A
Fe complex
DPA
Fe
PGA
Distance Fe-Fe (A)

Distorted octahedral

6

100

28
27
24
28
27
32
58
10

*B-factors were averaged from the Sav tetramer
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Table B.8 3-PGA bond lengths and distances from C121 symmetry solution.

Bond Monomer Monome Monome Monomer
lengths (A) A rB rC D
Fe-01 2.15 2.11 2.07 2.17
Fe-03 2.12 2.10 2.10 2.16
Fe-04 2.13 2.14 2.20 2.18
Fe-N1 2.32 2.35 2.31 2.33
Fe-N2 2.34 2.34 2.29 2.26
Fe-N3 2.21 2.16 2.21 2.17
03:--:02 2.59 2.63 2.74 2.83
04---Wat3 2.62 - - -
Wat3-:-N49 3.43 - - -
04---Wat6 - 2.51 - -
Wat6-:-N49 - 3.55 - -
04---Wat9 - - - 2.67
Wat9-:-N49 - - - 3.38
04---Watl12 - - 2.74 -
Wat12:--N49 - - 3.20 -
Dimer A Dimer B
Average 4.80 4.84
centroidpy---
centroidpn
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APPENDIX C

An Anteater and a Jawhawk walk into a lab...

Introduction

As described in Chapter 1, mononuclear Fe enzymes are responsible for several
important reactions involving dioxygen activation. There are also many examples of Mn-
dependent metalloproteins that are important for dioxygen activation, such as scavenging
reactive oxygen species (ROS) in Mn superoxide dismutase (Mn-SOD: Figure C.1A) and
water splitting in the oxygen evolving complex (OEC: Figure C.1B) of Photosystem [1.251.335-
339 Mn enzymes often feature histidine and carboxylate residues and utilize a common set
of Mn-oxygen reactive intermediates to catalyze several chemical transformations.
Proposed reactive intermediates include Mn-superoxido, peroxido, hydroperoxido, or
oxido species. Several bioinorganic chemists have designed synthetic systems and artificial

metalloproteins (ArMs) to elucidate the important coordination sphere effects that

Figure C.1 Active sites of Mn-SOD (A: PDB 5A9G) and the OEC of Photosystem II (B: 3WU2). H-
bonding interaction shown in dashed black lines. OEC Pymol image is from the dissertation of Dr.
Victoria F. Oswald.
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Figure C.2 ChemDraw representations of the Mn!"'-peroxo species from Jackson (A) and the Mn-salen
complex immobilized in apo-myoglobin from Lu (B).

contribute to the overall function of Mn metalloproteins.49.73.7576340-373 For example,
Jackson and coworkers have successfully developed synthetic systems that have trapped
several reactive oxygen intermediates, including a Mn!'-peroxido and a Mn!V-oxo species,
and explored their C-H bond activation and oxygen atom transfer ability. Utilizing the L7BQ
(1,4-di(quinoline-8-yl)-1,4-diazepane) ligand, Denler successfully formed and
characterized a Mnll-peroxido species that was able to perform aldehyde deformylation
with cyclohexanecarboxyaldehyde and 2-phenylpropionaldehyde (with acid impurities)
(Figure C.2A).371 In addition to synthetic systems, Lu and coworkers have designed an
artificial metalloprotein by incorporating an achiral Mn-salen complex into apo sperm
whale myoglobin via a dual anchoring approach (Figure C.2B). Immobilizing the Mn-salen
complex into myoglobin significantly enhanced the rate and enantiomeric excess of the Mn-
salen complex towards the catalytic sulfoxidation of thioanisole.370

This appendix was work done in collaboration with Dr. Melissa Denler from the
Jackson lab at the University of Kansas. The details of the design and characterization of
two new Mn artificial metalloproteins (ArMs) with carboxylate coordination using electron
paramagnetic resonance (EPR) spectroscopy and X-ray diffraction (XRD) are discussed.
Results and Discussion

238



Design concepts. To design Mn ArMs, the ligands described in Chapter 2 and Chapter
4 (biot-et-dpa, biot-pr-dpa) were utilized. With the success of coordinating an endogenous
glutamate residue to an Fe center within Streptavidin (Sav) (details in Chapter 2), two Mn
ArMs were designed to support the coordination of a glutamate residue to the Mn center.

Synthesis and Characterization of Biotinylated Mn!' compounds. The ligands biot-et-
dpa and biot-pr-dpa were prepared as described in Chapter 2 and 4. The Mn!' complexes
were prepared by treatment of biot-n-dpa (n=et, pr) with Mn!'Brz in acetonitrile, which
immediately precipitated as a white solid. The Mn! compounds were stored under an inert
atmosphere. The Mn!' compounds were analyzed by ESI-MS giving molecular ion peaks
corresponding to [Mnl!l(biot-n-dpa)Br]*. The perpendicular (L-mode) mode EPR spectra
showed signals centered around g = 5 and 2, which are consistent with a low spin $=1/2
mononuclear Mn! species (Figure C.3). Additionally, there is well-resolved 6-line hyperfine

splitting associated with g = 2 signal, which is consistent with a Mn center having a nuclear

