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ABSTRACT OF THE DISSERTATION

Hydrogen Bond Shaping of Membrane Protein Structure

Zheng Cao
Doctoral of Philosophy in Chemistry
University of California, Los Angeles, 2013

Professor James U. Bowie, Chair

The intricate functions of membrane proteins would not be possible without bends
or breaks that are remarkably common in transmembrane helices. The frequent
distortions are nevertheless surprising because backbone hydrogen bonds should be
strong in an apolar environment, potentially rigidifying helices. It is therefore mysterious
how distortions can be generated by evolutions. Through my studies on
bacteriorhodopsin and Ca®"-ATPase, 1 found that helix distortions are facilitated by
shifting hydrogen bonding partners. My results explained how evolution has been able to
liberally exploit transmembrane helix bending by for optimizing membrane protein
structure, function and dynamics.

It has recently been found that the stability of bacteriorhodopsin assessed through

unfolding did not achieve equilibrium. Here I made a new equilibrium test by measuring

i



the transition of folded bacteriorhodopsin to unfolded bacterioopsin. My result suggests
that the energetic effects of most mutations that have been studied before may be focused
on the folded state.

To further investigate how hydrogen bonds may shape transmembrane helices, |
sought a non-perturbing method to measure strengths of both backbone and side-chain
hydrogen bond strengths, because backbone hydrogen bonds cannot be probed by
mutation and mutagenesis to remove side-chains may not mimic the breaking of side-
chain hydrogen bonds. 1 therefore decided to employ the equilibrium hydrogen /
deuterium fractionation factors (¢) for hydrogen bonds. I used model compounds to study
the relationship between ¢-value and the hydrogen bond free energy. By applying this
relationship, I found that hydrogen bonding stabilizes enzyme intermediate state by up to
~ 4 kcal/mol more than the resting state and marginally favor soluble-protein unfolding.

To measure hydrogen bond strengths in a membrane protein, I focused on the
isolated voltage-sensor domain of the voltage-dependent potassium-selective channel. By
utilizing its 2D NMR spectrum, I obtained ¢-values and thus free energies for ~ 70 % of
the backbone hydrogen bonds in this membrane protein. I found that it has similar
backbone hydrogen bond strength to water-soluble proteins on average. Moreover, |
found that the flexible (dynamic) point of a transmembrane helix in this protein can be

predicted from the backbone hydrogen bond strengths in that helix.
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CHAPTER 1

INTRODUCTION

1.1. FLEXIBILITY OF TRANSMEMBRANE HELICES

A striking feature of transmembrane helices is the many obvious distortions from
ideality. Overall, about half of all transmembrane helices contain clear bends and some
contain multiple bends (1-3). The presence of so many transmembrane helix distortions
in membrane proteins was quite surprising. In theory, backbone hydrogen bonds should
be much stronger in the apolar membrane environment, which would argue that
transmembrane helices should be straight and more rigid (4). However, the straight for a
helix introduces an evolutionary problem because it limits the placement of functional
side chains (1) and would also restrict movements of helix that may be necessary for
function and / or folding (5-7). Besides, kinking of a transmembrane helix has also been
found to help recruit water into functional sites (8). There are good reasons why
evolution wants to bend transmembrane helices, but, if transmembrane helices are hard to
bend, how evolution makes them bent. Or perhaps there is another possibility, which is
transmembrane helices are actually easy to bend. In other words, they are flexible. If this
is true, then I asked why they are flexible. Previously, researchers have focused on the
effect of deleting and placing proline residues in the structure of transmembrane helices

(1, 9). The reason why proline is studied is that usually proline cannot be accommodated



in the middle of an a-helix in water-soluble proteins because the side chain removes the
backbone hydrogen bond and creates a steric clash with the residue at i-4. Thus, proline
introduces a distortion in the helix. In fact proline is found at the center of about 20 % of
all helix kinks (3, 10). In bR, three of the kinked transmembrane helices have a proline
residue around the kink center (1). Therefore, Yohannan et al. assumed that proline was
creating these kinks and thus they tested this idea by mutating each of them to alanine.
Surprisingly, these changes led to no appreciable change in the kinks according to the
crystal structures (1). This suggests that at least something else is also responsible for
distorting the helix. However, since the P—A mutant helix has the potential to change to
the straightened form, it is very possible that the P—A brings a strain that is felt by the
bent helix. In my dissertation work, I found out the strain in energetics and the
interactions that are stabilizing the bent transmembrane helix in bR. In addition, I also
investigated into the conformational changes and shifting of backbone hydrogen-bond
patterns among the transmembrane helices of the intermediate states of sarcoplasmic
Ca**-ATPase in its functional cycle. From the studies in bR and Ca*"-ATPase, I answered
the problem whether transmembrane helices are easy to bend (11) as described in Chapter

2.

1.2. THE REVERSE UNFOLDING OF BACTERIORHODOPSIN

Understanding protein folding is important in the field of protein science. So far,

a profound progress have been made in studying water-soluble protein folding. Although

membrane protein folding is also interesting and significant, a crude search for “protein



folding” and for “membrane protein folding" on PubMed yielded 38,633 papers for the
former but only 166 for the latter. This difference is due to the difficulty in techniques of
studying folding of membrane proteins.

A requirement for studying protein folding, if I want to study the thermodynamics
of this process, is to know under which condition folding/unfolding equilibrium of the
protein can be reached. For water-soluble proteins this is relatively easy to accomplish by
adding denaturants or changing temperature or pressure (12, 13), but for membrane
proteins most of those methods will result in irreversible unfolding or aggregation.
Previously, Faham et al. developed an SDS-driven unfolding method for studying
unfolding of one of the helical membrane proteins, bacteriorhodopsin (bR). In their study,
SDS was added to bR which was originally solubilized in DMPC/CHAPSO micelles to
unfold the bR from the native state, bRy, to the unfolded state in which the chromophore
retinal (RET) still bound to Lys216, bR, (14). Although Faham ef al. claimed that
unfolding bRy to bO, is reversible (14), and Booth and co-workers have shown that the
main kinetic phases are consistent with this unfolding equilibrium model (15), it has
recently turned out that this unfolding process is actually not reversible (16, 17) because
RET hydrolysis is spontaneous (18) at a rate faster than the folding in the apparent
transition zone of the unfolding curve (17). This means that there should be a mixture of
bRy, bR,, unfolded bacterio-opsin (bO,) and free RET in their samples within the apparent
transition zone of the unfolding curve and no equilibrium was reached among those
species. Therefore, there may be a big error in the unfolding free energy derived from the
previous unfolding curves. To solve this problem, I studied the equilibrium of unfolding

bR¢ to bO,, which is different from the unfolded state that was previously assumed. In my



work as described in Chapter 3 of this dissertation, I proved that unfolding under the new
condition is reversible and re-visited the energetic contributions by most of the side-

chains in Helix B of bR using this method (16).

1.3. HYDROGEN BOND STRENGTH AND EQUILIBRIUM HYDROGEN /

DEUTERIUM FRACTIONATION FACTORS

The energetic contribution of hydrogen bonds to protein structure was
controversial in the past. At the beginning, it was assumed that backbone hydrogen bonds
should be stronger in the fully buried folding core of water-soluble proteins and in
membrane proteins than those highly exposed to water. The reason is that the
environments for membrane proteins, micelles and lipid bilayers (4, 19), and for the fully
buried folding core of water-soluble proteins (20) are more hydrophobic environment
than the surface of water-soluble proteins. Another reason is that due to high exposure to
water molecule, backbone groups on surface of water-soluble proteins form alternative
hydrogen bonds with water, which further impair the strength of intra-molecular
hydrogen bonds (4). This assumption is supported by computations and experiments
using model compounds (4). However, my research in the membrane proteins bR and
Ca’>-ATPase indicates that shifting of transmembrane helices is not a big deal (11),
which suggests that backbone hydrogen bonds in membrane proteins may not be so
strong as expected before. In fact, experiments by employing mutagenesis also suggest
that there is almost no difference among the side-chain-side-chain hydrogen bond

strengths in membrane proteins, in the fully buried folding core of water-soluble proteins



and on the surface of water-soluble proteins on average (4). However, mutagenesis may
not be a reliable way to study side-chain-side-chain hydrogen bond strengths because it
may introduce factors which complicate the hydrogen bonding patters in a protein (4, 21).
Moreover, classical mutagenesis methods cannot be applicable to backbone atoms.
Although Kelly and co-workers have developed a special way to make amide-to-ester
mutations (22-24), such method cannot be widely used for all proteins. Besides, all the
mutagenesis experiments have to be coupled with reverse unfolding of the protein in
order to obtain the unfolding free energy. The requirement of reverse unfolding also
limits the range of proteins in which intra-molecular hydrogen bonds need to be
measured. Thus, I asked whether the strength of hydrogen bonds formed by backbone
amide groups and side chains could be measured experimentally by not mutating any
protein residue or unfolding the protein. To answer this question, I focused on the
equilibrium hydrogen/deuterium fractionation factors of hydrogen bonds: ¢ = ([D]/
[H)protein/([DI/[H])sotvent (25—-38). H/D fractionation factors have been measured in several
water soluble proteins (26-30, 33-37), but these results could only be interpreted
qualitatively at the time since they were not put on an energetic scale. In my study, I
measured the relationship between the ¢-value and AG™ by using a series of weak acids
and weak bases and apolar, aprotic solvents to mimic the formation of weak hydrogen
bonds in proteins and obtained a reasonable result for the scale factor (SF) which relates
¢-value and AG™ by SF = 0(AG"®)/0(RTIng). By applying the scale factor I determined
and using the measured ¢-values for several water-soluble proteins (2630, 33-37), I
analyzed the relative free energy of hydrogen bonds formed by backbone groups and side

chains in those proteins and its relationship with secondary structures where the hydrogen



bonds are and charges that the hydrogen bonds carry. This work is described in Chapter

5.

1.4. MEASUING HYDROGEN BOND STRENGTH IN A MEMBRANE PROTEIN
VIA EQUILIBRIUM HYDROGEN / DEUTERIUM FRACTIONATION

FACTORS

Last, to obtain the distribution of hydrogen bond strengths in a membrane protein
and answer the question whether membrane proteins have stronger hydrogen bonds than
water-soluble proteins on average, I investigated in hydrogen bond strengths in the
voltage-sensing domain (VSD) of the voltage-dependent potassium-selective channel
from Aeropyrum pernix (KvAP). Previously, both the crystal and solution-NMR
structures of KvAP-VSD were determined in good agreement with each other (39, 40).
NOEs from the protein residues to the lipids 1,2-diheptanoyl-sn-glycerol-3-
phosphocholine (D7PC), which form micelles solubilizing the protein in the experiment
for determining its solution-NMR structure, indicate that the micelle well mimics the
chemical environment of a phospholipid bilayer (40). This suggests that the solution-
NMR structure, as well as the crystal structure, is quite similar to the native protein
structure in cell membrane. Thus, I measured the ¢-values of the exchangeable NH
groups in this membrane protein by utilizing its well assigned 'H-""N 2D-NMR spectrum
(40). By applying the scale factor that I determined as described in Chapter 4, I obtained
the strengths of 70 % of the backbone hydrogen bonds in this membrane protein and

compared them with those in water-soluble proteins. In addition, I also analyzed the



distribution of weak and strong backbone hydrogen bonds and discussed its correlation
with the head groups of the lipids 1,2-diheptanoyl-sn-glycerol-3-phosphocholine (D7PC),
which form the micelles that solubilize this membrane protein. It is the first time
strengths for the vast majority of backbone hydrogen bonds in a membrane protein can be

measured experimentally. This work is described in Chapter 5.
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CHAPTER 2

SHIFTING HYDROGEN BONDS MAY PRODUCE

FLEXIBLE TRANSMEMBRANE HELICES.

2.1. INTRODUCTION

There are many advantages of transmembrane helix kinks for membrane protein
structure and function. They create weak points for movement during catalytic cycles (1,
2), they enable the precise positioning of key side chains (3), they can help recruit water
to functional sites (4) and they can prevent off-pathway folding (5). It is nevertheless
surprising that distortions are so much more common in transmembrane than soluble
protein helices (6, 7), because helices are more stable in the apolar membrane
environment (8-11) where backbone hydrogen bonds are stronger (12, 13). It has
therefore remained mysterious how distortions can possibly be generated by the
evolutionary currency of random point mutations. While significant structural
fluctuations have been seen in molecular dynamics simulations of isolated
transmembrane helices (6, 14—-16), there have been no experimental measurements of

transmembrane helix deformability.
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To learn how hard it is to deform a transmembrane helix, I attempted to engineer
an alternative helix conformation into a membrane protein so that the energetic
differences could be assessed. 1 focused on the kink at Pro50 in Helix B of
bacteriorhodopsin because it is relatively distant from the retinal chromophore, a useful
probe of folding. The helix contains a relatively modest bend ranging from 11-19 °,
depending on how it is measured. Proline can play a significant role in creating helix
distortions because it is incompatible with a regular helix (6, 7, 17, 18). Nevertheless, a
P50A mutation does not remove the kink (19), indicating that other residues participate in

bending the helix.

I reasoned that the PSOA substitution might introduce an energetic cost to bend
the helix because a more regular hydrogen bonding pattern could form if the helix
straightened. The putative cost must be overcome by favorable side chain interactions in
the bent helix in order to maintain the distortion. It might therefore be possible to break
the bend by removing a second key side chain, because there would then be insufficient

stabilization to counteract the cost of bending.

Indeed by making a second mutation, T46A, I were able to free the helix to adopt
several distinct, straighter conformations. Much to surprise, however, the straightened
helices include non-canonical i — i+3 hydrogen bonds. I estimate that the energetic
differences between these conformations are quite modest, which suggests that shifting of
hydrogen bonds within transmembrane helices could provide a mechanism for imparting
considerable flexibility into transmembrane helices. Consistent with this view, I find that

significant conformational changes can occur in transmembrane helices during functional
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cycles and that these structural changes are accommodated by frequent shifting to

alternative backbone hydrogen bond patterns.

2.2. RESUTLS AND DISCUSSION

It 1s speculated that in the hydrophobic membrane environment, transmembrane
helix structure can be maintained in the unfolded state (10, 20). In the case of unfolding
of bacteriorhodopsin in micelles, approximately 65% of the helix structure remains intact
(11, 21) and recent distance measurements by EPR throughout the protein are consistent
with an unfolded state in SDS consisting of mostly helical structure with frayed ends
(22). In the case of Helix B specifically, where P50 resides, circular dichroism spectra
of a B helix peptide indicates that roughly 19 of the residues remain helical in SDS,
whereas an NMR structure of a fragment of bR from residues 1-71 finds that the region
from 39-62 within helix B remains helical (23). Thus, the current evidence supports a
model in which the B helix loses tertiary contacts and frays at the ends in SDS (22), but

the hydrophobic center of the helix surrounding P50 maintains its helical character.

As illustrated in Fig. 2.14, Helix B will remain at least somewhat distorted in the
unfolded state of bacteriorhodopin because the proline blocks canonical helix formation.
In the P5S0A mutant, however, the helix is free to adopt a canonical helix in the unfolded
state, but it must become bent in the folded structure. In P50A, the helix bend is not a
simple breakage of a single hydrogen bond at residue 50, as the hydrogen bond actually

remains intact in the P5S0A structure (19). Rather the bend is created by subtle alterations
13



involving many backbone atoms and side chains. Thus, to the extent that there is an

energetic penalty for bending, it is paid for in subtle ways throughout the helix.

If there is indeed a higher helix bending cost in PS0A relative to wild-type that is
compensated by other side chains in the helix upon folding, I would expect to see
energetic coupling effects between the PSOA mutant and other side chains in the Helix B.
I therefore compared the effects on protein stability of side-chain substitutions in Helix B

in both the wild type and P50A backgrounds.

