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ABSTRACT OF THE DISSERTATION

NMR Studies of the G Protein-Coupled Receptor CXCR1

by

Jasmina Radoicic
Doctor of Philosophy in Chemistry
University of California San Diego, 2018

Professor Stanley J. Opella, Chair

Approximately 30% of the proteins expressed from the human genome correspond
to membrane proteins. They perform a wide variety of cellular functions and are very
attractive drug targets, with almost half of all pharmaceutics targeting these proteins. G
protein coupled receptors (GPCRs) are the largest class of integral membrane proteins
comprised of seven transmembrane-spanning helices, an extracellular N-terminus, and
an intracellular C-terminus. CXCR1 is a class A, rhodopsin-like GPCR which couples to
the Gi G-proteins, and has one high-affinity ligand, interleukin-8 (IL8). Many methods

used to study membrane protein structure, function, and dynamics require significant

XXi



modifications to be made to the protein of interest, resulting in an environment that is far
from the native phospholipid bilayer. However, NMR spectroscopy is a powerful technique
which allows the study of unmodified membrane proteins in near-native lipid

environments and at physiological temperatures and pH.

IL8 interacts with CXCR1 at two sites - the N-terminus (Site 1) and the extracellular
loops (Site I1). To probe these interactions, 'H fast MAS solid-state NMR was used to
study IL8 bound to CXCR1 in pnhospholipid bilayers. A majority of the IL8 residues
become immobilized upon receptor binding and their chemical shifts significantly
perturbed, indicating that the environment and dynamics of the ligand are affected by
interactions with CXCR1. Additional long-range distance restraints for the IL8-CXCR1
interaction were obtained via paramagnetic relaxation enhancement (PRE) experiments
utilizing incorporation of a metal-chelating unnatural amino acid, 2-amino-3-(8-
hydroxyquinolin-3-yl) propanoic acid (HQA), into various CXCR1 constructs positioned at

residues near the ligand binding sites.

Sample preparation is challenging because membrane proteins are generally low
expressing in heterologous systems, hydrophobic, and difficult to re-fold into their active
conformations — any variation from the native structure results in inactive and/or mis-
folded protein. The use of detergents can be especially detrimental to membrane proteins.
We have developed styrene-maleic acid (SMA) macrodiscs which provide a detergent-

free phospholipid bilayer environment for biophysical and functional studies of membrane

XXii



proteins under physiological conditions. They are particularly well suited for structure
determination by oriented-sample solid-state NMR and high-resolution solid-state NMR

spectra of membrane proteins have been obtained in these discs.
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Chapter 1. General Introduction

1.1 Membranes and Membrane Proteins

Membranes define the physical boundaries of organelles, cells, unicellular
organisms, and some viruses. They allow cells to regulate what enters and exits via
membrane proteins. Phospholipids ' and proteins are the two principal macromolecular
constituents of biological membranes. The phospholipids found in biological membranes
consist of an amphipathic or charged polar head group attached to two long hydrocarbon
chains through a tri-substituted glycerol backbone. A wide range of head groups, chain
lengths, number of double bonds, and other chemical characteristics are found in
biological membranes. Membrane proteins account for almost one-third of proteins found
in the eukaryotic proteome 2. They are localized in cell surface membranes as well as the
integral membranes of organelles such as nuclei, the endoplasmic reticulum, golgi and
mitochondria °. Membrane proteins have diverse functions including those of
transporters, enzymes, ion channels, receptors, and anchoring proteins. Mutations,
misfolding, and/or malfunctions of these proteins are implicated in many diseases
including diabetes, cancer, cystic fibrosis, cardiovascular disease, immunological
disorders, and neurodegenerative diseases > *, and as such, they are the targets for
~40% of all pharmaceuticals °. However, given their importance, membrane protein
structures are vastly underrepresented in the Protein Data Bank (PDB). Some of the main
reasons contributing to the lack of structural information are difficulties in membrane

protein expression, purification, and stability. Many methods of membrane protein studies

and structure determination require significant modifications to be made to the protein of



interest, resulting in an environment that is far from the native phospholipid bilayer. This
further emphasizes the need for development of new and better membrane protein
environments, as well as techniques, such as NMR spectroscopy, that can help unravel
the structures, function, and interactions of these important proteins without the need for

modifications and in a near-native environment.