A B

5.3 2.0
/ 5.3 2.0
I N T T T T T I T T T O I N I I
500 1500 2500 3500 4500 500 1500 2500 3500 4500
B (G) B (G)

Figure C.3 EPR spectra of [Mn!(biot-et-dpa)Brz] (A) and [Mn!!(biot-pr-dpa)Brz] (B) recorded
in 50 mM Mes buffer pH 6 at 77 K.
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Figure C.4 Cylic voltammagrams of [Mn!(biot-et-dpa)Brz] (A) [Mn!(biot-pr-dpa)Brz] (B) recorded in
DMF: Mnl/ couple. Measurements were done at room temperature with a scan rate of 100 mV/s.

spin of I =5/2 (Figure C.3). Comparable studies were done in DMF/THF (Figure C.11). The
hyperfine splitting in both the buffer and DMF/THF studies possibly indicates either
multiple conformations of species or more than one species present in solution. There were
no visible absorbance bands in the UV-vis spectra for the Mn!' complexes, which is common
for spin forbidden Mn! compounds. Electrochemical data revealed an irreversible one
electron redox couple at 0.425 V vs [FeCp2]*/? for [Mn!/(biot-et-dpa)Br2] and 0.332 V vs
[FeCp2]*/° for [Mn!!(biot-pr-dpa)Brz] (Figure C.4: isolated). The one electron event is
thought to be the Mn!"/'redox couple and is possibly irreversible because the Mn!!
complexes undergo a conformational change at the Mn!"! oxidation state. There was an
unassignable redox event that was also observed. It is possible that the redox event could
be attributed to the buffer, or an oxidation of the ligand (Figure C.10: full). Titration
experiments were done with 2-(4'-hydroxyazo-benzene)benzoic acid (HABA) to determine

the binding stoichiometry of the [Mn!!(biot-n-dpa)Brz] complexes to Sav. The HABA studies
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Figure C.5 HABA Titrations of C1 (black) and C2
(grey).

indicated a 4:1 biotinylated Mn! complex to protein host ratio, confirming complete
occupancy within Sav (Figure C.5).

Spectroscopic Characterization of Mn!l-n-dpa c2xMS112E (n=2, 3). The ArMs
containing the [Mn!'(biot-et-dpa)Brz] (C1) and [Mn!!/(biot-pr-dpa)Brz] (C2) were prepared

by incubating a water solution of the complexes with 2xM-S112E-Sav at pH 6 in MES buffer

A B

5.1 2.0 5.1 2.0
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B (G) B (G)
Figure C.6 EPR spectra of C1 (A) and C2 (B) recorded in 50 mM Mes buffer pH 6 at 77 K.
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(50 mM). The EPR spectra for both C1 and C2 still revealed a signal centered at g = 5 and 2,
with similar hyperfine splitting as seen in the Mn complexes outside the protein host
(Figure C.6). The hyperfine splitting indicated the possibility of different conformations of
the complex within Sav. Further work determining the species present in solution is
necessary.

Structural Characterization of C1. Single crystals of C1 were prepared by soaking
crystals of apo-2xM-S112E-Sav with [Mn!(biot-et-dpa)Brz]. Its structure was solved to a
resolution of 1.49 A to reveal a mononuclear Mn immobilized within each subunit of Sav.
The structure of C1 was similar to the structure of 1a (detailed in Chapter 2), with the
pyridine off conformation modelled to 100% occupancy (Figure C.7A and C.7B). Instead of
a mixture of unbound and bound pyridine group to the Fe center, in C1, the pyridine is
completely unbound to the Mn center. While the dpa ligand and water molecules adopts a
similar conformation to 1a, the carboxylate amino acid residue is rotated ~90° away from
the Mn center and modelled to 70% occpuancy (Figure C.7C). There are two conformations
of the gluatamate residue and the second conformation overlays with the second
gluatamate conformation from 1a, but is modelled with 30% occpuancy (Figure C.7C). As
modelled, the carboxylate residue is near the Mn center with a Mn-01 bond distance of
2.65 A, which is typically considered too long to be a bond. However, upon reviewing the
other bond distances to the Mn center, the Mn-N2, Mn-03, and Mn-02 bond distances are

2.50, 2.34, and 2.48 A, respectively, which are also longer than the comparable 1a
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structure. At this time, the density has been modelled to reflect a possible coordination of
the glutamate residue, but more work is necessary to ensure that this is the correct
orientation of the Mn complex and the glutamate residue. In addition to the primary

coordination sphere similarities, there are several noncovalent interactions that are similar

Figure C.7 Molecular structure of C1 (A). The position of the complex is indicated by the 2F,-F. electron
density map (grey, contoured at 1 6) and anomalous map (red, contoured at 4 ) (B). Overlay of the molecular
structures of C1 (grey) and 1a (cyan) (C). A partial space-filling representation of C1 highlighting the -
stacking interaction of the biotinylated Mn!' complex that includes one of its pyridine rings with W120' from the
neighboring subunit (D, black). Mn ions are colored in purple, N atoms are in blue, O atoms/water molecules
are in red. H-bonds are shown as black dashed lines.
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to 1a. For example, O3 is participating in the same H-bonding interaction with a nearby
water molecule (Wat1) and the residue group of N49. Also, the unbound pyridine group is
participating in the same n-stacking interaction with the residue Wi2o from the adjacent
subunit with a centroidpy-:-centroidrrp distance of 4.74 A (Figure C.7D, Tables C.1, C.2, and
C.3).