The P5S0A mutation produces long-range energetic coupling in Helix B. A plot of the
unfolding free energy contributions of 14 side-chains in the PSOA versus the wild-type
background, shown in Fig. 2.1B, reveals long-range energetic coupling with remarkable
uniformity. In particular, the points fall roughly on a straight line with a slope of 0.75 £
0.05. These results indicate that energetic contribution of a side chain in the P50A
background is reduced by ~ 25 % compared with that in the wild-type background. As a
control, I performed the same experiment in a different mutant background, M56A,
targeting a residue not obviously involved in helix bending. As shown in Fig. 2.1B the
slope of the line is 1.02 £ 0.02, reflecting no energetic coupling between M56A and other
residues in the same helix. Thus, the P5S0A mutation has long range energetic

consequences throughout the helix.

Why are the coupling effects so uniform? In particular, regardless of the
energetic importance of the side chain, its contribution in P50A is reduced by ~ 25 %?

As outlined in the Supporting Information Appendix, this can be explained in terms of a
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highly simplified model in which I envision the energetic contributions of each of the
side chains is represented by springs of various strengths. I can then envision that the
P50A mutation generates a new ‘“‘straightening force” that is resisted by all the springs.
The new counteracting force will be distributed among the springs according to their
strengths. By analogy, one can imagine a right handed man holding on to a chin-up bar.
If a new weight is now attached to his belt, the additional force will be distributed more
toward his stronger right arm than his left. These new forces will ultimately play out in
the reduced energetic contribution of each side chain as I observed. I recognize that the
situation in the protein is much more complex than this conceptual model, but I believe

the basic principle may be operating here.

Freeing the helix to adopt a new conformation. The presence of possible helix
bending cost in the PSOA mutant suggests that it might be possible to free the helix to
adopt an alternative conformation by the removal of a side chain that is important in
bending the helix. The largest contributor to stability in Helix B is T46, and possibly
Y57. A T46A mutation lowers stability by 3.0 kcal/mol. A Y57F mutation lowers
stability by ~ 3.9 kcal/mol for the first unfolding transition but its total contribution to the
stability of the protein is difficult to assess because of the presence of a low signal for a
second transition (see Supporting Information Appendix for details). I therefore decided
to test whether mutations at T46 and Y57 in the PSOA mutant background would free the
helix to adopt an alternative conformation by determining structures of the single and
double mutants. The structure of PSOA was determined previously (19) and is very

similar to the wild-type structure with only small changes near the site of the mutation.
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For both Y57F and the double mutant, PSOA/Y57F, I observed only modest changes in
the structure of the protein (Supporting Information Appendix: Fig. S2.4). Thus, Y57
does not appear to be a critical residue driving the kink. T46 is different, however.
While the backbone structure of the T46A single mutant is very similar to the wild-type
protein, the double mutant shows a significant straightening of Helix B (Fig. 2.24;
Supplementary files: Movie S2.1). T46 is hydrogen bonded to D96 and forms one of the
strongest interhelical hydrogen bonds I measured in prior work (24). The straightening of
the helix in the PSOA/T46A double mutant suggests that this strong interhelical hydrogen

bond helps to effectively pin the helix in a bent conformation.

Non-canonical hydrogen-bond patterns in the new helix conformations. In the
P50A/T46A double mutant, Helix B is noticeably straightened (Fig. 2.24; Supplementary
files: Movie S2.1), but the structural change cannot be described by a simple straightening
of Helix B into a more regular helix. Instead, Helix B adopts a new yet still distorted
structure, with remarkable alterations at the atomic level. Fig. 2.2B plots the backbone
O-N distances for residues i to i+4 throughout Helix B. For the single mutants PSOA and
T46A, there are only small differences in the hydrogen bond distances compared to the
wild-type protein for both molecules in the crystal asymmetric unit. On the other hand,
there are large changes for the PSOA/T46A double mutant compared to the wild-type
structure as well as between the two molecules in the asymmetric unit of the crystal. Most
notably, the canonical i—i+4 a-helical hydrogen bonds are stretched or broken for
residues 38, 39, 40 and 42 in molecule A and for residues 38, 39, 41 and 46 in molecule

B. As illustrated in Fig. 2.2C, the broken hydrogen bond at residue 42 in molecule A is
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readily explained by a new ordered water molecule that bridges the side chain of D96 and
the carbonyl oxygen of F42. However, as shown in Fig. 2.2D the backbone hydrogen
bond reforms in molecule B and the water molecule disappears. While this leaves the
D96 side chain without an observable hydrogen bond partner, the D96 side chain appears
to form a stabilizing electrostatic interaction with the aromatic ring of F219 (25). But
how can so many of the other hydrogen bonds break without severe energetic

consequences?

Further examination reveals that with one exception, the backbone hydrogen
bonds have not disappeared, but have shifted to make new, or improved, i—i+3 hydrogen
bonds (Fig. 2.2 C and D). Segments of 3,y helices and n-helices have been observed in
transmembrane helices (26-29) and the conversion of a-helices to 3o helices is thought
to be a relatively low energy transition, particularly in an apolar environment (30). But
the hydrogen bonding patterns in the P50A/T46A mutant are not consistent with
conversion to a regular 3o helix and by the criterion used in DSSP (31), the structure

remains a-helical. Thus, the new conformation is not a canonical 3, or a-helix.

Non-canonical hydrogen bonds are parts of a continuum of helix conformations.
Hildebrand et al. made the interesting observation that backbone hydrogen bonds in
membrane proteins more commonly show bifurcation between the i—i+3 and i—i+4
types (32). Moreover, To assess how commonly the i—i+3 hydrogen bonds found in
transmembrane helices are parts of non-canonical helices as opposed to regular 3, helix

segments, I analyzed a database of transmembrane helices from 41 non-homologous,
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high-resolution membrane protein structures described previously (33). Of the 743
i—i+3 backbone hydrogen bonds identified, only 11% were in contiguous patterns
composed of 3 or more i—i+3 hydrogen bonds, leaving 89% that cannot be part of a 3,
helix. These results suggest that hydrogen bond shifts are part of a continuum of helical

conformations rather than wholesale conversions to new helix types.

Small energetic cost of helix distortions. The fact that the PSOA/T46A mutant helix
adopts a somewhat distorted structure over a more ideal a-helix suggests that the
hydrogen bond shifts are relatively low energy transitions. To obtain an actual
experimental estimate of the energetic consequences of the engineered helix change I
engineered in bR, I constructed the thermodynamic cycle illustrated in Fig. 2.3. In
essence, I can measure the free energy contributions of the PSOA and T46A mutations
with and without helix bending. The result suggests that bending the helix only costs ~
0.6 kcal/mol in the context of the protein. Moreover, the fact that I see multiple helix
conformations in the PSOA/T46A double mutant indicates that transmembrane helices are
relatively flexible when freed from other constraints. Indeed, if bending the helix costs
only 0.6 kcal/mol, the conformation seen in the wild-type protein could be explored by

thermal motions.

Rampant hydrogen-bond shifting seen in conformational changes. If alternative
hydrogen bonding patterns provide low energy pathways for helix bending that are

accessible by thermal motions, [ might also expect to see hydrogen bond shifts during the
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conformational changes that occur in catalytic cycles. I therefore examined the backbone
hydrogen bonding patterns that occur in the sarcoplasmic Ca*-ATPase, for which there
are many structures representing distinct stages in the transport cycle (34). As shown in
Fig. 2.4 4 - E, the backbone hydrogen bonding patterns in the transmembrane helices
change significantly during pumping. These changes in hydrogen bonding patterns
translate into clear conformational changes in the helices. Fig. 2.4F and Supplementary
files: Movie S2.2 show a particular helix straightens and kinks during pumping with
extensive hydrogen bond shifting. These hydrogen bond shifts are not conversions to
alternative regular helices, but rather isolated shifts to accommodate local structural

deformations.

In summary, my results indicate that transmembrane helices are quite flexible.
Thus, the introduction of kinks appears to be well within the realm of simple evolutionary
steps and helix distortions can be readily accessed during conformational changes. I pro-
pose that flexibility may at least in part be explained by backbone hydrogen bonding
donors and acceptors shifting to different partners. While the introduction of a Pro
residue in a helix is one dramatic way to distort helices, my results indicate that the struc-
ture of transmembrane helices can be altered readily by a single point mutation because
the energy cost for helix bending is not extremely high. In the absence of P50, Helix B in
bR can be shifted to distinct conformations by a single mutation (T46A). I had earlier
proposed that most kinks are introduced by proline mutations which can then be removed
once the kink is fixed in the structure (3). This hypothesis was supported by my finding

that at the vast majority of kinks I found prolines in homologous proteins, suggesting an
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evolutionary connection. More recent work with much larger databases suggests that
these so-called vestigial prolines are less frequent than I had observed (6, 7, 33). More-
over, | found that the introduction of Pro into a transmembrane helix is generally very
deleterious and is likely to happen only infrequently (17). Another possibility is that pro-
lines are accommodated favorably after the kink structure is generated by other muta-
tional pathways, which appear to be well within the realm of simple evolutionary steps.
My results indicate that membrane protein structure is much more malleable than I might
have imagined; a feature that has apparently been essential for optimizing membrane pro-

tein structure and function.

2.3. MATERIALS AND METHODS

Preparation of mutant bR proteins. All mutant bR proteins were prepared as described

previously (19, 35).

bR~to-bO, unfolding assays. The bR¢to-bO, unfolding assays of wild-type and mutant
bR were performed with the addition of excess all-trans retinal added as described (36).

Fitting equations and fitting parameters are given in Supplementary Information.

X-ray crystallography. The mutant bR proteins were crystallized by vapor diffusion us-
ing the bicelle method (37, 38). Purple membrane in water at >10 mg/ml was mixed with
a 40% (w/v) 2.8:1 DMPC/CHAPSO bicellar solution at a volume ratio of 4:1 and equili-
brated on ice for more than 1 hour in dark. The drops contained 2 pL of the protein/bi-

20



celle solution mixed with 0.75 uL of well solution composed of ~ 3 M sodium phosphate
(pH 3.6 - 4.0), 3.5 % triethylene glycerol and 0.03 M 1,6-hexanediol. After grown in dark
for 2 - 14 days at 37 °C, crystals were washed in the well solution, dipped into a liquid
perfluoropolyether cryoprotectant and frozen in liquid nitrogen. Diffraction data were
collected at the Advanced Photon Source beamline 24-ID-C and were integrated and
scaled by using the DENZO/SCALEPACK program package (39). Structures were
phased by molecular replacement with PHASER (40) using the wild-type bR model
1PY6. T46A and P50A/T46A were refined at resolutions of 2.47 A and 2.37 A using
CNS (41) and COQOT (42) software with the twinning operator (— 4, — k, h + [) applied to
the reciprocal lattice at twin fractions of 0.31 and 0.50, respectively. 5% of the reflec-
tions, which were the same as those omitted in the refinement of the wild-type structure
1PY6, were selected to calculate Rg.. for both of the mutants. Composite omit maps for
T46A and P50A/T46A were computed by using detwinned reflection data (see Support-
ing Information Appendix: Fig.53.34 and B). TA6A was detwinned as described (43), but
for detwinning the highly twinned P5S0A/T46A crystal I used the method of Redinbo and
Yeates (44), employing coordinates from the wild-type structure (1PY6) with residues 46
- 50 deleted. Y57F and P50A/Y57F were refined at resolutions of 2.06 A and 2.40 A us-
ing REFMAC (40) and COOT (42) software, respectively. 5% of the reflections, which
were the same as those omitted in the refinement of the wild-type structure 1XJI, were se-
lected to calculate Rg.. for both of the mutants. Data collection and refinement statistics

details are given in the Supplementary Information.
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Backbone hydrogen bonds. Backbone hydrogen bonds of T46A and P50A/T46A mu-

tant bR were identified using HBPLUS (45) and COOT (42).
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Fig. 2.1. Detecting energetic cost of bending Helix B in bR. (4) A cartoon depicting the
equilibrium between folded and unfolded bacteriorhodopsin molecules. Upon unfolding,
Helix B containing P50 is expected to remain at least somewhat distorted (or more
flexible) than the same helix containing a PSOA mutation. In the case of P5S0A, the helix
is free to adopt a helical structure in the unfolded state, and needs to become bent for the
protein to fold properly. (B) The experimental scheme. Helix B contains a kink centered
around P50. The P50A mutation does not destroy the bend, but I envision a bending cost
is imposed on the helix (relative to the unfolded state not depicted here), represented by
the spring. To detect possible bending energy I made side chain substitutions to alanine
in either the wild-type background or the PSOA background. A generic side chain X is
represented by the red ball and stick and the mutation to Ala is represented by a stick. I
then compare unfolding free energy differences to obtain AAGy(X—A) (the change in
unfolding for the single X—A mutations in the wild-type, P50, background compared to

the wild-type) and AAGu(P50A/X—A) (the change in unfolding free energies for the
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double mutations of X—A in the P5SOA background compared to the wild-type). If there
is no coupling between the sites, the side chain substitution should have the same effect
in both the wild-type and P50A backgrounds. A difference indicates an energetic
penalty. (C) The observed unfolding free energy differences. The changes in unfolding
free energy for various side chain, X, substitutions to alanine in either the P50A
background (black) or M56A background (red) are plotted against the same substitutions
in the wild-type background. The only exception is for the side chain Y57, which was
changed to an F because the A substitution was too destabilizing. The black line
represents a least squares fit to all the black points. The red line is a least squares fit to
all the red points. The error bars reflect the standard deviation of two or more
independent measurements and the fitting uncertainty from each experiment. Two
mutants, Y57F and V49A, produced anomalous unfolding curves which were analyzed as
described in the Supporting Information Appendix. These results are shown in open

diamonds and were not included in the curve fits.
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Fig. 2.2. Changes in Helix B structure imparted by mutations in bR. (4) Superposition of
Helix B structures for wild-type bacteriorhodopsin and variants. C, traces are shown.
The wild type structure is shown in black, P5SOA is shown in green, T46A is shown in
blue and P5S0A/T46A is shown in red. For each structure, both molecules A and B in the
unit cell are shown, but are indistinguishable for all but the PSOA/T46A double mutant.
Only the residues in the N-half of the kinked helix (residues 39 to 46) were employed for
the superposition to highlight the change in bending. (B) A plot of the backbone O-N
distances between residues i and i+4 throughout helix B for bacteriorhodopsin variants.
The wild-type is shown in black, the T46A mutant in blue, the PSOA mutant in green and
the P5S0A/T46A double mutant in red. For all the variants but PSOA/T46A, the average
distances are shown for the two chains in the asymmetric unit of the crystal, because the
structures were so similar. The error bars reflect the standard deviation of the distances
between molecules A and B. Because the A and B molecules are quite different in the

P50A/T46A double mutant, the distances for the two molecules are shown separately. (C
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and D) Detailed hydrogen bonding patterns in the structure P5S0A/T46A seen for
molecule A (panel C) and molecule B (panel D) in the asymmetric unit of the crystal
structure. Backbone O-N distances between residues i and i+4 for a canonical a-helix
and other side chain hydrogen bonds are shown in black. Backbone O-N distances
between residues i and i+3 are shown in red. Residues with severely lengthened i—i+4

O-N distances are highlighted with the yellow stars.
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Fig. 2.3. Measuring the energetic difference between helix conformations in bR. I have
measured the contribution of two mutations, PSOA and T46A, to stability with and
without the inclusion of a conformational change in the helix. AGar and AGpa are the
free energy differences between the wild-type and the T46A mutant or PSOA mutant,
respectively. AGenris the free energy difference between two helix conformation states.
The blue arrows indicate the arbitrarily chosen direction of the reactions. The free energy
differences obtained from the unfolding free energies are indicated for each reaction. By

comparing the horizontal and vertical reactions I can extract AGonr, highlighted in red.
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Fig. 2.4. Helix flexing by hydrogen bond shifting during conformational changes in
Ca’-ATPase. (4 - E) The backbone hydrogen-bond patterns in the TM region of (4)
CaE1:ATP (1T5S), (B)[H,]JE2P:P:ATP (1WPGQG), (C) E2P molecule A (2ZBE), (D)E2P
molecule B (2ZBE) and (E) [H,]E2-P:ATP (2ZBG) were compared with the backbone
hydrogen-bond patterns in the TM region of the ligand-free form, Ca,E1 (1SU4). Back-
bone hydrogen bonds which are found in the reference model, Ca,E1, but not in the com-
paring model are labeled with open black diamonds. Backbone hydrogen bonds which
are found in the comparing model but not in the reference model are labeled with open
red squares. The TM regions are labeled with solid green rectangles. The 5 structures
used all had resolutions of 2.7 A or better. (F) An example of the resulting helix alter-
ations for the TM helix spanning residues 762 to 780. The Ca atoms of residues 762 -
770 in the N-half of the helix from each comparing model are aligned with those from the
reference model. The hydrogen bonds shown and the color scheme are the same as in

panels (4 - E).
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2.4. SUPPORTING INFORMATION APPENDIX

Methods for fitting of abnormal SDS-induced bR~to-bO, unfolding curves. The
[52A mutant unfolding curves showed two transitions. For this mutant the unfolding free
energy, AGuy, for each transition was assumed to have a linear relationship with the mole

fraction concentration of SDS, Xsps:

AGU,l =m (XSDS - Cm,l),
and AGu, = m;y (Xsps — Cip).