1.2 NMR Spectroscopy of Membrane Proteins

NMR spectroscopy is a technique which allows for the study of membrane protein
structures, dynamics and interactions of a variety of biomolecules and complexes °. The
nature of the membrane environment used in experimental studies, especially structure
determination by NMR, has been a major factor since the beginning of the field "', With
the increasing interest in the analysis of the functions of membrane proteins in terms of
their structures, there is a heightened concern about the influence of the surrounding
environment as is has been shown that certain environments, such as detergents and
organic solvents, can have detrimental effects on membrane protein structure and

19-21

function '¥'8. Membrane environments including amphipols , membrane scaffold

22-24

protein (MSP) nanodiscs 2%, and peptide % and polymer ?° nano- and macro-discs have

been developed to facilitate a more native membrane environment.

There are two main approaches used in the NMR studies of membrane protein
structure and function: solution and solid-state NMR. We can use both solution and solid-

state NMR to study membrane proteins, with the sample size and composition



determining which of the two is appropriate. Larger proteins have slower rates of re-
orientation and tumbling, which in turn results in significant line broadening in the spectra,
making them poor candidates for solution NMR. Currently, ~50kDa is considered the
upper size limit of membrane proteins that can be studied using solution NMR
spectroscopy. However, in solid-state NMR spectroscopy there is no such size limit, and
large proteins and complexes can be readily studied. The basic approach to determining
membrane protein structure in both solution and solid-state NMR is similar; protein
samples are isotopically labeled in accordance to the necessary experiments, various
multidimensional experiments are performed and spectral parameters, such as NOEs
(nuclear-Overhauser effect), RDCs (residual dipolar coupling), J-couplings, and chemical
shifts, are recorded. The resonances are then assigned from the spectral data and the

protein structure is calculated #’.

1.3 Solution NMR Spectroscopy
Solution NMR techniques can be used for structure determination and studies of
membrane proteins in various environments including detergent micelles, detergent/lipid

3034 "as well as nanodiscs 2> 2% % One of the key

mixed micelles #*%°, bicelles
advantages is that molecules in these samples are freely tumbling in a near-native
environment, unlike those in crystals. The most commonly utilized solution NMR
experiment is the heteronuclear single quantum coherence (HSQC) experiment %. It is

more commonly referred to as the protein fingerprint spectrum and it is a correlation of

the chemical shifts of directly bound nuclei. In this experiment, all 'H-"°N correlations from



the protein backbone amide residues for each residue of the protein are observed with
the exception of proline and the first N-terminal residue; the sidechains of Asn, Gin, Arg,
and Trp residues, which have nitrogen-bound protons, are also readily detected. Well
dispersed peaks in an HSQC spectrum are indicative of a properly folded protein and in
many cases, most of the individual resonances can be distinguished. The individual peaks
of the HSQC can be assigned and the spectra used to map the interactions of a given
protein with its ligands, drugs, or other proteins. Experiments commonly used in solution
NMR for assignments and structure determination include the nuclear Overhauser effect
spectroscopy (NOESY) ¥ HNCO %', HNCA 3% %2 HN(CA)CO *3, HN(CO)CA ** 4,
and CBCA(CO)NH / HN(CO)CACB “° experiments which provide information for
backbone resonance assignments, and the total correlation spectroscopy (TOCSY) #°

and correlation spectroscopy (COSY) %% * 4

experiments, which can be used for
sidechain assignments. NOESY spectra can also be used to obtain structural restraints
and the CO chemical shifts from HNCO experiments can help with secondary structure
calculation. Solution NMR samples of micelles and small bicelles can also be weakly

aligned *#°°

providing orientation restraints.

To obtain high resolution spectra in solution NMR, the molecules being studied
must undergo rapid isotropic tumbling. However, long correlation times of larger proteins
and protein complexes limit the number and types of proteins which can be studied by
solution NMR °. Larger samples such as membrane proteins embedded in lipid bilayers

25-26

(liposomes) or in large bicelles or macrodiscs are difficult to study using solution



NMR; however, they are amenable to solid-state NMR methods, which, in theory, have

no size imitation.