Structural Characterization of C2. Single crystals of C2 were prepared as described

above, but instead using [Mn!(biot-pr-dpa)Brz]. Analysis of the structure resolved to 1.46 A

Figure C.8 Molecular structure of C2 with closeup view of the Mn dimer (A), the two conformations of 02
binding with omit map displayed, only half of the dimer is shown for clarity (B: green, contoured at 3 o)
and the cofactor indicated by the 2F,-F: electron density map (C: grey, contoured at 1 ¢). Mn ions are
colored in purple, N atoms are in blue, O atoms/water molecules are in red. H-bonds are shown as black
dashed lines.
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resolution revealed a primary coordination sphere similar to bound confirmation of the Fell
complex, 1b (detailed in Chapter 2). Using the longer linker length of propyl, an unexpected
piece of density was found between the two immobilized Mn complexes within the Sav
dimer. This density was modelled to an acetato ligand that was bridging the two Mn
centers with Mn-07/07’ bond distances of 2.24 and 2.05 A (Figure C.8A). EPR studies
conflict with the molecular structure because an EPR signal is observed for C2 that
indicates the species is a mononuclear Mn!' complex. However, the conditions for
crystallography and solution studies are different and the presence of acetate in the
crystallization buffer is likely the source of the difference between the crystallographic and
solution studies. In addition to forming a dinuclear Mn complex within Sav, there was also
elongated and disordered density in place of the cis water ligands that were present in 1b.

This density was modelled to an Oz unit that is disordered over two locations (Figure C.8B

A

Figure C.9 Molecular structure of C2 with closeup view of the two conformations of Oz binding (A: end
on; B: side on), only half of the dimer is shown for clarity. Mn ions are colored in purple, N atoms are in
blue, O atoms/water molecules are in red.
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and C.8C). In one coordination site, the 02 unit is modelled to 50% occupancy and is
coordinated in an asymmetric side-on fashion to the Mn center with Mn-05 and Mn-06
bond distance of 2.24 A and 2.40 A and a Mn-05-06 bond angle of 78° (Figure C.9B). In this
location, the distal oxygen, 06, is participating in a H-bonding network with 06 H-bonded
to Wat1, Watl H-bonded to Wat2, and Wat2 H-bonded to the residue group of Na49. In the
second coordination site, the Oz unit is again modelled to 50% occupancy and is
coordinated in an end-on fashion with a Mn-03 bond distance of 2.10 A with a Mn-05-06
bond angle of 97° (Figure C.9A). It is possible that this Oz unit is participating in H-bonding
interactions because both the proximal and distal oxygen, 03 and 04 respectively, are
within H-bonding distance to the carboxylate group of the glutamate residue. The
glutamate residue is modelled with two conformations at 70% and 30% occupancy. 03 and
04 are within H-bonding distance of either conformation of the glutamate carboxylate
group, with distances ranging from 2.54-3.32 A (Figure C.9A). More studies would need to
be done to determine if the Oz unit is a hydroperoxido ligand that could participate in H-
bonding interactions with the carboxylate group.
Summary and Conclusions

In this Appendix, two new Mn ArMs (C1 and C2) were designed and characterized
via EPR spectroscopy and XRD. The work between C1 and C2 highlight the synthetic
advantage of biot-Sav technology because the two Mn complexes [Mn!!(biot-et-dpa)Brz]
and [Mn!'(biot-pr-dpa)Brz] only differ by one carbon atom in the linker between the biotin
moiety and the dpa chelator. This subtle change led to major changes in the molecular
structures of C1 and C2, specifically, that with the ethyl linker length, a mononuclear Mn

complex was constructed, whereas, with the propyl linker length, a dinuclear Mn complex
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was constructed. While the role of the carboxylate group from the glutamate residue is
unclear based on the structural data so far, it is possible that in C1, it is coordinated to the
Mn center and in CZ2, it is H-bonding to an Oz unit bonded to the Mn center, providing a
stabilization effect for the reactive species. Initial studies with H202 were attempted but
more work will need to be conducted to determine the reactivity of C1 and C2.
Additionally, more extensive EPR studies with and without acetate present need to be
conducted to determine if a dinuclear Mn center can be formed in Sav in solution. More
structural data is needed to determine if the glutamate is coordinated to the Mn center in
C1 and if Oz can be reproducibly bound to the Mn centers in C2. Lastly, if Oz is coordinated
to the Mn center, resonance Raman would be necessary determine the identity of the O2
ligand.

Experimental Details.