The total AGy corresponding to the free energy change of unfolding bR¢ to bO, is the sum
of AGy, and AGuy,. In addition, the absorptivities at 560 nm for both the folded and

intermediate states are assumed to have a linear response to Xsps:
&1 = a1 Xsps T by,
and & = a» Xsps + by.

Thus, the unfolding curves of I52A with double transitions were fit according to the

following equation:

Abs.. = (a, Xgps +b,) [xp[m, WX g _Cm,l)/(RT)] +(a, X +0,)
0 1+explm, WX gpg —C, ) ART)] +exp[—m, WX gps —Cpny ) (RT)]

where RT is 0.592 kcal mol™ at room temperature (22.5 = 0.5 °C). Parameters ai, a, b,

by, mi, my, Cry and Cy,» were fit using Kaleighdagraph 4.1.
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For the Y57F and P50A/Y57F mutants, which also have double transitions in
their unfolding curves, only the first transition was fit because the two transitions are well
separated but the signal for the second transition is too low to fit (Fig. S2.1A4). The fitting
equation is described as following:

Abs. = (a, Xgps +b,) Léxp[m, LIX g _Cm,l)/(RT)] +(a, Ky +b,)
1+exp[m, WX g5 —C,,)/(RT)] '

Parameters a, a,, b1, b>,m; and Cy,; were fit using Kaleighdagraph4.1.

For the V49A and P50A/V49A mutants, their absorbance peak shifts by ~ 25 nm
in the transition region (Fig. S2.1B) as a result of isomerization of the bound RET (46,
47). The unfolding curves were also fit using the single-transition model. However,
energetic change corresponding to the RET isomerization is hidden behind the apparent

unfolding free energy.
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Table S2.1. Thermodynamic parameters of SDS-induced unfolding of bR variants.

bR variants m (kcal mol™)? Cw’ AAGy (kcal mol™)©
WT —46.1£5.5 0.609 + 0.004 0.0£0.0
K41A —-51.5+33 0.590 £ 0.001 -1.0+£0.2
F42A —453+£2.6 0.554 +0.004 -25+0.2
Y43A —41.7+3.7 0.566 +£0.003 -19+04
I145A -433+3.0 0.558 +£0.005 -22+02
T46A —427+1.8 0.540 £ 0.002 —-3.0+0.2
T47A —41.7+4.7 0.585 +0.004 —-1.0+£0.1
V49A —48.1+2.7 0.605 £ 0.002 -03+0.2
P50A —45.1+3.1 0.584 +£0.004 -12+02
I52A
I st transition —-51.2+34 0.555+0.004 -2.8+0.3
2nd transition  —41.6+16.3  0.609 + 0.009 -0.1£0.3
Total -29+0.6
F54A -599+7.1 0.597 £0.002 -0.8+0.2
M56A —-423+4.1 0.641 +0.003 1.3+£03
YS5T7F
I st transition -396+33 0.511 +£0.004 -39+04
S59A —-548+34 0.606 £ 0.001 -02+0.1
M60A —433+34 0.575 +0.004 —-1.6+0.3
P50A/K41A —-40.8+3.7 0.571 £0.002 -1.7+£0.2
P50A/F42A —41.5=+3.1 0.534 +0.003 -29+02
P50A/Y43A —-453+2.6 0.569 £0.001 -1.9+0.2
P50A/T45A —384+3.0 0.543 £ 0.004 -25+0.2
P50A/T46A -422+29 0.524 £ 0.003 -3.6+0.3
P50A/T47A —43.8+4.7 0.563 +0.003 -2.0+£0.2
P50A/V49A —-47.0+£6.2 0.615+0.003 03=+0.1
P50A/I52A —48.7+3.1 0.544 + 0.003 -3.1+0.2
P50A/F54A —-472+6.6 0.582 +0.002 -14+02
P50A/M56A —477+5.0 0.611 +£0.003 00+£0.2
P50A/YS57F
I st transition —343+3.1 0.498 +£0.003 -39+0.2
P50A/S59A -409+24 0.589 £ 0.001 -1.1+£0.2
P50A/M60A —40.8+2.7 0.554 +£0.001 -22+0.3
MS56A/Y43A —-454+2.6 0.593 £ 0.002 -0.8+0.2
MS56A/I45A -514+£6.0 0.592 +0.003 -09+0.2
MS56A/T47A -463+2.2 0.610 £ 0.001 0.1+0.1
MS56A/F54A —37.7+23 0.619 +0.003 04+02

*Dependence of unfolding free energy on SDS mole fraction concentration.
®SDS mole fraction concentration at the midpoint of a transition.
¢ Change in stability compared with wild-type at the wild-type Cy.
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Table S2.2. X-ray data collection and refinement statistics.

bR mutants T46A P50A/T46A Y57F P50A/Y57F
Data collection
Wavelength (A)
Space Group P2, P2, c222 Cc222
Cell dimensions
a, b, c(A) 45.35,108.67, 56.18 45.78,116.46, 57.08 46.08, 104.01, 129.74 45.28, 103.06, 128.88
a, B,y (°) 90, 113.56, 90 90, 112.55, 90 90, 90, 90 90, 90, 90
Resolution (A) 90.00 —2.47 90.00 —2.37 100.00 — 2.06 100.00 — 2.40
(2.56 —2.47) (2.45-2.37) (2.13 -2.06) (2.49 - 2.40)
Reym 0.141 (0.492) 0.177 (0.425) 0.140 (0.466) 0.140 (0.457)
Ilol 8.46 (2.60) 5.68 (2.09) 12.40 (3.94) 7.37 (2.03)
Completeness (%) 99.7 (99.8) 97.4 (96.2) 98.8 (97.7) 95.9 (98.8)
Redundancy 3.5(@3.5) 3.2(3.0) 6.3 (6.2) 2.8 (2.8)
Refinement *
Resolution (A) 51.50-2.47 39.74 -2.37 40.07 - 2.06 47.85-2.40
No. Reflections 17877 21867 19416 11633
Ruork / Riree 0.209/0.249 0.214/0.239 0.198/0.211 0.203/0.246
No. Atoms
Protein 3,510 3,506 1,755 1,753
Ligand/ion 52 52 66 87
Water 1 7 10 9
B-factors (A?)
Protein 493 36.7 29.0 28.9
Ligand/ion 47.7 31.6 56.3 61.6
Water 38.2 24.5 37.0 39.3
r.m.s. Deviation
Bond Length (A) 0.015 0.013 0.0255 0.023
Bond Angle (°) 1.747 2.016 1.952 2.489
Ramachandran
0,
Stats (%) Core 96.6 96.2 97.9 99.0
Allowed Region 34 3.8 21 1.0
Gen. Allowed Region 0 0 0 0
en. Allowed Regio 0 0 0 0

Disallowed Region

* Twinning operator (-4, -k, h+[) was applied to the reciprocal lattices of T46A and

PS0A/T46A.
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Fig. S2.1. Unfolding complexities in four bR mutants. (4) Separate double transitions are

observed in the unfolding curves of both Y57F and P50A/YS7F. Signals for the second

transition are not high enough for fitting the whole curve using a double-transition model.

The solid curves reflect the fitting of the first transition only. (B) A large shift of

absorbance spectra was observed during the unfolding of V49A and PS0A/V49A.

Compared with the peak at Xsps = 0.441 in the sub-denaturant region, the peak at a point

near Cy, shifts by ~ 25 nm for each of the two mutants.
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Fig. S2.2. A conceptual model to explain the finding that the PSOA mutant uniformly
reduces the energetic contribution of distant side chains by a constant fraction. I imagine
that I can represent each side chain by a spring. For simplicity, I will assume that the
springs are attached to a single rigid body that represents half of Helix B. In the figure,
only 3 springs (side chains) are shown. Different side chains have varying energetic
contributions, which I can model with different spring strengths with elastic constants 4,
ko, ks, ..., kx (different-sized springs in the figure). I will call the energy cost for breaking
the springs starting from zero stretch £, E», Es, ..., Ex. In the folded wild type protein,
the spring is at some equilibrium position, stretched by » away from zero-stretch position.
In P50A, 1 envision that the bent conformation has a higher energy so that there is
effectively a force that is pulling it away from the equilibrium position seen for the wild
type. The displacement of the whole rigid body changes from 7 to » + Ar and the force it
feels changes from F' to F' + AF in the presence of the PSOA mutation. Note that these
displacements may be too small to see at the resolution of my structures, although some
structural perturbations are visible. In the wild-type protein the springs are stretched by 7,
away from the zero-stretch position. Thus the energetic change due to the breaking of an
arbitrary spring X (corresponding to the energetic contribution of the residue in the wild-

type background), is
AAG(single mutant) = Ex — (1/2) kxr*. (Eq. S2.1)
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In other words, the energetic contribution of the side chain spring is reduced according to
how far it is stretched from its optimal position. I assume that Ex is proportional to kx by
a coefficient 4 which is only dependent on the atom-atom distance at the zero-stretch

position, i.e.
Ex=A4 kx,
then Eq. S2.1 can be re-written as
AAGy(single mutant) = 4 kx — (1/2) kx* =[A — (1/2) r*] kx. (Eq. S2.2)

Suppose that the displacement of the whole rigid body changes by Ar when P50A
mutation takes place. Similar to Eqgs. S2.1 and S2.2, the energetic change due to the
breaking of an arbitrary spring X, represented by the energetic contribution of the

corresponding residue in the PSOA background, is
AAGy(double mutant) — AAGy(P50A)
=Ex—(12) kx(r + Ar)* = A kx — (12) kx(r + Ar)* =[A = (172) (r + Ar)}] kx.

Then the ratio between the energetic contributions of an arbitrary residue in the P50A and
wild-type backgrounds will be a constant number irrelevant to the strength of the

interaction in which this residue is involved, kx, as shown by the following equation:

AAGy(double mutant) — AAGHP350A) [4 - % (r+ Ayl . (Eq.S2.3)

1
27

AAGu(single mutant) [4—
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If [ re-arrange Eq. S2.3, I can get the linear dependence of AAGy(double mutant) on
AAGuy(single mutant) with a slope less than 1 and a y-intercept equal to AAGy(P50A) as

follows:

= 50 2]

AAGu(double mutant) = - AAGy(single mutant) + AAGu(PS0A).

4 -

B3|

]

Thus, this simple conceptual model explains the main features seen in Fig. 2.1B.
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Molecule A Molecule B

Fig. S2.3. Composite omit maps of bR mutants. (4) PSOA/T46A composite omit maps of
the central region of Helix B. (B) T46A composite omit maps of the central region of

Helix B. For both panels, the PSOA/T46A or T46A structure is colored in dark green and
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the wild-type structure as a reference model is colored in orange. The PSOA/T46A and
T46A structures are aligned with the wild-type structure by using the Ca atoms of all the

residues. Residue types and numbers are labeled beside each side chain.

— 1.0 . . . ;
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Fig. S2.4. Comparison of Y57F and PS0A/Y57F with wild-type bR. The plot shows the
root mean square deviation (RMSD) of the Ca coordinates of the transmembrane helices
after alignment with the wild-type structure (1XJI) using Ca atoms from all residues.

Only modest structural differences (RMSD < 0.7 A) are observed throughout the helical

region.
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CHAPTER 3

THERMODYNAMIC STABILITY OF BACTERIORODOPSIN MUTANTS MEASURED

RELATIVE TO THE BACTERIOOPSIN UNFOLDED STATE

3.1. INTRODUCTION

Measuring protein stability requires a method to drive the folding equilibrium in favor of
the unfolded state. For water-soluble proteins this is typically accomplished using urea,
Gdn-HCI or temperature. However, thermal unfolding has not been found to be reversible for
any helical membrane proteins (1-6). Urea and Gdn-HCI have been particularly effective for
beta-barrel membrane proteins (7) and have been found to reversibly unfold a few large helical
membrane protein (7, 8). An alternative to urea and Gdn-HCl is to use a denaturing detergent (9,
10). SDS has the advantage that the protein is maintained in a micelle environment, which leads
to maintenance of considerable secondary structure and may therefore be a better mimic of the
more structured unfolded state in a bilayer (9, 11-14).

Bacteriorhodopsin can be completely refolded from an SDS unfolded state (11, 15, 16).
Titration of bR with SDS from a DMPC/CHAPSO or DMPC/CHAPS solution, leads to bR to-
bR, unfolding curves that are reasonably stable over the course of an hour (see below). More-
over, kinetic constants in DMPC/CHAPS conditions indicate that unfolding to bR, should reach
equilibrium in a matter of minutes (17-19). The unfolding curves are also well modeled by a

two-state equilibrium and the extrapolated kinetic constants of the unfolding and refolding reac-
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tions are consistent with extracted equilibrium constants within the transition zones (17, 18).
Thus, I have assumed that the unfolding transitions reflect a folding equilibrium, in spite of the
fact that the most rigorous test of equilibrium is not possible, i.e., overlap of the unfolding and
refolding curves. I have now come to the conclusion, however, that true equilibrium cannot be
achieved under the DMPC/CHAPSO conditions I have used in the past (16 mM DMPC, 6 mM
CHAPSO) (20-25), because RET hydrolysis exceeds the rate of refolding near the midpoint of
the observed unfolding transition (see below).

Instead of measuring the bR~to-bR, transition that is accessed from unfolding at short
time scales, it is also possible to measure the bR~to-bO, transition if the reaction is allowed to
proceed for many days. The advantage of the bR~to-bO, transition is that it can be rigorously
shown that the reaction is at equilibrium in the transition zones because the folding and unfold-
ing curves are essentially the same (26). To measure the error associated with the equilibrium
assumption for the bR~to-bR, transition, I compared the effects of mutations on both reactions.

Fortuitously, the results are remarkably similar for both measurements.

3.2. RESULTS

The bR¢to-bR, reaction is complicated by the slow hydrolysis of RET, which occurs
from the fully unfolded protein with a half life of around 12 min (17). Because loss of RET is
slow until there is a significant fraction of unfolded protein, the unfolding curves are relatively
stable over a modest time scale. Figure 2.1A shows the change in unfolding curves over time.
Minimal change is seen over the first 30 min. These results, combined with measurements of

unfolding rates under similar conditions (17, 18), which indicate that unfolding should be
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achieved in a matter of minutes, suggest that the bR~to-bR, unfolding curves can be used to
extract equilibrium constants over a useable time scale. Nevertheless, due to RET hydrolysis
during refolding, the refolding curves do not superimpose with the unfolding curves (Figure
2.1B). At low Xsps, where refolding is rapid, the protein refolds to near completion, but in the
transition zones where refolding is slow, RET hydrolysis becomes a significant factor,
complicating the interpretation.

I therefore sought a further test of the equilibrium assumption. A simplified reaction

scheme for unfolding followed by essentially irreversible RET hydrolysis is given by:

k, Ky
bRe " bR, ——> b0, + RET
k

where k, is the unfolding rate constant, k¢ is the refolding rate constant and knyg is the RET
hydrolysis rate constant. For equilibrium between bR and bR, to be achieved, & must be greater
than k. To test whether this is true in the transition zone, I rapidly unfolded the protein to bR,
at high SDS concentration (Xsps = 0.78), then jumped back an SDS concentration at the midpoint
of the observed transition (Xsps = 0.67) and monitored both refolding at 560 nm and hydrolysis at
390 nm. As shown in Figure 2.1C, I essentially saw no refolding before hydrolysis was
complete. Thus, under the solution conditions I have used for measuring stability, equilibrium
cannot be established near the midpoint of the transition and the extent of the observed unfolding
must be limited by the unfolding rate.