1.4 Solid State NMR Spectroscopy

In 1973, Urbina and Waugh described the first application of high resolution solid-
state NMR to membranes and after many years of development, solid-state NMR has
matured into an approach fully capable of determining the structures of membrane
proteins in their native phospholipid bilayer environment under physiological conditions,
and is the only method with this capability. The initial structures of membrane proteins
obtained under near-native conditions are providing a basic understanding of their
structures, dynamics, and functions in biological membranes. Solid-state NMR is
essential for studies of membrane proteins associated with lipid bilayers because they
are effectively “immobilized” by their interactions in this large supramolecular membrane
structure and it allows for the study of membrane proteins in lipid bilayers, which provide
a near-native environment. The development of techniques which facilitate studying
internuclear distances, torsion angles, anisotropy, molecular dynamics, exchange
processes, and atomic orientations have also contributed to the success of solid-state
NMR °' and a variety of solid-state NMR approaches have been applied to membrane
proteins '"°?®8_The primary focus of this introduction will be magic angle spinning (MAS)
solid-state NMR and oriented-sample (OS) solid-state NMR spectroscopy. MAS solid-
state NMR provides local structural parameters, such as interatomic distances, side-chain

conformations, and backbone torsion angles. In contrast, OS solid-state NMR provides



primarily angular constraints measured relative to a single external axis, such as the
magnetic field. In all cases, the quality of the structures benefits from the complementary
measurements from the various techniques, with the primary issue being that the samples

provide comparable membrane environments.

1.4.1 Magic Angle Spinning (MAS) Solid-State NMR

Three main interactions in samples lead to the broadening of signals in NMR
spectra; they include the chemical shift anisotropy, dipole-dipole, and quadrupolar
interactions. These interactions are averaged out in solution NMR due to rapid
reorientation of the molecules and only the isotropic component is detectable. In solid
state NMR, where the samples do not undergo unrestricted isotropic motions, the
experiments have very broad lines, termed powder patterns, which reflect all the
orientations of the molecules in the sample ®, which results in severe loss of resolution
0 However, by spinning the samples at the magic angle (54.74°) relative to the direction
of the magnetic field """, we can alleviate some of these effects in solid-state NMR
spectroscopy. At this angle, these orientation-dependent interactions can be averaged
out. The MAS frequency determines whether an interaction will be completely or partially
averaged out °. This averaging of interactions results in narrowing of linewidths and

better resolution in the NMR spectra.

A plethora of multidimensional MAS NMR experiments, ranging from 2D to 4D,

have been developed to facilitate structural studies ">'®. Some of the more common



MAS experiemnts include insensitive nuclei enhanced by polarization transfer (INEPT)
191 proton-driven spin diffusion (PDSD) '®, NCO '%, NCA '®, and proton-detection
experiments. The INEPT experiment in solid-state NMR is used for detection of mobile
residues; it enhances the sensitivity of low y nuclei. Two dimensional PDSD spectra can
be regarded at the solid-state NMR equivalent of the HSQC experiment; magnetisation
is transferred from 'H to '*C and then to surrounding *C nuclei and all *C atoms in close
proximity to one another are correlated by crosspeaks in the spectrum. The NCO and
NCA experiments are used as part of the assignment scheme, with the NCA providing
information on N-Ca linkage and the NCO information on the N-CO linkages. In both
experiments magnetization is transferred via cross polarization (CP) from 'H to *N and

then to either *CO or '*Ca, for the NCO and NCA experiments, respectively.

1.4.2 Oriented Sample (OS) Solid-State NMR

Solid-state NMR spectra of aligned samples allow for the determination of
complete three-dimensional protein structures by measurement of multiple orientation-
dependent frequencies for the nuclei at each residue 2 '°*'% These methods are
particularly well suited for proteins which are not compactly folded, as is the case for
helical proteins '%. Bilayer samples (large bicelles, macrodiscs) are particularly well
suited for use in static, uniaxially aligned samples '%’ since the proteins are immobilized,
in terms of NMR timescales, and provide a high degree of alignment, comparable to that
observed for single crystals 2 '°. There are two approaches which can be used to align

samples in the magnetic field: mechanical and magnetic alignment. In mechanical



alignment, protein samples are physically aligned between glass plates to the desired
orientation %% For the latter approach, large bicelles and peptide and polymer
macrodiscs will spontaneously align with their bilayer normals perpendicular to the
direction of the applied magnetic field at temperatures above the gel-to-liquid phase
transition of the lipids. Notably, it is possible to “flip” the orientation of the magnetically

aligned samples from perpendicular to parallel by addition of lanthanide ions " ',