General Methods. All commercially available reagents were obtained of the highest purity and
used as received. Acetonitrile (CH3CN) and diethyl ether were degassed with argon and dried
by vacuum filtration through activated alumina according to the procedure by Grubbs.183
Triethylamine was distilled from KOH. Thin-layer chromatography (TLC) was performed on
Merck 60 F254 aluminum-backed silica plates or Merck 60 F254 glass-backed basic
aluminum oxide plates. Eluted plates were visualized using UV light. Silica or basic alumina
gel chromatography was performed with the indicated solvent system using Fisher reagent
silica gel 60 (230-400 mesh) or Sigma reagent Brockmann 1 basic aluminum oxide 58 (150
mesh). Biotin pentafluorophenol ester (biot-PFP)184 and di-(2-picolyl)aminel8> were
prepared according to literature procedures.

Physical Methods
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Instrumentation. Mass spectra were measured on a MicroMass AutoSpec E, a MicroMass
Analytical 7070E, or a MicroMass LCT Electrospray instrument. Electronic absorbance
spectra were recorded with a Cary 50 or 8453 Agilent UV-vis spectrophotometer. X-band
(9.64 GHz) EPR spectra were recorded on a Bruker spectrometer equipped with Oxford
liquid helium cryostats. The quantification of all signals was relative to a CUEDTA spin
standard. The concentration of the standard was derived from an atomic absorption
standard (Aldrich). For all instruments, the microwave frequency was calibrated with a
frequency counter and the magnetic field with an NMR gaussmeter. A modulation
frequency of 100 kHz was used for all EPR spectra. The EPR simulation software
(SpinCount) was written by our collaborating author Michael P. Hendrich.18¢ Cyclic
voltammetry experiments were conducted using a CH1600C electrochemical analyzer.
Preparative methods

Biot-et-dpa was prepared as described in Chapter 2 and biot-pr-dpa was prepared as
described in Chapter 4.

Preparation of metal complexes

[Mn!(biot-et-dpa)Br:].187 [Mn!/(biot-et-dpa)Brz] was prepared by addition of biot-et-dpa
(40.2 mg, 0.08 mmol) in 10 mL CH3CN to MnBr2 (20.3 mg, 0.09 mmol). A white solid
immediately precipitated from the solution. The suspension was allowed to stir under N2
for 30 min, after which the white solid was collected via filtration, washed with
CH3CN:diethyl ether (1:1), and dried under vacuum (47.3 mg, 87%). The solid was stored
under an inert atmosphere. HR-MS (ESI, 1% DMF:MeCN) m/z calcd for C24H32MnNsO2SBr

[M - (Br-)] 602.09, found 604.0.
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[Mn!!(biot-pr-dpa)Br:].187 [Mn!/(biot-pr-dpa)Brz] was prepared by addition of biot-pr-dpa
(40.7 mg, 0.19 mmol) in 10 mL CH3CN to MnBrz (83.1 mg, 0.17 mmol). A white solid
immediately precipitated from the solution. The suspension was allowed to stir under N2
for 30 min, after which the white solid was collected via filtration, washed with
CH3CN:diethyl ether (1:1), and dried under vacuum (86.1 mg, 72%). The solid was stored
under an inert atmosphere. MS (ESI, 1% DMF:MeCN) m/z calcd for C25sH34MnNsO2SBr [M -
(Br-)] 616.10, found 618.0.

Spectroscopic methods

HABA Titrations. To 2.4 mL of 8 uM Sav in 200 mM sodium phosphate buffer at pH 7 was
added 300 pL of a 10 mM 2-(4'-hydroxyazobenzene)benzoic acid (HABA) in 200 mM
phosphate buffer pH 7. After 5 min equilibration, the absorbance at 506 nm was recorded.
A solution of 1 mM Mn complex in nanopure water was added in 4-20 pL portions until
approximately 4 equivalents had been added. The absorbance at 506 nm was recorded
until no further changes in intensity were observed.

EPR Studies. A solution of protein (750 uM) was prepared in nanopure water. Four
equivalents of Mn!! complex (3 mM) in nanopure water were added to the protein solution.
Samples were prepared in a final volume of 200 pL containing 50 mM MES buffer at the
indicated pH. The sample was frozen at 77 K in liquid nitrogen and run at 77 K. Samples
were also prepared with 10 mM Mn!' complex in a total volume of 200 pL. DMF/THF (Figure
C.9). Itis important to note it is possible that DMF disrupts the Mn!' complexes. This same
effect was seen for the Fe!ll complexes described in Chapter 4.

Electrochemical Measurements. Experiments were conducted using a CH1600C

electrochemical analyzer with 0.1 M tetrabutylammonium perchlorate (TBAP) as the
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supporting electrolyte. A glassy carbon electrode was used for the working electrode with a
AgNOs reference electrode and a platinum wire counter electrode. A
ferrocenium/ferrocene couple ([FeCpz]*/%) was used as an internal standard. A solution of
100 mM Mn!! complex was prepared in a final volume of 4 mL of electrolyte:DMF solution
(0.1 M TBAP in DMF).
Protein Preparation and Crystallography
Protein Expression and Purification
Preparation of Sav variants. The construction of E101Q-K121A-S112E-Sav and other variants
was achieved by site-directed mutagenesis (SDM) using the codon optimized Ki21A-pET24a-
Sav plasmid,1°1 the following primers and, and Q5 polymerase.