I therefore measured the unfolding free energy differences for a variety of mutants using
an alternative thermodynamic stability measurement. If the unfolding reactions are left to
incubate, a bR~to-bO, equilibrium is attained as described by Chen and Gouaux (26): bRs <> bO,

+ RET. In my hands it took 9 days to reach equilibrium at room temperature as judged by the
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nearly superimposable folding and unfolding curves monitored by absorbance at 560 nm and
fluorescence at 335 nm (Figure 2.2A and B). By adding excess RET in the samples, I shortened
the equilibration time to 4 days and the folding and unfolding curves monitored by absorbance at
560 nm and fluorescence at 335 nm (Figure 2.2C and D) were more superimposable. The SDS
concentration at the midpoint of the transition zone, C,, was much higher for the bR«~to-bR,
reaction (17, 18) than for the bR~to-bO, reaction, which is consistent with the spontaneous
hydrolysis of the RET Schiff base in SDS solutions at neutral pH (27). In addition, the only
peaks observed in the absorbance spectra throughout the transition were at 560 nm,
corresponding to bRy, and at 390 nm, corresponding to free RET (Figure 2.3). No indications of
a contribution from bR, at 440 nm were evident, which indicates that the product of the
unfolding experiment was bO and free RET but not bR, (15, 17, 26). The unfolding curves
derived from Absse and Flusss were essentially the same (Figure 2.4), and the absorbance spectra
exhibited an isosbestic point (Figure 2.3), suggesting that the unfolding of bR¢ to bO, can be
described by a two-state model. As the bR~to-bO, reaction should release RET, I expected that
the addition of free RET would drive the equilibrium to higher SDS concentrations. Indeed, this
is what I observed (Figure 2.4), and is consistent with a thermodynamic equilibrium process.
The addition of free RET has two advantages: (1) the concentration of RET becomes a constant,
simplifying analysis of the unfolding curves and (2) the time it took to reach equilibrium
decreases from 9 days to 4 days.

The AAG, values obtained using the bRto-bO, transition and AAG,™ values using the
bRsto-bR, transition were measured for 13 mutants and are listed in Table 1. I compare
measurements at the center of the transition zones for the wild-type protein to minimize

extrapolations outside of the observable range of fraction unfolded (Xsps = 0.572 for the bRto-

46



bO, transition without added RET, Xsps =0.611 for the bRto-bO, transition in the presence of
11.2 uM RET, and Xsps = 0.673 for the bR~to-bR, transition). For 12 of the 13 mutants, the
AAG,™ and AAG, values measured using the two transitions bRy~to-bR, and bR#to-bO,,
respectively, were generally within the experimental error. The correlation between the
different measures of AAG, for the 12 mutants is shown in Figure 2.5, illustrating the close
correspondence between the two methods. An ideal correlation would have an intercept at 0
kcal/mol and a slope of 1.0. For the fitted line, the intercept is (-0.01 + 0.12) kcal/mol and the

slope is 0.98 £ 0.07.

3.3. DISCUSSION

While the bR~to-bR, unfolding transition apparently reaches a steady state rapidly, RET
hydrolysis and slow refolding precludes establishment of a true equilibrium under the
conditions I have used. In contrast, the bR~to-bO, equilibrium is stable. Nevertheless, when I
compare the effects of 12 of the 13 mutations on the two reactions, very similar results are
obtained for most mutations. The origin of the fortuitous congruence of the two measures is
unclear. One possibility is that mutations largely alter &, but not k. This could happen if the
mutations have large effects on the free energy of the native state, but minimal effects on the
transition state or unfolded state free energies. The effects of one mutant, PSOA, were very
different when measured by the two methods. It was found to be significantly stabilizing in the
bRto-bR, transition, but destabilizing in the bR«~to-bO, transition. P50 is in the center of
kinked helix in the folded bR structure, so it is perhaps not surprising that there might be long-

range effects imparted by this mutation that differentially alter unfolding transition state.
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Booth and co-workers have found excellent correspondence between equilibrium and
kinetic measurements (17, 18). Their conditions are slightly different than the ones I have used,
however, employing CHAPS instead of CHAPSO and the CHAPS is used at a higher
concentration. [ have observed that increasing CHAPSO concentrations from 6 to 16 mM
increases refolding rates (unpublished result), which could then lead to equilibrium for the bR~
to-bR, transition. Nevertheless, the bR~to-bO, transition is the more reliable way to measure

the effects of mutations on thermodynamic stability.

3.4. MATERIALS AND METHODS

Preparation of materials. All bR variants were prepared as described (20, 28, 29). 1,2-
dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) was purchased from Avanti Polar Lipids.
3((3-cholamidopropyl)dimethylammonio)-2-hydroxy- 1 -propanesulphonate =~ (CHAPSO) was
purchased from Anatrace. Sodium dodecyl sulfate (SDS) and All-trans retinal (RET) were

purchased from Sigma-Aldrich.

bR#to-bR, unfolding and bR,-to-bR; refolding assays. The bR~to-bR, unfolding assays were
performed as described by Faham S. et al. (20). Purple membrane was dissolved in a 2500 pL
solution containing 15 mM DMPC, 6 mM CHAPSO and 10 mM sodium phosphate [pH 6.3].
The final concentration of the bR protein was in a range of 3 — 7 uM. After equilibration in dark
for 1 hour, the solution was titrated by using an SDS titrant at room temperature in a 1-cm cu-
vette stirred with a magnetic stir bar. The SDS titrant contained 20 % (w/v) SDS, 15 mM DMPC,
6 mM CHAPSO and 10 mM sodium phosphate [pH 6.3]. 10 pL of the SDS titrant was added

every 3 min during the titration.
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To test the effect of RET hydrolysis on the time evolution of the bR~to-bR, unfolding
curve, a series of 200 pL solutions containing 3.7 uM wild-type bR, 15 mM DMPC, 6 mM
CHAPSO, 10 mM sodium phosphate [pH 6.3] and different amounts of SDS varying from 5 to
71 mM were made at the same time and then loaded on a 96-well micro-plate (Thermo Scien-
tific). The absorbance of each solution at 560 nm was monitored using a SpectraMax M5 plate
reader (Molecular Devices).

To examine the bR,-to-bR¢ refolding reactions, purple membrane was dissolved to make
a final solution containing 37 uM bR, 15 mM DMPC, 6 mM CHAPSO, 10 mM sodium phos-
phate [pH 6.3] and 66.5 mM SDS. 3 min later, the absorbance at 560 nm disappeared and ab-
sorbance at 440 nm reached the maximal value. 20 pL of the unfolded bR solution was then
mixed with a series of 180 uL solutions. The final solutions contained 3.7 uM wild-type bR, 15
mM DMPC, 6 mM CHAPSO, 10 mM sodium phosphate [pH 6.3] and different amounts of SDS

varying from 5.2 to 66.5 mM.

bR~to-bO, unfolding and bO,-to-bR refolding assays. The bR-to-bO, unfolding and bO,-to-
bR¢ refolding assays were performed similarly to Chen & Gouaux (26). The main difference
from their experiments was that I equilibrated each sample for much longer times.

For the unfolding assays, a stock solution was prepared by dissolving purple membrane
in 20.625 mM DMPC, 22 mM CHAPSO and 13.75 mM sodium phosphate [pH 6.3]. For experi-
ments with added RET, 15.4 uM all-trans RET was included in the stock solution. 160 pL
aliquots of the stock solution were combined with 60 pL SDS solutions at various concentra-
tions. The final solutions contained 1.5 - 3 uM bR, 15 mM DMPC, 16 mM CHAPSO, 10 mM

sodium phosphate [pH 6.3], 0 or 11.2 uM all-trans RET and SDS varying from 8 to 138 mM.
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For the refolding assays, bR was first unfolded in a buffer containing 15 mM DMPC, 16
mM CHAPSO, 10 mM sodium phosphate [pH 6.3] and 104 mM SDS. After equilibration for 1 h
in dark, the absorbance at 560 nm disappeared and the absorbance at 390 nm reached the maxi-
mal value. Then, the unfolded bR solution was mixed with a series of
DMPC/CHAPSO/SDS/RET/sodium phosphate [pH 6.3] solutions with varying SDS concentra-
tions. The final solutions contained 1.5 - 3 uM bR, 15 mM DMPC, 16 mM CHAPSO, 10 mM
sodium phosphate [pH 6.3], 0 or 11.2 uM all-trans RET and different amounts of SDS varying
from 13 to 79 mM.

After the samples for unfolding and refolding assays were prepared, all the samples with-
out added RET were equilibrated in dark at room temperature for 212 hours (~ 9 days) and those
with added RET were equilibrated in dark at room temperature for 96 hours (~ 4 days). 200 pL
of each unfolding and refolding sample was loaded on a 96-well UV-star micro-plate (Greiner
Bio-One). Absorbance at 560 nm and fluorescence emission at 335 nm (excitation at 290 nm) of
each solution were measured by SpectraMax M5 plate reader (Molecular Devices).

For unfolding experiments without added RET, the unfolding curves can be described by

Abs,,, =AbsZ, [F;, (Eq. 3.1)

where AbsZ, is the absorbance of the subdenaturant line and its extension over the experimen-
tal Xsps range, which represents the theoretical absorbance if all the bR is folded and is assumed
to be linearly dependent on Xsps:

AbsS,, =a Xsps + b, (Eq. 3.2)
and Ft is the fraction of folded state in each bR variant, i.e. Fr=[bR¢]/c, where c is the total con-
centration of each bR variant in the unit of uM. Since the unfolding free energy calculated for a

standard state of 1 uM is defined as
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AGy=— RT In([bO,]-[RET}/[bR{]) = — RT In[c(1- F)*/F,

where RT is 0.592 kcal/mol, F; can be written in the expression of AGy and c:

exp[—AG /(RT)] exp[—2AG, /(RT)] 4exp[-AG, /(RT)]
+ - +
c c’ c ,  (BEq.3.3)
2

2

F, =

If T assumed that AGy has a linear relationship with Xsps:
AGy=m (Xsps — Cn) — RT In(0.5¢),
Then Eq. 3.3 can be re-written as

Ff:

4 Tkxp —[m WX —C,,) +1n2]
RT RT

24 oxp " Hsps = Cyp) +In2] _\/exp—ztum [(Xgps =Cp) +In2] |

RT

2
(Eq.3.4)
By plugging Eqgs. 3.2 and 3.4 into Eq. 3.1, I derived the equation of Absse in the expression of
Xsps and used this equation to fit each unfolding curve without added RET:

Absseo = (a Xsps + b) -

[@xp —[mUX g —C,)+In2]

2+exp

—[m WX g _Cm)+ln2]_\/exp_2[ﬂmmXSDS _Cm)+ln2]+4

RT RT RT

2
(Eq. 3.5)
Parameters a, b, m and C,, were fit using Kaleighdagraph4.1. The unfolding free energies for
wild-type and mutant were compared by subtracting AGy"™" from AGy™"" at the midpoint of the
wild-type transition, Xsps = Cn"' =0.572.
For unfolding experiments with added RET, the RET concentration was held constant, so

the RET concentration was combined with the equilibrium constant, giving the unfolding reac-
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tion had a pseudo 1:1 stoichiometry, i.e. AGy=— RT In([bO,]/[bR¢]) = — RT In[(1-F})/FY]). F; can

be written as

Fr=y +exp[—AlGU ART)]’ (Eq. 3.6)
If T assumed that AGy has a linear relationship with Xsps:
AGy =m (Xsps — Cn),
Then F; can be re-written as
F = ! . (Eq. 3.7)
1 +exp[—m WX gps —C,)) (RT)]

By plugging Eqgs. 3.2 and 3.7 into Eq. 3.1, I derived the equation of Absse in the expression of
Xsps and used this equation to fit each unfolding curve with added RET:

alKqs +b

Ab =
P T+ expl-m WX gps — ) (RT)]”

Parameters a, b, m and C, were fit using Kaleighdagraph4.1. The unfolding free energies for
wild-type and mutant were compared by subtracting AGyV" from AGy™" at the midpoint of the

wild-type transition, Xsps = Cr," ' = 0.611.
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Table 3.1. AAGy of bR variants tested from the bR~to-bO, and bR;-to-bR, reactions at certain

Xsps.
Si“tg;fl tlsvm' Aﬁgluw(ilit}?g;? if)fuwi(tlquRﬁtg AAG* (bRi-to-bR,)
added RET) uM RET)
Xsos 0.572" 0.611° 0.572 0.611 0.673"
K41A ; 12403 -14+03  -14+03 14402
F42A 2.6+0.5 22403  21+03  2.1+02 20402
Y43A 19403 21403  -19+04  -1.9+03 16402
145A 22404 21402 21403  2.1+03 1.940.3
T46A . 27404 23403  23+03 22403
TA7A 11403 09402  -1.6+£03  -1.4£02 11402
V49A 03404 03+03  -07+02  -0.6+02 03402
I52A 2.0+0.3 1.6+02  20+£02  -1.9+02 15401
F54A ; 09403  -05+02  -04+02 0.4+ 0.1
M56A ; 1.6+0.3 20£0.2 1.940.2 1.6 +0.1
S59A ; 0.1+02  -0.1+£02  -0.1£02 20,14 0.1
M60A ; 1.0£04  -1.1£03  -1.1+03 1.0+0.2
P50A 11403 1.0+£02 0.7+0.4 0.7+0.3 0.6+0.1

“Unit of AAGuy: kcal/mol.
»Cy of the wild-type bR for each reaction.
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Figure 3.1. Effect of RET hydrolysis on the SDS-induced unfolding of wild-type bR. (A)
Change of the wild-type bR~to-bR, unfolding curve in time. (B) Plot of normailized absorbance
at 560 nm against the SDS mole fraction concentration, Xsps, for the wild-type bRsto-bR,

unfolding and bR,-to-bR¢ refolding experiments. (C) Change of absorbances at 390, 440 and 560
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nm in time when the wild-type protein was refolded from bR, at the apparent C,, of the bRto-

bR, transition (Xsps = 0.673).
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Figure 3.2. Equilibrium unfolding (bR¢~to-bO,) and refolding (bO,-to-bR¢) of wild-type protein.

(4) The unfolding and refolding samples without added RET monitored by absrobance at 560 nm

after incubated for ~ 9 days.

(B) The unfolding and refolding samples without added RET

monitored by fluorescence at 335 nm after incubated for ~ 9 days. (C) The unfolding and

refolding samples with added RET monitored by absrobance at 560 nm after incubated for ~ 4

days. (D) The unfolding and refolding samples with added RET monitored by fluorescence at

335 nm after incubation for ~ 4 days.
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CHAPTER 4

AN ENERGETIC SCALE FOR EQUILIBRIUM H/D FRACTIONATION FACTORS

ILLUMINATES HYDROGEN BOND FREE ENERGIES IN PROTEINS

4.1. INTRODUCTION

The role of hydrogen bonds in protein folding has been extensively studied, yet
their contribution to stability remains controversial (1). The crux of the problem is the
contribution of hydrogen bonding to solvent in the unfolded state relative to the folded
state: are hydrogen bonds in the folded protein stronger than solvent hydrogen bonding
in the unfolded state?

Model compound studies of backbone hydrogen bond mimics suggest that
backbone hydrogen bonds are not stabilizing in water (2, 3). Chemical mutagenesis of the
backbone suggested that the backbone hydrogen bonds can be stable (4, 5), but stability
depends strongly on the context of the hydrogen bond (6). In other words, some
backbone hydrogen bonds may be stabilizing and others are not. A similar picture
emerges from mutagenesis of side-chain hydrogen bonds. Mutagenesis studies of
hydrogen bonded side chains indicate that the interactions can be stabilizing (7-18).
Indeed, a comprehensive analysis by Pace and co-workers argues that the net contribution
of side-chain hydrogen bonds to folded proteins is on the order of 1 kcal/mol on average,

but there is a wide variation in this net contribution (14). Undoubtedly part of the
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variability arises from true differences in hydrogen bond strength while part is
experimental error due to the complexity of combined mutagenesis and unfolding
experiments.