Separated local field (SLF) spectroscopy ''*"'®

is the key method used in oriented
solid-state NMR spectroscopy. These experiments allow for the “mapping” of protein
structures onto the spectra and are the foundation of aligned sample structure
determination ' %7, An additional feature of SLF spectra is that measurements of all
frequencies are independent of one another, meaning that errors will not propagate and
accumulate throughout the experiment '®. Two of the most common variations of the

114

experiment are PISEMA (polarization inversion spin-exchange at the magic angle) ' '* and

S From the two-

SAMMY (sandwich-based separated local field spectroscopy)
dimensional PISEMA experiment, information about the structure and topology of a
membrane protein can be obtained from the observed resonances ''®''’. There is a very
characteristic feature of the PISEMA experiment and that is the observation of a PISA
(polarity index slant angle) wheel ' 7118 P|SA wheels are a result of the helical wheel
projections of the residues in the alpha helices of the protein; they provide information on

both the secondary structure and topology of the protein. Both the chemical shift and

dipolar coupling dimensions of PISEMA spectra are dependent on helix orientation and
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backbone dihedral angles Multidimensional experiments vyield better spectral

resolution and additional orientation constraints, which can be especially useful for larger

prOteinS 108, 119-127

Chapter 1, in part, is a reprint of the material as it appears in Quarterly review of
Biophysics, “NMR Structures of Membrane Proteins in Phospholipid Bilayers”, by
Radoicic J., Lu, G. J., and Opella, S. J., 2014. The dissertation author was the first author

of this paper.



Chapter 2. G Protein-Coupled Receptors, CXCR1, and Interleukin-8
2.1 Abstract

G protein — coupled receptors (GPCRs) are the largest class of integral membrane
proteins and have many vital roles, including signal transduction. They share a common
topology of seven trans-membrane spanning helices, an extracellular N-terminus and an
intracellular C-terminus. The GPCR CXCR1 is a potential breast cancer and anti-
inflammatory drug target. It has one high-affinity ligand, interleukin-8 and activates the Gi
family of heterotrimeric G proteins. Studies using various CXCR1 and G-protein
constructs are used to map the IL8-CXCR1 and CXCR1-G protein binding interactions,

with the final goal of studying the complete signaling process.

2.2 G Protein-Coupled receptors, CXCR1 and Interleukin-8

The G protein — coupled receptors (GPCRs) are a class of integral membrane
proteins which account for ~2% of the total genes encoded by the human genome '? and
they are the largest class of proteins in the mammalian genome '**'*'. GPCRs are seven
transmembrane spanning alpha helical proteins involved in signal transduction, which are
defined by conserved structural features '** and are divided into three broad families
based on their sequence similarities, and members of each family share at least 25%
sequence similarity; the families are further divided into subfamilies '#° '*3. The largest
family is the Class-A rhodopsin-like GPCRs, which encompass all the olfactory receptors
(~500) in addition to almost 200 other GPCRs '? 1313 Class B and C GPCRs have far

fewer members '*3; members of Class B GPCRs couple mainly to the Gs G proteins and
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Class C GPCRs have a notably larger N-terminus than other GPCRs '**. GPCRs interact
with, and can be activated by, a variety of ligands including lipids, peptides, proteins, light,
odorants, nucleotides, amino acids, ions, as well as biogenic amines '?. They control a
plethora of physiological functions including hormone and enzyme release, immune
responses, blood pressure regulation, neurotransmission, cardiovascular and pulmonary
systems, just to name a few '?2. Malfunction of GPCRs leads to the onset of some of the
most prevalent human diseases; it has also been discovered that they are key players in
tumor growth and metastasis and interfering with GPCRs may provide an avenue towards
cancer prevention and treatment '?®. As such, it is no surprise that ~40% of all

therapeutics aim to target GPCRSs, directly or indirectly °.