E101Q_fwd: 5'-GGTGCACAAGCACGCATTAATACCC-3'

E101Q _rev: 5'-GTGCTTGTGCACCACCAACATACTG-3'

S112E_fwd: 5'-GACCTACGGCACCACCGAAGCAAATGC-3'

S112E_rev: 5'-GTGCCGTAGGTCAGCAGCCACTGG-3'
Amplification of pET24a-Sav mutant plasmids was accomplished by the transformation of
SDM reaction mixtures into DH5a ultracompetent cells. Plasmids were isolated using a
Miniprep kit from Qiagen, eluting the final plasmid with distilled deionized-water (ddH20,
18 MQ cm™1). DNA sequencing was performed by Genewiz.
Sav Expression. Transformation of 4 pL amplified plasmids into 50 puL Rosetta cells or bl21
cells was followed by rescue with 450 puL. LB media. Of this solution, 200 pL was spread
aseptically onto LB/Kanamycin agar plates and incubated overnight at 37 °C. Inoculation of
a starter culture containing 500 mL LB media and the same antibiotic from a single colony

was followed by incubation overnight at 37 °C and shaking at 225 rpm. From this starter
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culture, 25 mL was used to inoculate each 2L flask containing 500 mL LB media, 25 mL each
of 20x sugar (12% glycerol, 1% glucose, 10% lactose) and salt (1 M NazHPO4, 1 M KH2PO4,
0.5 M (NH4)2S04) stocks, 1 mL of 1 M MgS04, 100 pL 5000x trace metal mix (containing 1 M
CaClz, 100 mM FeClz, 10 mM MnClz, 10 mM ZnSO4, 2 mM CoClz, 2 mM CuClz, 2 mM NiCly, 2
mM NazMoO4, and 2 mM H3BOs all in 60 mM HCI), and 250 pL of 100 mg/mL Kanamycin.
Incubation at 37 °C and 225 rpm was continued until cells reached ODsoo = 0.6-0.8, at which
point the temperature was dropped to 25 °C and cultures incubated another 24 h.

Sav purification. Cultures were centrifuged at 4000 x g for 20 min at 4 °C. The resulting cell
pellet was resuspended in lysis buffer (50 mL per 1 L expressed) containing 20 mM Tris
buffer pH 7.4, 1 mg/mL lysozyme, and a spatula tip of DNase I. The suspension was then
allowed to shake at 25 °C and 225 rpm for 6-8 h followed by one overnight freeze-thaw cycle.
Dialysis against 6 M guanidinium hydrochloride pH 1.5 for 24 h was followed by
neutralization via dialysis against 20 mM Tris buffer pH 7.4 for 24 h, and against nanopure
H20 for another 24 h. Dialysis overnight against iminobiotin (IB) buffer containing 500 mM
NaCl and 50 mM NaHCOs at pH 10.5 afforded the crude, biotin-free lysate. This material was
centrifuged at 10,000 x g for 1 h at 4 °C and the soluble portion loaded onto an iminobiotin-
agarose column pre-equilibrated with IB buffer. The column was washed with 6 column
volumes (CVs) of IB buffer or until the absorbance at 280 nm (Az2s0) dropped to zero. Elution
with 1% acetic acid in nanopure H20, and pooling fractions by Azso, provided highly pure
(>95%) Sav as assessed by 18% SDS-PAGE. Pooled fractions were dialyzed against 10 mM
Tris pH 7.4 for 24 h followed by dialysis in ddH20 for an additional 72 h and were then
lyophilized. Yields of lyophilized protein were typically 100 mg per L expressed, and the solid

protein was stored at 4 °C.
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Protein Crystallization

Crystallization of [Mn!!(biot-et-dpa)(OHz)2( -0k, ,) 22xM-S112E-Sav] (€1). Apo-Sav protein
was crystallized by sitting drop vapor diffusion method. Diffraction quality crystals were
grown at room temperature by mixing 3.5 pL of protein solution (26 mg/mL lyophilized
protein in water) and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium
acetate, pH 4). The droplet was equilibrated against a reservoir solution of 100 pL
crystallization buffer. Single crystals of Sav were prepared by soaking apo-crystals in a
soaking buffer (2.6 ammonium sulfate, 0.1 M sodium acetate, pH 6) with a 10 mM stock
solution of [Mn!!(biot-et-dpa)Brz] in nanopure water (9 pL crystallization buffer, 1 pL
[Mn!l(biot-et-dpa)Brz]) for 3 h. After the soaking, crystals were transferred to cryo-
protectant for 1 min (30% glycerol in soaking buffer) and shock-frozen in liquid nitrogen. It
was difficult to obtain this molecular structure; the one reported here was the only
successful crystal after many attempts.