Another experimental way to measure hydrogen bond strength, that is essentially
non-perturbing, is by the use of equilibrium H/D fractionation factors. For a hydrogen
bond between a weak acid, AH, and a weak base, B, the fractionation factor, ¢, is defined
as the equilibrium constant for the following reaction (19-34):

AH:B + % D0 = AD:B + ¥, H,0,
¢ = ((DV[HDsonute/ ([DV[H]water-
For weak hydrogen bonds typically observed in proteins, the ¢-value increases as the
strength of the hydrogen bond decreases (22—34). In other words, weaker hydrogen bonds
accumulate more deuterium than stronger hydrogen bonds (22—34).

Loh and Markley were the first to employ NMR to evaluate the contribution of
large numbers of ¢-values within a protein structure, in their investigation of
staphylococcal nuclease H124L (25). Since then, similar approaches were used to
measure @-values in enzyme:substrate complexes (29-32), in DNA base pairs (23), and in
protein structures (25-28). In DNA base pairs, the ¢-values fall within a narrow range
from 0.83 to 1.10 (23). In proteins, the @-values are more diverse, ranging from 0.28 to
1.42(25-33) (ignoring an extreme outlier with a ¢-value of 2.0 (32)).

Several trends have emerged from studies on proteins: [1] a-helical hydrogen
bonds are stronger on average than f-sheet hydrogen bonds (25-28). [2] Side-chain
hydrogen bonds tend to be stronger than backbone hydrogen bonds (25, 26, 28). [3]

Charge-stabilized hydrogen bonds are stronger than neutral hydrogen bonds (25, 26, 28,
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34). In particular, the ¢-values for neutral hydrogen bonds measured in experiments fall
between 0.52 and 1.42 (25-33), whereas charged-stabilized hydrogen bonds have been
seen with a ¢-value as low as 0.28 (25). [4] Cooperative networks can strengthen
hydrogen bonds (25, 26, 28, 34). [5] Equilibrium H/D fractionation factors in proteins
have no correlation with H/D exchange rates (25). [6] Low-barrier (single-potential-well)
hydrogen bonds to substrates in enzyme active sites can have ¢-values as low as 0.32
(29-32).

A major missing component of these earlier studies on protein hydrogen bonds
was an energetic scale. In particular, how much stronger is a hydrogen bond with a ¢-
value of 0.52 relative to one with a ¢-value of 1.42? Shi et al. attempted to answer this
question with a model compound study (24). They measured two distinct equilibrium
H/D fractionation factors and the corresponding free energies, AG™. From these two
points and the assumption that AG"® is linear with RTIn¢, they obtained the scale factor,
SF = 0(AG"®)/0(RTIn¢), which relates any measured ¢ to AG™. The scale factor
obtained was - 74 + 27 (24). Although the approach is important conceptually, we believe
this scale factor cannot be correct. From the known ¢-values for neutral hydrogen bonds,
this scale factor implies that they range over 60 kcal/mol in free energy. This is nearly an
order of magnitude larger than the maximum expected enthalpy of a neutral hydrogen
bond in a vacuum (35-37). Moreover, the linearity assumption is lacking experimental
validation.

In this work we revisit and extend the idea of Shi ef al. (24). By measuring free
energies of hydrogen bonding and fractionation factors for a series of 18 weak acid and

weak base pairs, we obtained a more extensive experimental delineation of the

63



relationship between ¢ and AG™ values. We confirm the expected linear relationship (24)
between AG"® and RTIn¢, and obtain a scale factor of - 7.0 + 0.7. The new scale factor is
more consistent with what we know about hydrogen bonds. With a reliable ¢-value we
can place prior work on an energetic scale. Moreover, we provide a new analysis of the
overall contribution of hydrogen bonding to protein folding. We find that hydrogen
bonding is slightly more stabilizing the unfolded state of proteins relative to the folded
state. Our scale factor provides a simple, general and non-perturbing method for

measuring hydrogen bond strengths in proteins and other systems.

4.2. RESULTS AND DISCUSSION

Approach to measuring the scale factor. To determine the relationship between AG™
and ¢-values, we employed a series of weak acid base pairs listed in Fig. 4.14 and
measured their ¢-values and the corresponding AG"®-values. To obtain ¢-values relative
to water, we employed the three equilibria shown in Fig. 4.1B.

We first measured the fractionation factors (¢) relative to the hydrogen-bond
complex formed by triphenylmethanol (Ph;COH) (Reaction 1). Ph;*COH and the weak
acid of interest were dissolved at a low concentration in the cognate base. Since the base
acts as the solvent, the dissolved weak acids will be completely hydrogen bonded to the
solvent base. The ratio of deuterium to protium in the solution was controlled by adding
deuterated and protonated methanol in various ratios. The ¢;-values of hydrogen-bonded
weak acids were measured relative to the hydrogen-bonded Ph;*COH by “C-NMR as

illustrated in Supporting Information Appendix: Fig. S4.1 B and C.
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Once the ¢;-values were obtained, they were converted to ¢-values relative to
water. This was done by measuring the fractionation factors (¢,) of the hydrogen bonded
Ph;COH dissolved in the corresponding base relative to solid Ph;COH (Reaction 2),
followed by applying the fractionation factor (¢s= 1.10) for solid Ph;COH relative to
water obtained from Kreevoy and Liang(20) (Reaction 3). As shown in Fig. 4.1B, the
sum of the three reactions provides the desired ¢-value relative to water and is simply the
product of three measured equilibrium constants. The ¢;-values are listed in Supporting
Information Appendix: Table S4.1. The ¢.-values for triethylamine, p-dioxane and di(#n-
propyl) ketone, were measured to be 1.01 £ 0.02, 1.24 £ 0.07 and 1.14 £ 0.06,
respectively. The final ¢-values of the hydrogen-bonded complexes with reference to
water are also listed in Supporting Information Appendix: Table S4.1.

The free energy of hydrogen bonding was determined by measuring the
dissociation constants of the various weak acid:base pairs in an aprotic solvent as
illustrated in Supporting Information Appendix: Fig. S4.1D. We used solvents that closely
matched the dielectric constant of the base that was employed to measure the ¢;-values so
that the hydrogen bond strengths would be matched in both solutions (Reaction 1).
Dissociation curves were obtained by varying the concentrations of bases and monitoring
chemical shifts of the proton involved in hydrogen bonding by 'H-NMR as an indication
of the relative fractions associated and dissociated. The equilibrium dissociation
constants, K, for the hydrogen-bond complexes and their AG"™ values are listed in

Supporting Information Appendix: Table S4.1.
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The scale factor relating the AG"® and ¢-values. A plot of AG™ against RTIn¢ from 18
hydrogen-bond complexes formed by our model weak acids and weak bases is shown in
Fig. 4.1C. As expected (24), the points fall on a line with a linear fitting correlation
coefficient of 0.93. The slope yields the scale factor of - 7.0 £ 0.7. The data used in the
scale factor determination includes six different acids and three different bases,
suggesting that the empirical relationship between AG"® and RTIn¢ values we report here
is robust and largely independent of the type of hydrogen donors and acceptors. The ¢-
values of the hydrogen-bond complexes in this plot ranges from 0.65 to 1.54, which
covers most of the ¢-values observed for protein hydrogen bonds previously (25-33).
Some protein hydrogen bonds have a ¢-value lower than 0.65 (25-33), but given the
linear relationship between AG"™® and RTIn¢g values those protein hydrogen bonds are
within a short linear extrapolation of the plot in Fig. 4.1C. Thus, we can use the scale
factor reported here to compare the strengths of any two intra-molecular hydrogen bonds

in proteins as long as their ¢-values with reference to water are available.

Hydrogen bond strength in proteins and enzymes. The highest ¢-value measured in
proteins is 1.42 for the backbone NH group of G55 in the unligated from of
staphylococcal nuclease H124L. Although the amide of G55 appears to be hydrogen-
bonded to the backbone carbonyl groups of E52, it must be an exceedingly weak
interaction. We therefore set a ¢-value of 1.42 as the reference, i.e., a free energy of 0.
Using a reference ¢-value of 1.42 and our scale factor, we can obtain the relative free

energies, AAG"®, of hydrogen bonds.
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For hydrogen bonds formed by backbone amide groups, the average values of
AAG™ are 2.2 + 1.2 kcal/mol in staphylococcal nuclease H124L (25), 1.9 £ 0.7 kcal/mol
in histidine-containing proteins (26), 1.0 + 0.2 kcal/mol in human ubiquitin (27) and 1.1
+ 0.3 kcal/mol in the two immunoglobulin G binding domains of protein G (28) (The
uncertainties in free energies here and in the following are standard deviations). The
backbone hydrogen bond strengths span 7.0, 3.5, 0.7 and 1.8 kcal/mol in the four
proteins, respectively (Fig. 4.2). While a 7 kcal/mol range in staphylococcal nuclease
H124L appears extreme, it is due to a backbone hydrogen bond to a charged side chain
(see below). If we exclude backbone hydrogen bonds made to charged residues the
overall range for neutral backbone hydrogen bonds decreases to 4.2 kcal/mol with
reference to the weakest neutral backbone hydrogen bond (for L108 in the unbound
staphylococcal nuclease H124L with the lowest neutral ¢-value of 0.52) (25). This value
is well within the theoretical maximal enthalpy of a neutral hydrogen bond, 6.6 kcal/mol
(35). Thus, the scale factor we obtain appears physically reasonable.

The ¢-value data for side chain hydrogen bonds is more sparse and biased toward
residues involved in enzyme catalysis. To our knowledge the ¢-values of 20 side chains
are known (excluding one extreme outlier which has an abnormally high ¢-value of 2.0)
(26, 28-33). They include Ser, Tyr, Cys and His residues involved in side-
chain:backbone, side-chain:side-chain or side-chain:ligand hydrogen bonds. As shown in
Fig. 4.2, we find that the AAG"® for the side-chain hydrogen bonds have an average value
of 3.9 =+ 1.6 kcal/mol and span a range of 5.7 kcal/mol. Among the 20 side-chain
hydrogen bonds, 18 are charged stabilized, which is likely to be an important factor in

their strength (see below), and 16 are located at active sites of enzymes.
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Of the 16 active site hydrogen bonds with known ¢-values, 13 form in
intermediate states during catalytic cycles and are thought to stabilize those intermediates
(29-32). We can now quantify the degree of stabilization. For example, His64 Hj;, in
subtilisin Carlsberg, which hydrogen bonds to the side chain of Asp32 (29), has a ¢-value
of 1.2 in the ground state, while in the intermediate state its ¢-value decreases at least to
0.85. From our scale factor, this change corresponds to an improvement in hydrogen-
bond free energy of over 1.5 kcal/mol. The His57 Hs and He protons in bovine
chymotrypsinogen A are involved in hydrogen bonds to the side changes of Asp102 and
Ser195, respectively (32), and have ¢-values of 1.4 and 0.54 in the ground state, while in
the intermediate state of the catalytic cycle their ¢-values change to 0.4 and 0.69,
respectively. This corresponds to an overall improvement in hydrogen bond free energy
of 4.2 kcal/mol, stabilizing the intermediate.

Charge-stabilized hydrogen bonds are expected to be stronger than neutral
hydrogen bonds (25, 26, 28, 34) and this is revealed in the measured ¢-values. The
average ¢-value for neutral hydrogen bonds at room temperature is 0.96 + 0.20, and for
hydrogen bonds with nominally charged acceptors, it is 0.60 £ 0.29(25-33). Based on our
scale factor, the energetic difference between these two kinds of hydrogen bonds is 1.9
kcal/mol on average.

As noted previously, a-helical backbone NH groups have an average ¢-value 6 -
14 % less than pS-sheet backbone NH groups in the same proteins(25-28) at room
temperature (see Fig. 4.34). This corresponds to a difference of 0.3 - 0.6 kcal/mol higher
stability in a-helices relative to f-sheets on average (Fig. 4.3B). Our experimental value

corresponds well with the results from theoretical calculations indicating that the
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enthalpy cost to rupture a backbone N-H--*O=C hydrogen bond is 0.35 kcal/mol higher in

a-helices than in S-hairpins in H,O (38).

Contribution of hydrogen bonding to protein unfolding free energy. Our scale factor
allows us to determine the relative energetic contribution of hydrogen bonds to the folded
state of a protein, but what is their contribution to stabilizing the folded state relative to
the unfolded state? To answer this question we would require a complete picture of the
change in hydrogen bonding upon unfolding between the protein and the solvent and also
the perturbation of the solvent caused by the protein hydrogen bonds. While addressing
this question for individual hydrogen bonds is not straightforward, we believe we can
now answer this question for the overall net contribution of all hydrogen bonds to
folding.

We consider the ¢-value of all the hydrogen bonds in a complex composed of the
protein and water molecules whose structure is closely affected by the unfolding and
folding of the protein. As shown in Fig. 4.44, we can imagine a protium / deuterium
exchange reaction between protein:water complexes in the unfolded and folded states.
The equilibrium constant for the reaction in Fig. 4.44 is simply the ratio of the ¢-values
for these two states, ¢U"™/¢" "™, This reaction is equivalent to the sum of the two
reactions described in Fig. 4.4B, which represents the folding of the protonated protein in
H,O and the unfolding of the deuterated protein in D,O, respectively. Thus, the
equilibrium constant of the reaction shown in Fig. 4.44 will be equal to the product of the

equilibrium constants of the two reactions shown in Fig. 4.4B:

¢U-Prot/¢F-Prot — K D-Prot:(DZO)n/K H-Prot:(H20)n
u u .
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Thus, if we know the unfolding equilibrium constants or unfolding free energy of a
protein in the protonated form in H,O and in the deuterated form in D,O at room
temperature, we will be able to calculate the contribution made by the changes of all the
hydrogen bonding interactions to the protein unfolding free energy, by using the
following equation:

AAG™ = SF - RTIn(¢VF/¢F ") = SF - RTIn(K,PPro P20/ H-Prot(H20)m)

The unfolding free energies of three proteins, rat CD2 (39), ribonuclease (40) and
monomeric wild-type lambda repressor (A°*) (10) have been measured in both H,O and
D,0. The deuterated proteins in D,O are more stable than the protonated proteins in H,O
by 1.2 kcal/mol for rat CD2, 1.0 kcal/mol for ribonuclease and for 0.55 kcal/mol for 1%
This means the RTIn(K,PFrt®20m/g HProuHO0m) anq thus the RTIn(@""/¢" ") values for
these three proteins at room temperature are simply - 1.2, - 1.0 and - 0.55 kcal/mol,
respectively. In other words, the ¢-value for the unfolded protein is lower than the folded
protein, implying stronger hydrogen bonding in the unfolded state. By applying the scale
factor we obtain the change in free energy due to the hydrogen bonding interactions upon
unfolding. For rat CD2, ribonuclease and A**, the hydrogen bonds favor the unfolded
state by 8.3, 7.0 and 3.8 kcal/mol overall and by 0.09, 0.06 and 0.05 kcal/mol per residue,
respectively, which are small compared to other interactions that drive protein folding
such as van der waals forces, electrostatic interactions and hydrophobic interactions (41).
This result suggests that the unfolding of all the three proteins is marginally favored by
changes in the hydrogen bonding interactions, which contrasts with the analysis of Pace
and co-workers based on side chain mutagenesis experiments (14). We believe this

contradiction can be easily reconciled if side chain hydrogen bonds are generally more
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stable than the average backbone hydrogen bond. For the hydrogen bonds with known ¢-
values, this seems to be true. Moreover, many side chain hydrogen bonds are charge
stabilized and most are of the O-H-O type which may be stronger than N-H--O
hydrogen bonds(42) because, we think, the O-H---O hydrogen bonds carry more partial
charges than N-H--O hydrogen bonds. Thus, an analysis based on side chain hydrogen
bonding may overestimate their overall contribution(28).