The chemokine receptor CXCR1 is a class-A rhodopsin-like GPCR which binds to

the chemokine Interleukin-8 (IL-8) and activates the G-protein Gi signaling cascade.

CXCR1 has the primary role of mediating the migration of neutrophils '®°; it is also

involved in defending against pathogen invasion during innate immune response '*°,

t 136-139

activation phospholipase D and respiratory burs , regulation of tumor growth and

vasculogenesis '3"1%

, acute and chronic inflammation, developments of lymphocytes
and proliferation 1> %*! ||-8 is a chemokine produced by macrophages and other cell
types. It is released as a response to inflammatory stimuli by multiple cell types and
results in the migration of leukocytes, monocytes, T- and B- lymphocytes and basophils

to the sites of inflammation % 2, IL-8 has two high affinity receptors, CXCR1 and

CXCR2, however it has a stronger affinity for CXCR1 '3 3% The two receptors share

11



~77% sequence identity and differ primarily in their N-termini, fourth transmembrane
domain (TM4), ECL2, and their C-termini **'*®, It is believed that the IL8 monomer and

3

dimer can differentially activate and regulate the two receptors '*?; rates of receptor

internalization also regulate their different cellular functions '*°.

As their name implies, GPCRs couple to G — proteins and it is this specificity which
determines the downstream effectors of each receptor. All GPCRs will couple to at least
one G protein, however others can couple to two or more **'*°. GPCR — G protein
interaction efficiency is significantly influenced by the ratios, conformations, and
proximities of these proteins '*'. However, it is very difficult to precisely achieve these
ratios in vitro. To facilitate this interaction, the use of GPCR-G protein fusion proteins has
been employed *2'%8, |n these constructs, the N-terminus of the Ga subunit, or parts of
the Ga subunit, usually the C-terminal end, is covalently fused to the C-terminus of the
GPCR, ensuring a 1:1 stoichiometry of GPCR:G protein; this also ensures that the two
interaction partners are in close proximity to one another, further facilitating their
interaction. These fusions enhance coupling efficiency and specificity and allow for
studies of GPCR-G protein interactions that may not readily be done if the proteins were
to be either individually or co-expressed '**; a variety of GPCR-G protein fusions have
been studied % °8182 \We have also designed a CXCR1-Ga.z2 fusion construct for our
research, where we covalently attached the last 22 C-terminal residues of the Gaj1 G-
protein subunit to the C-terminal end of CXCR1; this construct will be discussed in later

sections.
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Studies have found that activation of CXCR1 by IL8 involves binding of the
chemokine to two distinct regions of the receptor, the N-terminus (biding site I) and
residues in the second (ECL2) and third (ECL3) extracellular loops (binding site 1I) 83192,
Ligand binding to GPCRs induces a conformational change in the receptor via movement
of transmembrane helices; this change allows certain areas of the receptor to be
accessible to G-protein binding, thus activating the GPCR. Upon ligand binding, there is
a conformational change in the GPCR which results in activation of the heterotrimeric G-
protein, with the receptor essentially acting like a guanine nucleotide exchange factor "%
The third (TM3) and sixth (TM6) transmembrane helices have been found to be especially

195

important in GPCR-G protein interaction and activation ; specifically, the region

between TM3 and ICL2, including the highly conserved E/DRY motif, and the region on

TM6 which is near ICL3 have been found to be crucial for G protein interactions 92,

The D of the DRY motif in GPCRs plays a role in stabilizing the GPCR conformation via

ionic and hydrogen bonding to other amino acids that impact GPCR activation and

coupling 1977198, 201204 Ragidues M241, V247, and F251 are thought to be very important

for the GPCR-G protein interaction *°. There is also movement in TM6 and TM7 that
205-206.

opens a pocket for G-protein binding ; outward movement of TM6, moves it away

from TM3, and exposes the binding pocket 2°°.