Crystallization of [Mn!!(biot-pr-dpa)(02)(0Ac) c2xM-S112E-Sav] (€2). Apo-Sav protein was
crystallized by sitting drop vapor diffusion method. Diffraction quality crystals were grown
at room temperature by mixing 3.5 pL of protein solution (26 mg/mL lyophilized protein in
water) and 1.5 pL of crystallization buffer (2.0 ammonium sulfate, 0.1 M sodium acetate, pH
4). The droplet was equilibrated against a reservoir solution of 100 pL crystallization
buffer. Single crystals of Sav were prepared by soaking apo-crystals in a soaking buffer (2.6
ammonium sulfate, 0.1 M sodium acetate, pH 6) with a 10 mM stock solution of [Mn!!(biot-
pr-dpa)Brz] in nanopure water (9 pL crystallization buffer, 1 pL [Mn!l(biot-pr-dpa)Brz])
overnight. After the soaking, crystals were transferred to cryo-protectant for 1 min (30%

glycerol in soaking buffer) and shock-frozen in liquid nitrogen. It is important to note that
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this was all performed in air and not in an inert atmosphere. It is necessary to perform
these same experiments by purposefully the soaking the Mn!! crystals in an Oz2-saturated
buffer and obtain the molecular structure.

X-ray diffraction data collection processing. X-ray diffraction data were collected at the the
Advanced Light Source (BL 8.2.1 and 8.2.2) at a wavelength of 1 A. X-ray diffraction data
was processed with XDS192 or iMosflm193 and scaled with AIMLESS (CCP4 Suite).193 The
structures were solved by molecular replacement using program PHASER (CCP4 Suite)193
and the structure 2QCB from the PDB as input model ligand with water molecules removed.
For structure refinement REFMAC5 (CCP4 Suite)1%¢ and PHENIX.REFINE1?> were used.
Ligand manipulation was carried out with program REEL using the small molecule crystal
structure RAGQEVO01 from the Cambridge Structural Database as an input model.248 For
water picking, electron density, and structure visualization, the software COOT1%7 was
used. Figures were drawn with PyMOL (the PyMOL Molecular Graphics System, Version
1.8.2.3, Schrodinger, LLC). Crystallographic details, processing and refinement statistics are
given in Supplementary Table C.2-C.5.

Structural Results.

Crystal Color. All crystals of Sav soaked with [Mn!!(biot-n-dpa)Brz] were colorless.
Structural Refinement. Apo-crystals of proteins 2xM-Sav soaked with [Mn!/(biot-n-dpa)Brz]
constituted space group 14122 with unit cell parameters reported in Tables C.2 and C.3. A
single Sav monomer was obtained per asymmetric unit after molecular replacement.
Protein residues 2-10 and 135-159 of the N- and C-terminus, respectively, were not
resolved in the electron density, presumably due to disorder. Starting from the Sav

monomer, the biological homotetramer is generated by application of crystallographic Cz-
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symmetry axes along the x-, y- and z-axes of the unit cell. The overall protein structures are
virtually identical to structure biotin € WT-Sav (PDB 1STP, see Tables C.2 and C.4).
Because C2 had a bridging acetato ligand located at the crystallographic Cz-
symmetry axis, C2 was also solved in reduced C121 symmetry to ensure that the acetate
density was not an artifact of symmetry. The unit cell parameters are reported in Table C.4
and C.5. A single Sav tetramer was obtained per asymmetric unit after molecular
replacement.
General Complex Modeling. For all structures of apo-protein crystals soaked with the
corresponding Mn-complexes the following general observations were made: i) residual
electron density in the Fo-Fc map was observed in the biotin binding pocket, ii) in the biotin
vestibule which is flanked by protein residues of loop-3,44 (the superscript number
indicates Sav monomer within tetramer) loop-4,5¢, loop-5,641oop-7,84 and loop-7,88, and
iii) an anomalous dispersion density map indicated a significant peak in the biotin vestibule
superimposed with the electron density peak. The residual electron density was fit with the
corresponding Mn-complexes, which projected Mn to the position of the strong anomalous
density peak.
Structural refinement of C1. In 14122 symmetry, the refinement statistics show that the
detector could have been moved closer to the crystal in order to get a higher resolution
structure. The high 1/Sig(I) and CC1,2 are indicators that the resolution is lower than the
structure could have been. This also may have an effect on the bond distances that are seen
in the structure. Most of the primary coordination sphere bond distances to the Mn center
are much longer than normally seen in Sav structures with the dpa ligand. This can also be

because there is disorder in the ligand, making it more challenging to fit the complex. With
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this structure because of the significantly longer bond lengths, it is modelled with the
glutamate amino acid residue coordinating to the Mn center but this must be reproduced to
ensure this is the correct modelling.

Structural refinement of C2. In the 14122 symmetry solution, the Fo-Fc density showed
disordered density spread over both of the open coordination sites to the Mn center.
Because of the diffuse nature of the density, O2 was fit to both locations with 50%
occupancy. Acetate was modelled to 50% because it is at the center of C2 symmetry. The
acetate density seemed to also indicate that the acetate ligand was disordered. The larger
B-factor is likely because of this disorder and because it is at the surface of the protein and
solvent exposed.