The strong hydrogen bond free energies in proteins that we report suggests that
hydrogen bonds can play an important role in specifying the structure of a protein. They
will also play an important role in defining protein movements. For example, many
strong side-chain hydrogen bonds were found at active sites in intermediate
conformations of catalytic enzymes (29-32). We find that the hydrogen bonds can
stabilize the intermediate states by 1.5 to 4.2 kcal/mol more than they stabilize the ground
states, thereby facilitating the formation of intermediate states of enzymes during the
catalytic pathway. It seems likely that proteins can define modes of motion by
modulating hydrogen bond strengths. Thus the wide range of backbone hydrogen bond
strengths may be an evolved feature of proteins that deserves further scrutiny. Our scale

factor now provides way to quantitatively measure these contributions.

4.3. MATERIALS AND METHODS

Preparation of materials. p-(Trifluomethyl)phenol (p-CF;CsHsOH), phenol (CsHsOH),
2,2,2-trifluoroethanol (CF;CH,OH), triphenylmethanol (Ph;COH), "C(OH)-labeled

triphenylmethanol (Ph;"*COH), pyrrole (CsH,NH), p-dioxane (C;HsO,) and di(n-propyl)
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ketone ((n-CsH;),C=0) were purchased from Sigma-Aldrich. Methanol-O-d (CH;OD),
cyclohexane-di, (Ce¢D12), toluene-ds (C;Ds), o-dichlorobenzene-ds (CsD4Cl,) and
chloroform-d (CDCl;) were purchased from Cambridge Isotope Laboratories, Inc..
Among these materials, the chemicals in solid state, p-(trifluomethyl)phenol and phenol,
were dried in a vacuum oven at room temperature over night before use and
triphenylmethanol and "*C(OH)-labeled triphenylmethanol were used directly because
they were already dry enough. All chemicals in liquid state except cyclohexane-d,,
because it was already dry enough, were dried by mixing with 4 A molecular sieves
purchased from Sigmal-Aldrich for 6 - 18 hr before use. Triethylamine (Et;N) and
methanol (CH;OH), which were stored under dry argon and were pre-dried by using a
home-made aluminum column, were a gift from Neil Garg Lab at UCLA.
Triphenylmethanol-O-d (Ph;COD) was made by mixing ~ 2 g triphenylmethanol
(Ph;COH), 1 mL acetonitrile (CH;CN) and 2 mL deuterium oxide (D,O) for 2 days,
followed by drying the mixture in a vacuum oven at room temperature for one day. The
deuteration level in triphenylmethanol-O-d was verified by dissolving the dry powder of
triphenylmethanol-O-d in dry chloroform-d at a concentration of more than 0.5 M and
recording the '"H-NMR spectrum in a BRUKER AV300 spectrometer. Almost no signal
for the hydroxyl proton was detected compared to the peak for aromatic protons,
suggesting nearly full deuteration at the hydroxyl group. Acetonitrile and deuterium
oxide were purchased from Fisher Scientific and Cambridge Isotope Laboratories, Inc.,

respectively.
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Measurement of ¢-values for hydrogen-bond complexes formed between weak acids
and weak bases. In aqueous solution, weak acids and weak bases cannot form hydrogen
bonds with each other, but instead are hydrogen-bonding to water and are partially
neutralized by one another. Therefore, we did not measure the ¢-values of hydrogen-bond
complexes formed between each weak acid and weak base (see Fig. 4.14) directly in
water, but we measured them at room temperature in an indirect way by converting the ¢-
value to a water reference in three steps (see Fig. 4.1B), where ¢, ¢,, and ¢; are the
equilibrium constants for the three steps, respectively.

The ¢,-values were measured using a method similar to Jarret and Saunders (19).
In our experiment, 0.10 M p-(trifluomethyl)phenol (p-CF;CsHsOH), 0.10 M phenol
(C¢HsOH), 0.10 M 2,2 2-trifluoroethanol (CF;CH,OH), 0.60 M methanol-OH/OD
(CH;0H/OD), 0.005M "“C-labeled Ph;"*COH and 0.10 M pyrrole (C;H,NH) were added
together to solvent which was composed of the pure base, triethylamine (Et;N), p-
dioxane (C4Hs0,) or di(n-propyl) ketone ((n-C;H;).C=0), and a small amount of
cyclohexane-d;, (CsD12) at volume ratios of 9/ 1,9/ 1, and 5/ 1, respectively. Except for
the *C-labeled Ph;'*COH, the natural abundance of *C was utilized for the weak acids.
In each of the three solutions, all the weak acids formed hydrogen bonds with the same
base. The small amount of cyclohexane-d,, (¢ = 2.0) (43) was used to lock the magnetic
field and keep the dielectric constants of the mixtures (44) with each base, triethylamine
(e =2.3) (43), p-dioxane (¢ = 2.3) (43) and di(n-propyl) ketone (e = 12.5) (43), almost the
same as the dielectric constants of toluene (& = 2.3) (43), toluene (¢ = 2.3) (43) ando-
dichlorobenzene (¢ = 9.9) (43), respectively, because we measured the strengths of the

hydrogen bonds in these solvents. The ratio of the XH / XD group (X = O or N) for each
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acid was varied in a series samples by changing the ratio of OH/OD in the added
methanol-OH/OD.

By monitoring the signal for the carbon atoms directly linked to the XH / XD
group (X = O or N), i.e. the a-C, from the "C-NMR spectra, we measured the ¢;-values
of hydrogen bond complexes formed between weak acids and each of the three bases
with reference to the ¢-value of the hydrogen bond complex formed between the “C-
labeled Ph;"*COH and the same base at exchange equilibrium (~ 3 hr after mixing).

As illustrated in Supporting Information Appendix: Fig. S4.14, two types of “C-
NMR spectra for a-C atoms were observed depending on the rate of H/D exchange. In
the case of slow exchange, two separate peaks for a-C were seen, each having the same
chemical shift as the pure C-XH or C-XD (X = O or N) state. Thus, for slow exchange we
obtained the XH / XD ratio from the corresponding peak areas, A. The hydrogen bond
complexes for *C-labeled Ph;*COH with all the three bases followed the slow-exchange
regime. For the hydrogen bond complexes formed by other acids and the same base
which also follow this slow-exchange regime, we plotted the ratios of A(AD:B) /
A(AH:B) against the ratios of A(Ph;COD:B) / A(Ph;"*COH:B) for the solutions with

different total amounts of protons and deuterons. Since

A(AD:B) / A(AH:B)

- Eq. 4.1
A(Ph;13COD:B) / A(Ph3;13COH:BY (Bq. 4.1)

4

their ¢;-values were simply read from the slope of the least-square linear-line fitting of
this plot, forcing the line to pass the origin (see Supporting Information Appendix: Fig.
S4.1B). In the case of fast exchange, a merged peak for the a-C was seen, whose
chemical shift, J, is dependent on fraction of deuteron or proton within the hydrogen

bond complex according to
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[AD:B]/[AH:B] =[6(AH:B) - 6(AL:B)] / [6(AL:B) - 6(AD:B)], (Eq. 4.2)
where L represents the mixed state of labile protons and deuteron. The chemical shift of

the pure protonated state, d(AH:B), can be measured by adding the protonated Ch;OH

1
only, but the chemical shift [AD:B]/[AH:B] = 5amsy—sapsy - of deuterated state,
5(AH:B) —8(AL:B)
o(AD:B), cannot be determined

directly. Consequently, their ¢;-values were obtained in a different way. We first convert
Eq. 4.2 into the following form,

(Eq. 4.3)
If we define 4 = 6(AH:B) - 6(AD:B) in Eq. 4.3 and then plug Eq. 4.3 into Eq. 4.1, we
obtain

A(Ph3;3COH:B) / A(Ph; *>COD:B)
1= i . (Eq. 4.4)

5(AH:B) - 5(AL:B) 1

Eq. 4.4 can be further re-written as

1 1 A(Ph3'3COH:B)
S(AH:B) — 5(AL:B) ¢ 4 (A(Phgl?’COD:B)

+ ¢1).

Thus, for the hydrogen bond complexes in the fast-exchange regime, their

1
5(AH:B) — 5(AL:B)

values were plotted against the ratios of A(Ph;”COH:B) /
A(Ph;®COD:B). The ¢;-value is the absolute value of the x-intercept from the linear least-
square fitting of this plot (see Supporting Information Appendix: Fig. S4.1C). The
uncertainty of the ¢;-value for each hydrogen bond complex is the sum of the standard
deviation from three experiments and the average error from the data fitting for each
experiment, i.e. STD + (dept + dexp2 + dexps) / 3, where STD stands for the standard
deviations from the three experiments and dexpi, dexp2 and dexps are the errors in the ¢;-

value from fitting for the three experiments, respectively.
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We measured ¢,-values for the hydrogen bond complex formed between Ph;COH
and each base as follows. 0.30 g Ph;COH and 0.30 g Ph;COD were added to 1.6 mL of
the solvents triethylamine / cyclohexane-di, (V/V = 9/1), p-dioxane / cyclohexane-d,
(V/V =9/1) and di(n-propyl) ketone / cyclohexane-di, (V/V = 5/1), respectively, and the
mixtures were stirred in dark at room temperature for 2 - 4 days to allow for equilibrium
to be established. The ratio of [Ph;COD:B] / [Ph;COH:B] in each solution, i.e. the
supernatant of each solid/liquid mixture containing ~ 0.3 M Ph;COH/D, were determined
by measuring the ratio between the peak areas of *C-OD and *C-OH from the “C-NMR
spectrum by utilizing its natural *C abundance. To determine the Ph;COH/D in the solid
state, each solid-liquid mixture was filtered under vacuum and the solid was dried for 1 hr
under vacuum at room temperature. The dried samples were then dissolved in deuterated
chloroform to a concentration of ~ 0.5 - 0.7 M and the ratio of [PhsCOD] / [Ph;COH] was
determined from the *C-NMR spectrum. The uncertainty in ¢,-value for each solid-liquid
mixture is the standard deviation from three experiments.

The ¢s-value was previously determined to be 1.10 = 0.06 by Kreevoy and
Liang(20).

By multiplying ¢i-, ¢»- and ¢s-values together, we obtain the @-value of each
hydrogen bond complex with reference to water (see Fig. 4.1B). The standard deviation
of the final ¢-value for each hydrogen bond complex, d¢, was derived from the
uncertainties of ¢,- and ¢,-values according to the following equation,

OP/p = dP1/d1 + ¢/,
where 0¢; and 0¢, are the uncertainties in ¢;- and ¢@.-values, respectively. As the

uncertainty of ¢;-values will be applied to each hydrogen bond complex in the same way,

76



it will have no effect on the relative uncertainties between any two hydrogen bonds, so it
was not considered for determining the uncertainty in ¢-value. The uncertainty in R7In¢
values was determined as R7(0¢/9).

All the “C-NMR measurements were performed on a BRUKER AVS500

spectrometer equipped with a cyroprobe optimized for *C sensitivity.

Measurement of strengths of hydrogen-bond complexes formed between weak acids
and weak bases. The strength of the hydrogen bond, AG"®, formed by pairs of weak
acids (AH) and weak bases (B) was measured as the dissociation free energy of the
hydrogen-bond complex (AH:B) in apolar, aprotic organic solvents. The weak acids we
used were p-(trifluomethyl)phenol, phenol, 2,2,2-trifluoroethanol, methanol-OH,
triphenylmethanol and pyrrole. The weak bases we used were triethylamine, p-dioxane
and di(n-propyl) ketone. For hydrogen bonds formed between each of the weak acids and
triethylamine or p-dioxane, a small amount of the weak acid was dissolved in toluene-ds
to make the concentration of the acid of ¢, = 0.0300 M and then the solution was divided
into seven 600 uL aliquots. Next, various amounts of triethylamine or p-dioxane were
added to the seven samples to make the final concentrations of the bases ranging from 0
to 0.5 M and 0 to 1.0 M, respectively. For hydrogen bonds formed between each of the
weak acids and di(n-propyl) ketone, a small amount of the weak acid was dissolved in o-
dichlorobenzene-d; to make the concentration of the acid of ¢, = 0.0300 M and then the
solution was divided into seven 600 uL aliquots. Next, di(n-propyl) ketone at different
volumes were added to the seven samples to make the final concentrations of the base

ranging from 0 to 1.0 M.
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"H-NMR spectra were acquired for each sample at room temperature soon after
they were prepared using BRUKER spectrometers AV300, DRX500, AV500 or AV600.
Since the exchange between labile protons from the hydrogen-bonded complex and from
the free acid is very fast, a AH:B = AH + B merged peak representing the mixed
state was always observed for the labile proton. The chemical shift of the labile proton
was plotted against the volume of added base to obtain a binding isotherm. The
equilibrium dissociation constant, K, of the reaction was determined by least-square
fitting as described by Fielding (45) (see Supporting Information Appendix: Fig. S4.1D).
A standard state of 1 M was used for K. The uncertainty of the K-value for each hydrogen
bond complex was determined by comparing the discrepancy between two experiments.
AG" value for each hydrogen bond complex was determined as -RT7In(NK), where R is
the gas constant, N is the number of potential hydrogen acceptors per molecule of base,
which is 2, 4 and 1 for di(n-propyl) ketone, p-dioxane and triethylamine, respectively.
The reason the number N is included in the conversion of K into AG™ is that the
concentration of hydrogen acceptors from the bases is actually N times higher than the
concentration of each base. The uncertainty in AG"™ was determined as RT(3K/K), where

0K is the uncertainty in K.

Determination of the scale factor. The strength of each hydrogen bond formed between
the model weak acids and weak bases expressed in the free energy change of breaking the
hydrogen bond, AG"™, was plotted against the value of RTIng of each at room
temperature, where R is the ideal gas constant. A least-square fitting was made from the

plot to determine the scale factor, which is simply the slope (see Fig. 4.1C).
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Applying the new scale factor to study the difference in strength of protein
hydrogen bonds. The ¢-values for hydrogen bonds in several proteins have been
measured (25-33), but those experiments were performed at different temperatures
ranging from room temperature to 45 °C. Thus, we need to convert their results into ¢-
values at room temperature before we apply the scale factor because our scale factor is
determined at room temperature. As pointed out by Kreevoy and Liang (20), the ¢-value
of a hydrogen bond complex with reference to water is dependent on the zero-point
energies, i.e. the lowest (or ground-state) eigenvalues of energy for the vibrational
potential functions, of hydrogen bonds formed between the weak acid and weak base and
formed between water molecules in the protonated and deuterated forms. Their
relationship can be written as the following form (20),

RTIn¢g = hc[(ZPE(AH:B) - ZPE(AD:B) - ZPE(H,0) + ZPE(D,O)], (Eq.4.7)
where 4 is the Plank constant, ¢ is the speed of light in vacuum, and ZPE stands for zero-
point energy in the unit of cm™. Since ZPE is not dependent on temperature especially
when the change in temperature is very small, the right-hand side of Eq. 4.7, and
therefore the R7In¢ value, can be considered as a constant for each hydrogen bond
complex. Thus, the previously measured ¢-values for hydrogen bonds at the experimental
temperature, 7,, in the unit of Kelvin can be converted into the ¢-values at room
temperature as exp{[7./(298 K)] - In¢r}. Thus, by applying the scale factor we report
here to the ¢-values of exchangeable hydrogen atoms in proteins at room temperature, we

can calculate the difference between the free energies of any two protein hydrogen bonds.
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(B) Reaction 1. ®,
AH:B (soln)+ Ph,COD:B (soln)=—= AD:B (soln) + Ph,COH:B (soln).
Reaction 2. ¢z
Ph,COH:B (soin) + Ph,COD (solid) == Ph,COD:B (soln) + Ph,COH (solid).
Reaction 3. ¢3
+) Ph,COD (solid) + 'z D,0 (liquid)=—= Ph,COH (solid) + ¥z H,0 (liquid).

¢
AH:B (soln) + ': D,0 (liguid) === AD:B (soln) + %2 H,0 (liquid).