However, given the importance of GPCRs, structural and dynamics studies have

had a slow start. The large size, low expression levels, and membrane association of

these receptors have made structure determination challenging. The first high-resolution
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structure of a GPCR was that of rhodopsin 2’ and many crystal structures of GPCRs
have since emerged 2°®2'®. The structures have greatly contributed to our understanding
of these receptors and crystallography continues to be one of the main methods of choice
for GPCR structure determination. It must be noted, however, that amino acid sequence
modifications, truncations, as well as attachment of T4 lysozyme and nanobodies are
necessary to facilitate crystallization. Moreover, crystallography does not allow
observation of protein dynamics. NMR spectroscopy can provide insight into both
structure and dynamics of unmodified proteins in a near native environment. The field has
seen an exponential rise in both technology and methodology and structures of numerous
membrane proteins have been determined using both solution and solid-state NMR

spectroscopy (http://www.drorlist.com/nmr/MPNMR.html; 2'7).

A number of NMR structural studies have been carried out on CXCR1. Using
solution NMR, assignments of the mobile N- and C-termini of the receptor were obtained
using NOE and HNCA/HNCOCA experiments 2'®. This aided in the sequential resonance
assignments of the termini and chemical shift perturbations were used to identify the
residues responsible for the interaction of CXCR1 with its ligand IL-8 #'°; this has allowed
for a multi-step model for this interaction to be proposed. The structure of the unmodified
receptor in phopspholipid bilayers using rotationally aligned (RA) solid state NMR
spectroscopy was determined by our group ?*°; this was the first structure of a GPCR
determined via NMR spectroscopy. Proton detection and paramagnetic relaxation

enhancement methods have also provided additional information on the CXCR1-IL8
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interaction 22'222_ |t has also been shown that IL-8 stimulates self-renewal of breast

cancer stem cells 223

, making CXCR1 an attractive target that could potentially block
formation of these cancer stem cells ?** thus halting metastasis and tumor growth. As IL-
8 also targets the recruitment and activation of polymorphonuclear (PMN) cells which can
result in reperfusion injury (delayed graft function) ?*°, a drug which targets CXCR1,
repertaxin (reparixin) has been found to be a noncompetitive allosteric inhibitor of the
receptor. Studies have shown it to be a potential therapeutic agent in the treatment of

reperfusion injury 2228,

2.3 Heterotrimeric G — Proteins

Heterotrimeric guanine-nucleotide binding proteins (G-proteins) which couple to
GPCRs are a highly conserved ancient protein family comprised of three non-covalently
associated subunits: the a, 3, and y subunits. They essentially function as on/off switches

194229 and are similar to other protein GTPases '**. The

for a myriad of cellular functions
networks regulated by this system include metabolic enzymes, ion channels, and
transporters and they control a host of cellular functions including motility, transcripition,
contractility and secretion, ultimately affecting systemic functions such as embryonic
development, gonadal development, learning and memory, and organismal homeostasis
230 Over 35 genes in the human genome code for G-proteins; 16 encode a-subunits, five

encode B—subunits, and 14 encode y—subunits '**. The most prevalent disease that can

be attributed to alterations in heterotrimeric G-protein activity is cholera 194 However,
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changes in G-protein activity have also been implicated in heart failure, rare endocrine

conditions #*', metabolic syndrome, and acromegaly #°.

The Ga subunits perform a wide range of functions including interaction with
receptors, effectors, the Gpy dimer, guanine nucleotide exchange factors, and GTPase
activating proteins and, as such, they must have very specific interfaces which allow for
these interactions '**. The Ga subunits have two domains — the G-domain, which is
involved in binding and hydrolyzing GTP, and the helical domain, which buries GTP in the
core of the Go. subunit 22%**, There is almost 50% sequence identity between the most
diverse Go. subunits '**. Based on their sequence similarity, the G-protein alpha subunits
have been divided into four main classes: Gos, Gai, Gag1, and Gouzns 2" 2% and the
four groups are further divided into specific isotypes. The Ga subunit functions as an
intrinsic GTPase by hydrolyzing GTP to GDP in the nucleotide binding pocket to allow for
re-association of the G-protein heterotrimer and completion of the signaling cycle '*.
Based on their cDNA sequences, the Ga subunits would appear to be essentially soluble
proteins, however, it was hypothesized that they would need to be present at or near the
membrane in order to facilitate interactions with their receptors '**. It was found that the
N-terminus of the Ga subunit and the C-terminus of the Gy subunit are sites of lipid
modifications %% #*°, These two sites are in relatively close proximity in the heterotrimer,
suggesting that these may be sites of membrane attachment or interaction 2.