In the C121 symmetry solution, there was still density in the Fo-Fc map to be able to
model the acetato ligand in the same location as was seen in the 14122 symmetry solution,
indicating that the acetate is not an artifact of symmetry (Figure C.12, Tables C.4, C.5, and
C.6). 02 was modelled in the same manner as in the 14122 symmetry solution. The 05-06
02 ligand has strong density at 1o0; however, the 03-04 02 ligand had weak density that
could be seen at 1 o, but was more observable at 0.8 o. It is possible because of the disorder
associated with the 02 ligand that at lower symmetry, it is not a significant enough
resolution to be able to see both Oz confirmations. The disorder of the Oz ligand can be
responsible for the higher B-factors observed. Additionally, the disorder of the complex can
explain the decreased occupancy for the Mn center. Lastly, the glutamate was modelled
with two confirmations at 50% each, which is different than the 70/30 ratio seen in the
14122 symmetry solution. At lower symmetry, the disorder of the glutamate side chain

made determining the dominant confirmation difficult and thus, was left at 50%.
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Additionally, it is possible that in both the high and low symmetry solutions, there
could be a water ligand disordered at 50% occupancy; meaning that when the Oz ligand is
in one coordination site, the other could be occupied by water and vice versa. This was
modelled but ultimately not left in the final solution because it was difficult to make a
reasonable assignment with the density. Poulder maps supported that Oz was reasonable

fit for the density and the B-factors for the Oz unit lowered without water molecules fit.
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Figure C.10 EPR spectra of [Mn!!(biot-et-dpa)Brz] (A) [Mn!/(biot-pr-dpa)Brz] (B)
recorded in DMF/THF at 77 K.
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Figure C.11 Cyclic voltammagrams of [Mn!!(biot-et-dpa)Brz] (A) [Mn!!(biot-pr-dpa)Brz] (B)
recorded in DMF. Measurements were collected at RT with a scan rate of 100 mV/s.
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Dimer A

Figure C.12 Close up views of the Mn sites in the molecular structure of C2 solved in C121
symmetry. Dimer A and B of the tetrameric Sav are shown for clarity. The protein is
displayed in cartoon representation and the Mn complex as well as residues 112 as sticks.
The position of the ligand molecules is indicated by the 2F.-F. electron density (grey,
contoured at 1 ¢). Mn is colored in purple, N-atoms are in blue, and O atoms/water
molecules are in red. The number scheme for Dimer A and Dimer B is the same as in
Figure C.9. H-bonds are shown in black dashed lines.
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Table C.1 Selected bond lengths and (A) and angles (°) for C1 and C2.

Bond lengths C1 Cc2
and angles

Mn-01 2.65 -
Mn-03 2.48 2.10
Mn-04 2.34 2.62
Mn-05 - 2.24
Mn-06 - 2.40
Mn-07/07’ - 2.24/2.05
Mn-N1 1.79 2.28
Mn-N2 2.58 2.34
Mn-N3 - 2.56
03-04 - 1.47
05-06 - 1.42
N1-Mn-03 158 95
N1-Mn-N2 72 74
N2-Mn-04 163 -
03-Mn-04 88 -
01L-Mn-N1 129 -
01-Mn-N2 90 -
01-Mn-03 69 -
01-Mn-04 107 -
N1-Mn-04 95 -
N3-Mn-04 - -
N3-Mn-03 - 152
N3-Mn-N1 - 79
N3-Mn-N2 - 112
N2-Mn-03 100 92
05-Mn-N1 - 97
05-Mn-N2 - 140
05-Mn-N3 - 104
07-Mn-03 - 99
07-Mn-05 - 98
07-Mn-N1 - 164
07-Mn-N2 - 97
07-Mn-N3 - 93
Mn-03-04 - 97
Mn-05-06 - 78
N3---04 3.20 -
03---02 3.43 -
03---01/07 - 2.56/2.79
04---02/02’ - 2.60/2.51
04---Watl 2.72 -
Wat1---N49 2.96 -
centroidwize---centroid,,  4.74 -
05---Watl - 2.75
06---Watl - 2.58
Wat1---Wat2 - 2.89
Wat2---N49 - 2.80
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Table C.2 X-ray Crystallography Data Processing and Refinement Statistics for 14122
symmetry solutions of C1 and C2.