Fig. 4.1. Determination of the scale factor. (4) The 6 weak acids and 3 weak bases used
to form model hydrogen-bonded complexes. (B) The three equilibria used to determine
the ¢-value relative to water. (C) Plot of AG™ against RTIn¢ values at room temperature
from 18 model hydrogen-bond complexes to determine the scale factor. The hydrogen-
bond complexes formed by triethylamine in toluene, p-dioxane in toluene and di(n-
propyl) ketone in o-dichlorobenzene were labeled using square, round and triangle

symbols, respectively.
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Fig. 4.2. Distribution of protein hydrogen bond strengths. The average AAG"® values, for
backbone NH groups and side-chain donors are shown as a bar in the middle of each box.
The standard deviations, determined by considering both the uncertainty in the scale
factor and the standard deviations of the ¢-values, are indicated as the distance between
the middle bar and the upper or lower edge of each box. The ranges of AAG"™ are

indicated by the double-headed arrows across each box.
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Fig. 4.3. Comparison between backbone hydrogen bond strengths in a-helices and [-
sheets. (4) The ratios between ¢-values for a-helices and S-sheets, ¢(a-helix) / ¢(f-sheet)
in various proteins. The average values are shown as a bar in the middle of each box and
the standard deviations are indicated as the distance between the middle bar and the upper
or lower edge of each box. (B) The differences between AG"B-values for a-helices and for
B-sheets, AG"®(a-helix) — AG"®(B-sheet), in various proteins. The average values are
shown as a bar in the middle of each box. The standard deviations, determined by
considering both the uncertainty in the scale factor and the standard deviations of the ¢-
values, are indicated as the distance between the middle bar and the upper or lower edge

of each box.
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Fig. 4.4. Measuring the net hydrogen bond contribution to folding using fractionation
factors and the scale factor. (4) A hypothetical protium/deuterium exchange reaction
between folded and unfolded protein:water complexes. (B) Equilibrium folding and
unfolding reactions of the protonated and deuterated protein:water complexes,
respectively. (H2O), and (D.O), represent the water molecules whose structures are

closely affected by the folding and unfolding of the protein.
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4.4. SUPPORTING INFORMATION APPENDIX

Table S4.1. Thermodynamic parameters for model hydrogen-bond complexes.

Acid Base 4 ¢ (k]jaTl/lr?l(f)l) K M) (k(igrl:ol)
p-CF;CoH,OH Et:N 0.59+£0.05 0.65+0.07 -0250+0.062 0.0076+0.0015  2.93+0.12
PhOH Et:N 0.68+£0.02 0.76+0.04 -0.165+0.029  0.030+0.002  2.10+0.04
CF:CH,0OH Et:N 071+0.04 0.79+0.06 -0.144+0.046  0.040 = 0.004 1.93 4 0.06
CH;OH Et:N 0.83+£0.05 0.93+0.07 -0.046+0.049 033 £0.02 0.66 % 0.04
Ph,COH Et:N 1.00+0.00 1.114£0.02  0.063 +0.012 0.77 % 0.09 0.16 % 0.07
Pyrrole Et:N 1.10£0.05 1.22+0.08  0.120 +0.041 11402 20.03£0.11
p-CF:CH,OH  p-dioxane  0.97+0.03  1.32+£0.12  0.166+0.054 0.17 £ 0.02 0.24 +0.07
PhOH p-dioxane  1.01+0.02 1.37+0.10  0.190 + 0.045 0.22 +0.02 0.07 +0.05
CF:CH:OH  p-dioxane  1.03+£0.01 1.40+0.09  0.203 +0.040 0.40 % 0.04 -0.28 = 0.06
CH;OH p-dioxane  1.06+0.03 1.45+0.12  0.221 +0.051 13£02 -1.00 = 0.09
Ph,COH p-dioxane  1.00+0.00 1.36+0.08  0.185+0.041 0.82+0.17 20.72+0.10
Pyrrole p-dioxane  1.12+£0.02 1.52+0.11  0.252+0.045 0.71+0.17 0.63+0.14
p-CF:CH,OH  (n-Pr),C=0  0.89+0.02 1.12+0.08  0.066+0.045 0.09 +0.02 1.02+0.11
PhOH (n-PrpC=0  0.90+0.02 1.13+£0.08  0.073%0.045 0.15+0.03 0.72+0.10
CF,CH,OH  (n-Pr),C=0 0.95+0.02 1.19£0.09  0.105 + 0.044 0.20 % 0.03 0.55 % 0.09
CH;OH (n-PrpC=0  0.93+0.05 1.17+£0.12  0.092+ 0.064 1.0+£0.2 20.42+0.12
Ph,COH (n-PrpC=0  1.00+0.00 125+0.07  0.136+0.032 1.6+0.3 20.68+0.12
Pyrrole (n-PrpC=0 1.10+0.04 135+0.12  0.193+0.051 1.0+0.1 -0.42 +0.07
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Fig. S4.1. Determination of the ¢;-values and the dissociation equilibrium constant of the
hydrogen-bond complexes. (4) C-NMR peaks for the carbon atoms directly connected
to XH groups (X = O or N) are sketched for hydrogen-bond complexes under slow and
fast exchanges between the protonated and deuterated states. (B) The plot of
pyrrole:triethylamine (C,HsNH:NEt;) is shown as an example for determining the ¢;-
values of hydrogen-bond complexes in the show-exchange regime. (C) The plot of p-
trifluoromethylphenol:triethylamine (p-CF;CsH4OH:NEt;) is shown as an example for
determining the ¢-values of hydrogen-bond complexes in the fast-exchange regime. The
position of x-intercept was labeled by a circle. (D) The chemical shift of the labile proton
in the mixture containing the free triphenylmethanol and the hydrogen bond complex

triphenylmethanol:triethylamine (PhsCOH:NE;) is plotted against the volume of added
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base as an example for determining the dissociation equilibrium constant of hydrogen-

bond complexes.
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CHAPTER 5

HYDROGEN BONDS IN A MEMBRANE PROTEIN ARE NOT STRONGER

THAN THOSE IN WATER-SOLUBLE PROTEINS.

5.1. INTRODUCTION

Hydrogen bonds have long been expected to be more important for membrane
proteins than soluble proteins because the hydrocarbon core of the bilayer is a much less
polarizable environment than water (1). Moreover, water molecules compete with
hydrogen bonds in the protein. Since water-soluble proteins are highly exposed to water,
they are expected to have more opportunities to form alternative hydrogen bonds with
water than membrane proteins (1). This idea is supported by classic experiments
examining dimerization of the model compound N-methylacetamide, which is used to
mimic the formation of protein hydrogen bonds. Dimerization was found to be 4
kcal/mol stronger more favorable in carbon tetrachloride than in water (2). In addition,
calculations performed by Ben-Tal et al. suggest that the energy of an amide hydrogen
bond is reduced from 6.6 kcal/mol in vacuum to 1.3 kcal/mol in water (3). However,
experimental studies analyzing the effects mutations on protein unfolding free energy
have found that hydrogen bond strengths between side chains are comparable to those in
water soluble proteins. Even fully buried and highly exposed hydrogen bonds in water-

soluble proteins are similar in strength (1).
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It is unclear whether these similarities extend to backbone hydrogen bonds, however. I
have previously shown that considerable conformational flexibility is possible in
transmembrane helices without breaking hydrogen bonds because the hydrogen bonding
connections can readily shift between i+4 and i+3 positions (4). To compare backbone
hydrogen bond strengths in membrane proteins with those in water-soluble proteins and
avoid the problems summarized by Bowie (1) in measuring side-chain hydrogen-bond
strengths in membrane and water-soluble proteins by mutagenesis, I performed the
analysis using the equilibrium hydrogen / deuterium fractionation factors.

The equilibrium fractionation factor, ¢, between proton (H) and deuteron (D) in a
hydrogen-bonded species is defined as ¢ = ([DJ/[H])prowein/([D}/[H])sotvent. It 1s the

equilibrium constant of the reaction shown in Scheme 5.1.

O\I‘H)protein + (O‘D)Water g (N'D)protein + (O'H)Water
Scheme 5.1. Proton/Deuteron exchange between NH/D

groups in proteins and OH/D groups in water molecules.

The ¢-value of labile hydrogen atoms involved in hydrogen bonds is correlated
with the free energy, AG"®, of the hydrogen bonds (see Chapter 4). Previously, I have
determined the scale factor (SF), which relates these two parameters via SF = 6(AG™) /
O(RTIng), to be 7.5 + 0.7, and have used this scale factor to relate ¢-values of hydrogen
bonds with their free energies (see Chapter 4). Therefore, if I can obtain ¢-values for

hydrogen bonds in a membrane protein I can obtain the hydrogen bond strengths.
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I focused on the voltage-sensing domain (VSD) of the voltage-dependent potassium-
selective channel from Aeropyrum pernix (KvAP), because its NMR spectrum had been
previously assigned, allowing me to measure specific fractionation factors for many
hydrogen bonds. VSDs are one of the main molecular detectors for electrical potentials
across biological lipid bilayers. The crystal structures of Ky proteins show that the VSDs
consist of four transmembrane helices, S1-S4. These four transmembrane helices directly
interact with lipid molecules in the membrane and both the structure and function of
VSDs have been found to be highly depend on the chemical and physical properties of
the lipids (5-8). The Mackinnon lab has determined both the crystal and solution-NMR
structures of KyAP-VSD, and they are in good agreement with each other (9, 10). NOEs
from the protein residues to the lipids 1,2-diheptanoyl-sn-glycerol-3-phosphocholine
(D7PC) used to solubilizing the protein for the solution-NMR experiments indicate that
the micelle well mimics the chemical environment of a phospholipid bilayer (10),
suggesting that the observed structures are quite similar to the native protein structure in
cell membrane.

Here I report my experimental results of ¢-values for ~ 70 % of backbone hydrogen
bonds and a few side-chain hydrogen bonds in KyAP-VSD by utilizing its well assigned
'H-"N HSQC spectrum (10) and my analysis on the strengths of those hydrogen bonds
after converting the ¢-values into the AG"™'s by applying the scale factor I determined

previously (see Chapter 4).

5.2. RESULTS AND DISCUSSION

93



Backbone hydrogen bond strengths in KyAP-VSD. By using the 'H-"N SOFAST-
HMQC spectrum, I measured the ¢-values for backbone amide groups of ~ 70 % of the
non-proline residues and three side chains, N17, Q49 and W70, of the membrane protein
KvAP-VSD by fitting Eq. 5.1 as shown in Fig. 5.1. The measured ¢-value for the
backbone amide groups of this protein ranges from 0.49, for T90, to 1.44, for R151, as
shown in Table 5.1 with an average value of 0.97 and a standard deviation of 0.23.
Calculated from these ¢-values, the free energy of the hydrogen bonds formed by the
backbone amide groups with reference to the strength of hydrogen bond formed by the
backbone amide group of R151, AAG™, are found to range from 5.0 to 0.0 kcal/mol as
shown in Table 5.1 with an average value of 1.9 kcal/mol and a standard deviation of 1.2
kcal/mol.

I can compare the average ¢ and AAG"® values for the backbone amide groups in
KvAP-VSD and in the four water-soluble proteins mentioned in Chapter 4. I find that
this membrane protein has stronger hydrogen bonds on average than human ubiquitin
(11) and the two immunoglobulin G binding domains of protein G (12) and has a weaker
than the histidine-containing proteins (13) and staphyloccal nuclease H124L (14). This
means that the average ¢ and AAG"® values for exchangeable NH groups in KyAP-VSD
is within the range of average ¢ (11-14) and AAG"® values for water-soluble proteins (see
Chapter 4). In other words, this membrane protein does not have stronger backbone
hydrogen bonds than water-soluble proteins on average. My result here supports the
previous results from mutagenesis experiments indicating that side-chain hydrogen bond

strengths in membrane proteins and water-soluble proteins are quite similar to each other
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(1). Moreover, the distribution of the number of backbone amide groups of this
membrane protein in different ¢-value ranges has a bell shape as shown in Fig. 5.2, which
is also similar to the ¢-value distribution for the four water-soluble proteins (11-14)
discussed in Chapter 4.

As found previously (12-22), if the hydrogen bond acceptor carries a full negative
charge, the exchangeable hydrogen atom from the donor will have a low ¢-value. In
KvAP-VSD, I also find that the backbone amide group of E53, which is in the loop
region and hydrogen-bonds to the negatively charged carboxylic group of its side chain,
has a ¢-value of 0.60.

Unlike the histidine-containing proteins (13), the backbone amide groups with
low ¢-values do not cluster together in the folding core region of this membrane protein.
Instead, Fig. 5.3 shows the locations of the 14 strongest hydrogen bonds formed by the
backbone amide groups with @-values lower than 0.75 and the 15 weakest ones with ¢-
values higher than 1.25. The low ¢-values tend to be mixed with the high ones in this
membrane protein and no folding core can be found based on the positions of the residues
with low @-values. The poor separation between the residues forming strong and weak
backbone hydrogen bonds suggests that the TM helices in this membrane protein are very
flexible and have a high potential to make conformational change to form more canonical
helices, if we assume a canonical helix should have almost identical backbone hydrogen
bond strengths. Indeed, there is a lot of mixing between residues forming strong and
weak hydrogen bonds in Helices S1 and S3, but there is almost no such mixing in Helix
S4, which corresponds well with the fact that Helices S1 and S3 is bent and has breaks,

respectively, but Helix S4 is almost straight.
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Flexibility in TM Helix S4 predicted by backbone hydrogen bond strength. TM helix
S4 has the most number of backbone hydrogen bonds whose ¢-values have been
measured. Thus, an investigation of the relationship between backbone hydrogen bond
strength and potential conformational change in this helix is allowed. TM helix in the
isolated KyAP-VSD, which only contains helices S1 - S4, has a distinct conformation
from the full length version, which contains helices S1- S6. In the isolated KyvAP-VSD,
S4 is an intact straight helix spanning residues from 120 to 151. However, In the full-
length KvAP, S4 is broken at residues 134 - 137 and the C-branch of the helix merges
with S5 (9). Fig. 5.44 shows residues 122 - 147 in cartoon from the two versions. In Fig
5.4 B and C, the distances between backbone N atom at residue i and backbone O atom at
residue 7 - 4 in the two versions of KyAP and strengths of hydrogen bonds formed by
backbone NH groups in the isolated KyvAP-VSD are plotted against the residue numbers,
respectively. Obviously, around residues 134 - 137, where the helix breaks in the full-
length form, the hydrogen bonds formed by backbone NH groups have the lowest
strength in the isolated form. The means that weak backbone hydrogen bonds in a TM

helix is an indicator of helix flexibility.

Side-chain hydrogen bond strengths in KyAP-VSD. Interestingly, the side chains tend
to have more extreme ¢-values. The side-chain amide group of N17 has a ¢-value of
around 0.60 for both the labile protons and the side-chain amide group of Q49 has a
similar result. As shown in Fig. 5.3, these two side chains are in the N-terminal and loop

regions, respectively, both exposed to the lipid head groups. Although I cannot find their
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hydrogen bond acceptors in the protein structure, it is very likely that N17 and Q49 side
chains form hydrogen bonds with the negatively charged phosphate groups from the
lipids because these two side chains are both exposed to the lipid head groups (see Fig.
5.3). However, the side-chain NH group of W70 has a ¢-value of 1.57, which is the
highest ¢-value for all the NH groups in this protein. As shown in Fig. 5.3, this side chain
is near the center of the bilayer, exposed to the exterior and no probable hydrogen-bond

acceptor can be found.

5.3. MATERIALS AND METHODS

Preparation of samples. The "N-labeled KyAP-VSD protein (from Residues 5 to 151)
was expressed and purified as described by Butterwick and Mackinnon (10). The purified
protein was divided into seven aliquots, each containing ~ 0.28 mM protein, 5.3 mM
D7PC, 20 mM KCIl and 20 mM HEPES/Na® (pH 7.00). After repeated dilutions and
concentrations using a Amicon Centrifugal Filter Unit with a MWCO of 30 kD purchased
from EMD Milipore, the final mole fractions of deuterated water in the seven samples
were changed to 0.050, 0.200, 0.350, 0.475, 0.590, 0.700 and 0.940, respectively. For
example, to make a final fraction of deuterated water 0.475, I first added a certain amount
of buffer which has the same concentrations of D7PC, KCl and HEPES/Na" (pH/D 7.00)
and a fraction of deuterated water of 0.97 to the purified protein sample to make the
fraction of deuterated water roughly 0.475. Because the volume of protein samples
cannot be measured correctly due to presence of lipids, there is an uncertainty of less than

10 % in the fraction of deuterated water by this step. So, I concentrated the sample to a
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protein concentration of ~ 0.28 mM again, followed by adding roughly the same volume
of buffer which has the same concentrations of D7PC, KCl and HEPES/Na" (pH/D 7.00)
and a fraction of deuterated water of exactly 0.475 to the sample. This step was repeated
10 times until the final fraction of deuterated water in the sample was exactly 0.475.
Finally, the sample was concentrated to a protein concentration of ~ 0.28 mM. The
accurate final concentration of the protein in each sample was determined from the UV-
absorption spectrum at 280 nm in order to make sure that the final concentrations of the

protein did not differ much among all the samples.