Interestingly, only members of the Gai family are targets for N-terminal myristoylation

whereas all of the other Ga subunits are targets for post-translational palmitoylation '**.
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In the inactive state, G-proteins exist as GDP-bound heterotrimers. Upon activation
by their cognate receptors, GDP is exchanged for GTP in the Ga subunit and the

232, 236237 These individual

heterotrimer dissociates into the Ga and Gpy subunits
components then go on to interact and regulate a host of effectors including second
messenger enzymes and a variety of ion channels '**. Once they are in the active, GTP-
bound conformation, the Ga subunits interact with their effectors with a 20-100-fold higher
affinity than in the GDP-bound, inactive state ?**. Ga effectors include adenylyl cyclase,
Src tyrosine kinases, ERK/MAPkinases, K*/Ca®* channels, phospholipase cf, Protein
kinase D, and PI-3 kinases '°*. Initially, it was thought that the GBy dimer simply acted as
a binding partner for the Ga subunit and it has been confirmed that the Gy subunits

232,239

enhance interaction of the Ga subunit with the receptor . It has also been suggested

that the G subunit rigidly holds the Ga subunit in place in order for GDP release to occur

! including include K*

240 However, the Gy dimer also activates a variety of effectors **
channels, PLC-B, adenylyl cyclase, and phosphatidylinositol 3-kinase (PI3K) #*°. Unlike
the Ga subunit, the conformation of the Gy dimer is the same in both the inactive, GDP-
bound heterotimeric state and in the active, GTP-bound dissociated signaling state 2*?,

which suggests that the Ga subunit inhibits Gy signaling via the Ga binding site on the

Gy dimer 240243,

In the heterotrimeric G-protein, the extreme C-terminus of the Ga subunit is

244-253

believed to be the primary receptor interaction/recognition site , especially the last
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~10 residues #*% 2°" 2% The C-terminus of Go. becomes highly immobilized upon
interaction with receptor 2*® 2°°2°¢ However, multiple other regions of the G-protein have
been shown to be involved in interaction with the receptor as well. The N-terminal domain
244,296 the aN and aN/B1 hinge #°%%°  the a2 helix and a2/p4 loop regions ***, the o4
helix and o4-p6 loop domain 244 246250251, 257, 259, 261-265 4hg 5 helix 244 206267 the 3-B5
region ?®® and a small segment within the loop that links the N-terminal a-helix to the B1

strand of the GTPase domain 2%’

of the Ga subunit have all been reported to interact with
the receptor. Due to their high degree of conformational variability, the loop and hinge
regions of the G are proposed to fine-tune receptor-G protein interactions 2°°. There are
also binding interactions between the receptor and the Gpy subunits ?°*?! and the C-
terminal region of Gy has also been shown to be involved in receptor coupling and

232, 270-271

specificity . Upon binding, the receptor induces a significant conformational

change of the C-terminus of Ga, altering the interaction with the guanine ring of the bound

nucleotide 261272273

and leading to nucleotide release. This is achieved via movement of
the o5 helix 2*° as well as movement of a5, G, a4, and the aN/B1 hinge of the Go. subunit
206,274 Binding of the nucleotide to Ga reduces conformational flexibility and restores

contacts between the domains of G 23323+ 27°

, resulting in a decrease in conformational
flexibility which may stabilize subunit conformations that favor interaction with binding

partners °°.

Given the large size of both the G-protein heterotrimer and Ga subunit alone, small

peptides corresponding to specific areas of the G-protein, usually the extreme C-
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terminus, have also been utilized in studying GPCR-G protein interactions. These
peptides have been shown to mimic the conformational changes in GPCRs induced by
heterotrimeric G proteins and can be used to not only study the active or inactive
conformations of the GPCR but also in drug discovery 2°02°1 262276279 - A|mgst all the
reported G-protein peptides have been synthetic peptides, however, we have cloned and
overexpressed a Gai peptide in E. coli corresponding to the last 22 residues of the Gai
subunit, termed Gaizo, to use for our studies; this peptide will be discussed in more detail

in later sections of the chapter.