Identification
Sav Mutant 2XM-S112E 2xM-S112E
Fe complex [Mn!(biot-et-dpa) [Mn!(biot-pr-dpa)
(OHz2)2(x!-Oky,,)]* (02)(0AC)]
(c1) (C2)
PDB Code Unpublished Unpublished
Mn complex PDB
3-letter code Unpublished Unpublished
Data Processing
Unit Cell a,b,c=57.7A,57.7A,183.8 a,b,c=57.44,57.44,182.6
A A
a, B, y=90° a, B, y=90°
Space Group 14,22 14,22
Resolution (A) 55.03-1.49 54.78 - 1.46
Highest 1.51- 1.49 1.49 - 1.46
resolutiﬂon shell
(A)
Rmerge (%) 5.0 (29) 6.5 (51)
No. of unique 26138 (1230) 26954 (1283)
reflections
Multiplicity 26.5 (19.9) 9.9 (7.0)
[/Sig(D) 45.3(10.1) 18.1 (2.7)
Completeness 99.9 (98.6) 99.7 (98.6)
CC(1/2) 1.000 (0.978) 0.999 (0.886)
Beamline ALS 8.2.2 ALS 8.2.1
Structure Refinement
Rwork 0.16 0.17
Rfree 018 019
Rmsd bond 0.020 0.019
length (&)
Rmsd bond angle 3.713 2.410
)
Rmsd compared 0.66 0.66

to biotin-Sav WT
(PDB 1STP) (4)

No. ligands
Mn complex 1 1
Water 93 96
Acetate - 1
0; - 1
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Table C.3 Summary of structural details for C1 and C2.

PDB Code Unpublished Unpublished
Complex C1 Cc2
Electron density at Mn 16 32
in F,-F. omit map (o)
Anomalous dispersion 17 14

density at Mn (o)
Geometry of Mn
complex
Coordination number
of
Mn complex
Occupancy of Mn
complex (%)
B-factor (A2)
Overall protein
S112E (70/30)
K121A
E101Q
Mn complex
DPA
Mn
Acetate
0
Distance Mn---Mn (A)

Square pyramidal

5

70

15
20/9
11
42
18
17
34

10

Square pyramidal or
Distorted octahedral
5- or 6-coordinate

100

16
18/13
12
35
24
28
23
31
27
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Table C.4 X-ray Crystallography Data Processing and Refinement Statistics for C121
symmetry solution of C2.

Identification
Sav Mutant 2XM-S112E
Mn complex [Mn!!(biot-pr-dpa)(02)(0Ac)]*
(C2)
PDB Code Unpublished
Mn complex
PDB 3-letter code Unpublished
Data Processing
Unit Cell a,b,c=191.44,57.4 4,574 A
a, B, y=90°107.5°90°
Space Group C121
Resolution (A) 54.78 - 1.54
Highest resolution 1.57 -1.54
shell (A)
Rmerge (%) 5.2 (26)
No. of unique 84588 (3818)
reflections
Multiplicity 2.8(2.5)
I/Sig(I) 10.7 (2.3)
Completeness 96.1 (88.1)
CC(1/2) 0.994 (0.888)
Beamline ALS 8.2.1
Structure Refinement
Rwork 0.17
Rfree 0.19
Rmsd bond length 0.017
(4)
Rmsd bond angle (°) 2.239
Rmsd compared to 0.65
biotin-Sav WT (PDB
1STP) (A)
No. ligands
Mn complex 4
Water 379
Acetate 2
02 4
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Table C.5 Summary of structural details for C2.

PDB Code Unpublished
Complex Cc2
Electron density at Mn 32

in F,-F. omit map (o)
Anomalous dispersion -
density at Mn (o)

Geometry of Mn Square pyramidal or
complex distorted octahedral
Coordination number 5- or 6-coordinate
of
Mn complex 100
Occupancy of Mn

complex (%)
B-factor (A2%)

Overall protein 16
E101Q 45
S112E 15
K121A 12

Mn complex 23
DPA 23

Mn 28

Acetate 31

0 25
Distance Mn-Mn (A) 6

*B-factors were averaged from the Sav tetramer
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Bond lengths Monomer
(A) 1
Mn-01 -
Mn-02 -
Mn-03 2.05
Mn-04 2.51
Mn-05 2.23
Mn-06 2.43
Mn-07/07’ 2.06/2.20
Mn-N1 2.30
Mn-N2 2.30
Mn-N3 2.59
03---01/07 2.83/2.96
04---02/02’ 3.10/2.52
05---Wat3 2.86
06---Wat3 2.55
Wat3---Wat4 2.82
Wat4---N49 2.81
05---Watl -
06---Watl -
Watl.--Wat2 -
Wat2---N49 -
05---Wat7 -
06---Wat7 -
Wat7-.-Wat8 -
Wat8::-N49 -
05---Wat5 -
06---Wat5 -
Wat5---Wat6 -
Wat6---N49 -
Dimer A (1 & 2)
Mn---Mn’ 5.85

Monomer
2

2.11
2.55
2.19
2.36
2.03/2.19
2.33
2.32
2.43
2.51/3.29
2.51/2.96

2.75
2.42
3.00
2.82
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Monomer
3

2.06
2.59
2.25
2.41
2.00/2.18
2.31
2.36
2.51
2.57/2.86
2.68/2.55

Dimer B (3 & 4)

5.84

Table C.6 C2 bond lengths and distances from C121 symmetry solution.

Monomer
4

2.05
2.62
2.22
2.30
2.05/2.23
2.25
2.34
2.53
2.48/2.94
2.59/2.60
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