NMR spectroscopy. 'H-"N SOFAST-HMQC spectra decoupled during acquisition, (23,
24) were recorded at 45 °C on a Bruker Bosch-800MHz spectrometer equipped with a
cryoprobe and were processed using TOPSPIN 3.1. The SOFAST-HMQC NMR
technique was applied to only excite the amide protons, whose chemical shifts were
between 6.6 and 11.0 ppm, in my protein samples. Since alkyl protons from the protein,
whose chemical shifts are outside this range of chemical shift, were left unperturbed, the
amide proton 7's were greatly shortened, allowing the use of a short interscan delay as
described by Schanda et al. (23, 24). Moreover, as LiWang and Ad Bax pointed out (11),
water presaturation and/or the use of an interscan delay shorter than water 7; (~ 2 - 3 sec)
(12) attenuates resonances of protons in rapid exchange with water and this attenuation
factor is roughly proportional to the H,O/D,O ratio, which will result in a decrease in the
apparent ¢-value. In addition, through the NOE, the intensities of other protons in their
vicinity will also be attenuated in the same way and thus also have decreased apparent ¢-

values. However, in my 'H-""N SOFAST-HMQC experiment, since the water resonance
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(0 = 4.71 ppm) is outside the excited proton band, the water protons were also left
unperturbed, which leads to perfect water suppression and no amide groups with
attenuated signals due to fast exchange with water.

During the data acquisition, spectral widths of 13.6 and 32.5 ppm were used in the 'H
and "N dimensions, respectively, with 216 #, increments of 2 K complex points and 128
transients per increment.

Before the NMR spectra were recorded, each sample was incubated in a 45 °C
incubator for 10 hr before the acquisition of their NMR spectrum. The incubation time
was found to be sufficient to achieve equilibrium by using the sample with a D,O fraction
of 0.940. A series of "H-""N SOFAST-HMQC spectra were recorded for this sample at
different times after the D,O fraction was changed to 0.940. After 10 hr, most of the
peaks disappeared, leaving a few peaks which represent the non-exchangeable amide
groups as described by Butterwick and Mackinnon (10) still present with constant
intensities in time.

As the D,O/H,0 ratio increases in the solvent, the amide proton 7)'s can get longer
by ~ 2.8 fold (25). I therefore determined the appropriate interscan delays for each
sample. A series of 'H-"N SOFAST-HMQC spectra were collected for the protein
sample with a D,O fraction of 0.050 at interscan delays of 0.10, 0.20, 0.57, 1.05, 1.52 and
2.00 sec, respectively, and for the protein sample with a D,O fraction of 0.700 at
interscan delays of 0.10, 1.52, 2.00 and 3.00 sec, respectively. For the former sample, no
peak volume changes were seen at interscan delays more than 1.05 sec, and for the latter
one, no peak volume changes were seen at interscan delays more than 2.00 sec.

Therefore, a 1.05 sec interscan delay was used for the sample with a D,O fraction of
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0.050 and a 2.00 sec interscan delay was used for samples with D,O fractions of 0.200,
0.350, 0.475, 0.590 and 0.700, respectively. To provide a reference for peak volume
comparisons, I employed a 10 mM N-acetylglycine sample with a "N/"N ratio of 1/9 in
pure H,O which was sealed in a capillary tube made from Type 1, Class A borosilicate
glass with an outer diameter of 1.7 mm purchased from New Era Enterprises, Inc.. The
reference sample was coaxially inserted into a high-quality NMR tube designed for 800
NMR spectrometers and with an outer diameter of 5 mm purchased from Wilmad-Lab
Glass and transferred from sample to sample.

The data were processed using Guassian functions in both dimensions with zero-
filling to give 2K x 2K matrices. A fifth-order polynomial baseline correction was used in
both the 'H and "°N dimensions. Peak volumes were obtained by directly integrating each
cross peak. For partially overlapped peaks, the dcon command in TOPSPIN 3.1 was used

to mathematically separate them and the simulated single peaks were integrated.

Determination of the fractionation factors. Fractionation factors were determined from
the decoupled "H-""N HMQC spectra using methods similar to those described previously
(12, 14, 13). In Cross-peak volumes were normalized internally using the sum of the peak
volumes of the reference, N-acetylglycine and residues V66, W70 and A74 which have
non-exchangeable amide protons and well separated cross peaks. For every cross peak,
the inverse of the normalized peak volume, y, was plotted against the ratio of deuterated
to protonated water, x, and the plot was least-square fit to a line according to the
following equation(12, 14)

1y = (¢/yma) - (x + 1/9),
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where ymax 1s the cross-peak volume of the exchangeable sites of the protein in the 100 %
protonated state and was fit together with ¢-value. The ¢-value at each exchangeable site
was obtained from the x-intercept of the fit line, -1/¢. The software KaleidaGraph 4.1 was
used for all the fittings.

The distribution of ¢-values for backbone amide groups in histogram was obtained
by classifying all the residues into 11 groups from ¢ = 0.40 to ¢ = 1.50 with each group
spanning a ¢-value range of 0.10, i.e. 0.40 < ¢ < 0.50, 0.50 < ¢ < 0.60, ... ,and 1.40 < ¢ <
1.50.

The free energies of the hydrogen bonds formed by each exchangeable site relative
to the weakest backbone hydrogen bond found in this protein, AAG"'s, at room
temperature were calculated by first converting the @-values measured at 45 °C into the
fractionation factors at room temperature, ¢.osk's, as described (see Chapter 4) and then
using the scale factor that I determined previously (see Chapter 4) and the highest ¢,osx-

value that I found for the backbone amide groups of this protein.
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Table 5.1. Fractionation factors of NH groups and relative strengths of hydrogen bonds

formed by the NH groups in KyAP-VSD.

Residues * ¢° AAG™®¢ Residues® ¢° AAG™®®
L11 0.82 2.6 AT7 -t -f
G12 0.97 1.9 Y78 0.94 2.0
G13 1.20 0.9 K79 0.73 3.2
R14 0.94 2.0 S80 0.98 1.8
V15 1.01 1.7 G81 1.01 1.7
R16 0.82 2.6 D&2 0.59 4.2
N17 0.70 34 A84 1.16 1.0

N176,¢ 0.60 4.1 G8&5 1.04 1.5
N178,¢ 0.62 3.9 Y86 1.02 1.6
118 1.07 1.4 V87 0.93 2.0
G19 0.80 2.8 K88 1.09 1.3
D20 0.90 2.2 K89 1.09 1.3
V21 0.77 2.9 T90 0.49 5.1
M22 1.01 1.6 LI91 1.17 1.0
E23 1.26 0.6 Y92 1.42 0.1
H24 0.83 2.6 E93 1.11 1.2
V27 1.31 0.4 194 0.78 2.9
E28 0.81 2.7 A96 1.21 0.8

L29/E45 © 1.20 0.9 L97 0.52 4.8
G30 0.85 2.5 Vo8 0.97 1.8
V3l 0.74 3.1 G101 1.43 0.0
S32 0.59 4.1 L102 1.39 0.2
Y33 1.27 0.6 L103 1.16 1.0
A34 0.71 33 Al104 0.80 2.7
A35 -t - L105 0.64 3.8
L37 -t -f 1106 1.39 0.2
V39 1.38 0.2 G108 1.11 1.2
140 -t -f H109 1.17 1.0
V41 -t - L110 1.28 0.6
V43 -t -f Alll 0.93 2.0
V44 1.31 0.4 G112 0.97 1.9
Y46 1.02 1.6 L113 0.89 2.3
T47 0.59 4.2 L115 1.26 0.6
M48 0.94 2.0 F116 -t -f
Q49 0.97 1.8 L118 -t -f

Q49¢, ¢ 0.63 39 V119 1.11 1.2
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Q49¢,¢ 0.60 4.1 R120 1.14 1.1
L50 1.41 0.1 L121/L128¢ 1.17 1.0
S51 0.87 24 L122 0.99 1.8
G52 1.38 0.2 R123 0.69 3.5
E53 0.60 4.1 F124 -t -f
Y54 0.69 3.4 L125 0.87 24
L55 0.98 1.8 R126 0.92 2.1

V56/D146°¢ 0.68 3.5 1127 -f -f
R57 1.07 1.4 1130 -t -f
L58 1.00 1.7 1131 1.17 1.0
Y59 0.85 2.5 S132 0.85 24
L60 1.25 0.6 R133 -f -f
Vol -t -f G134 1.19 0.9
D62 -f -f S135 0.98 1.8
Le63 -t -f K136 -t -f
164 -f -f F137 -f -f
L65 -t -f L138 0.92 2.1
V66 -f -f S139 0.57 4.3
167 -t -f A140 1.10 1.3
168 -f -f 1141 0.95 2.0
L69 -t -f Al42 0.78 2.9
W70 -f -f D143 0.83 2.6

W70g ¢ 1.57 -0.4 Al44 0.57 4.3
A7l -f -f Al45 0.76 3.0
Y73 -t -f K147 0.86 24
A74 -f -f L148 0.90 2.2
Y75 -t -f V149 1.09 1.3
R76 -f -f R151 1.44 0.0

*For backbone amide groups unless noted.

® All the ¢-values have an uncertainty of < 10 % from the fitting using Eq. 5.1.

¢ All the AAG"™ values have an uncertainty of < 25 % determined from the uncertainties
of ¢-values and the scale factor.

4 For side-chain NH groups.

¢ Due to 100 % overlapping, the two peaks for Residues X and Y cannot be separated but

their total peak volumes can be fit using Eq. 5.1 to get an apparent ¢-value. If the
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apparent ¢-value is very low or very high, at least one of the residues, either X or Y with
a larger peak volume, has a very low or very high ¢-value, respectively, but the ¢-value
of the other one that has a smaller peak volume cannot be determined because the volume
ratio of the two overlapped peaks may be very large.

" Data unavailable either because the NH groups are not exchangeable or their 'H-"N

HMQC peaks are seriously overlapped with others.
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Fig. 5.1. Determining ¢-values of exchangeable NH groups in KyAP-VSD. Plots of the
fitting for the ¢-value of three backbone amide groups, T90, R151 and Y86, which have
the lowest, the highest and a middle-level ¢-values, as an example. The x-intercepts of
three fit lines are circled. The fitting correlation coefficients, R, for T90, R151 and Y86,

are 0.995, 0.979 and 1.000, respectively.
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Fig. 5.2. Distribution of the number of KvAP-VSD backbone amide groups in different ¢-

value ranges.
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Fig. 5.3. Positions of different types of amide groups. The backbone atoms in the KVAP-
VSD structure (PDB code: 10RS) are shown in stick with the carbon, oxygen and
nitrogen atoms colored in orange, red and blue or purple, respectively. The backbone
amide groups with @¢-values lower than 0.75, higher than 1.25 and unavailable are labeled
with large blue, small purple and small black spheres, respectively, at the position of the
nitrogen atoms. The side-chain carbon atoms whose NOE:s to lipid head groups have been
detected by Butterwick and Mackinnon (data acquired through private email) are labeled
with green spheres and their whole side chains are shown in stick. The side chains of N17

and Q49 are both shown in stick and are highlighted with ellipses.
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Fig. 5.4. Flexibility in TM helix S4 predicted by backbone hydrogen bond strength. (4)
Residues 122 - 147 in the isolated and full-length KyAP are shown in cartoon. (B) the
distances between backbone N atom at residue i and backbone O atom at residue i - 4 in

the two versions of KyAP are plotted against the residue numbers. (C) The strengths of
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hydrogen bonds formed by backbone NH groups in isolated KyAP-VSD are plotted

against the residue numbers.
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CHAPTER 6

SUMMERY

My study described in Chapter 2 on transmembrane helix flexibility has indicated
that transmembrane helices are quite flexible. The introduction of kinks appears to be
well within the realm of simple evolutionary steps and helix distortions can be readily
accessed during conformational changes. I have proposed that flexibility may at least in
part be explained by backbone hydrogen bonding donors and acceptors shifting to
different partners. While the introduction of a Pro residue in a helix is one dramatic way
to distort helices, our results have indicated that the structure of transmembrane helices
can be altered readily by a single point mutation because the energy cost for helix
bending is not extremely high. In the absence of P50, Helix B in bR can be shifted to a
distinct conformation ("straight" but still non-canonical helix) by a single mutation
(T46A). This conformational shift only cost ~ 0.6 kcal/mol in free energy. My results
suggest that membrane protein structure is much more malleable than people might have
imagined; a feature that has apparently been essential for optimizing membrane protein
structure and function.

My study described in Chapter 3 on the equilibrium of unfolding bR; to bO, has
proved that unfolding under the new condition is reversible. I showed that unfolding free
energy in the transition zones is linearly dependent on SDS concentration using the new
method, which allows simple short-range extrapolation of the unfolding free energies and

thus allows comparison between unfolding free energies of mutant and wild-type bR
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proteins at the same SDS concentration. I found that the energetic contributions by most
of the side-chains in Helix B of bR obtained using this new method are similar to the
results obtained using the old method, although by using the old method the equilibrium
of bR unfolding was not reached.

My study described in Chapter 4 has provided a reliable way to convert ¢-values
of protein hydrogen bonds into a relative energetic scale by SF = 0AG"® / (0RTIng) = -
7.0 £ 0.7. By employing our method, it is possible to study the relative free energies of a
large number of protein hydrogen bonds at the same time without unfolding the protein or
employing mutagenesis, as long as the NMR spectrum has been assigned. This is
extremely useful for studying the strengths of backbone hydrogen bonds and side-chain
hydrogen bonds which are involved in a complex hydrogen bond network. By making the
conversion from the previously measured ¢-values of hydrogen bonds in water-soluble
proteins, I have found that the strengths of backbone hydrogen bonds in those proteins
span a large range in free energy (~ 7 kcal/mol) and their standard deviations seem to be
correlated with the sizes of the proteins. I have also shown that backbone hydrogen bonds
in a-helices are ~ 0.5 kcal/mol stronger than those in f-sheets on average. Moreover, |
have shown that the appearance of a charge in the protein hydrogen bond acceptor greatly
increases the strength of the protein hydrogen bond by ~ 2 kal/mol. During the catalytic
cycle of enzymes, hydrogen bonding interactions at the catalytic center can stabilize the
intermediate state by up to ~ 4 kcal/mol more than the resting state. Last, | have shown
that the overall hydrogen bonding interactions in a protein solution marginally favors

soluble-protein unfolding by < 10 kcal/mol.
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My study described in Chapter 5 has shown that the membrane protein KyAP-
VSD does not have stronger backbone hydrogen bonds than water-soluble proteins on
average. Another interesting finding from our experiment is that all the strongest and
weakest hydrogen bonds formed by backbone amide groups are mixed with each other.
Both of these two findings support the previous conclusion that side-chain hydrogen bond
strengths measured via mutagenesis in membrane proteins, in the fully buried folding
core of water-soluble proteins and on the surface of water-soluble proteins are quite
similar to each other. I have suggested that the poor separation between residues forming
strong and weak backbone hydrogen bonds, especially in Helices S1 and S3, is a sign that
TM helices are flexible in this membrane protein. More importantly, I have found that
residues forming weak backbone hydrogen bonds at the center of TM Helix S4 have a

high potential to have conformational change.

In sum, under the instruction of Dr. James U. Bowie at UCLA, I have made a
great progress in research on proteins, especially membrane proteins, which further our
understanding of protein energetics and structures. Much work still needs to be done to
fully reveal the difference between membrane and water-soluble proteins. I believe our

studies open a new door for future research on this area.
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