Much progress has also been made in structural studies of heterotrimeric G-
proteins. Although a large majority of the initial structural studies were done using x-ray

248, 256, 280-285

crystallography , significant progress has also been made to study both the

G-proteins as well as their interaction with cognate GPCRs using NMR spectroscopy.
Initial solution NMR spectra were done on small fragments of the G-proteins 27® 286288
however recently, high resolution NMR spectra of the complete Gais subunit have been

d #° and Shimada and co-workers have obtained backbone resonance

reporte
assignments for an N-terminally truncated construct of the Gaiz subunit (A31 Gaig) in both
the active (GTPyS bound)®*° and inactive (GDP-bound)®*' conformations. Others have
also studied the N-terminally truncated construct of Gaii (A31 Gai1); they obtained
backbone assignments for a majority of residues of A31 Gaii bound to two GTP analogs,

GMP-PNP and GTPyS, GDP, and the nucleotide-free apo form of the subunit and

interactions between rat neurotensin receptor and the A31 Go; were analyzed 22,
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2.4 Methods and Materials

2.4.1 Expression and Purification of Monomeric Interleukin-8

Monomeric interleukin-8 (1-66) was prepared as described previously 2°. In brief,
the IL-8(1-66) plasmid was cloned into the pET32 vector with a thioredoxin fusion partner,
an N-terminal FactorXa cleavage site and an N-terminal hexa-histidine tag. The plasmid
was over-expressed in BL21(DE3)pLysS competent E. coli cells using M9 minimal media,
supplemented with trace elements (13.4mM EDTA, 3.1mM FeCl3-6H.0, 0.62mM ZnCl,,
76uM CuCl»-2H,0, 42uM CoCl»-2H,0, 162uM H3BOs3, and 8.1uM MnCl»-4H,0), using
>N ammonium sulfate (Cambrige Isotope Laboratories, Inc, isotope.com) as the nitrogen
source. The IL8(1-66)-plasmid containing E. coli cells were grown at 37°C until they
reached an OD ~0.6 after which they were induced with a final concentration of
100mM isopropy! B-D-1-thiogalactopyranoside (IPTG) and grown for another 4-5 hours
following which the cells were pelleted via centrifugation at ~5,000 rpm in the Beckman
JLA 8.1000 rotor. The cells were lysed via sonication in lysis buffer (20mM Tris-HCI,
500mM NaCl, 20mM imidazole, pH 7.4) with phenylmethane sulfonyl fluoride (PMSF) and
lysozyme and the cell debris was pelleted by centrifugation at 17,000 rpm in the Beckman
JA 20 rotor. The protein-containing supernatant was bound to Ni-NTA resin (Qiagen, Ni-
NTA Superflow) for approximately one hour following which the column was washed with
5 bed-volumes of wash buffer 1 (20 mM Tris, 300 mM NaCl, 30 mM imidazole, pH 7.4)
and wash buffer 2 (20 mM Tris, 150 mM NaCl, 30 mM imidazole, pH 7.4). The fusion

protein was eluted with elution buffer (20 mM Tris, 150 mM NacCl, pH 7.4) using a gradient
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of 150-300mM imidazole. The fusion-protein containing elution fractions were cleaved
with FactorXa and further purified using reverse-phase high performance liquid
chromatography (HPLC) with a C18 column (Waters DeltaPak 15uM, 3OOA) using an
acetonitrile gradient. The purified IL-8 was lyophilized and stored at -20°C until further

use.

2.4.2 Expression, Purification, and Reconstitution of CXCR1 and its Constructs
CXCR1 and all its related constructs were prepared as described previously '**
294 The CXCR1 constructs were cloned into the pGEX2a vector with a GST-fusion
partner, an N-terminal thrombin cleavage site, and a C-terminal hexa-histidine tag. The
plasmid was over-expressed in BL21 competent E. coli cells using M9 minimal media,
supplemented with trace elements, using >N ammonium sulfate (Cambrige Isotope
Laboratories, Inc, isotope.com) as the nitrogen source. The CXCR1-plasmid containing
E. coli cells were grown at 37°C until they reached an OD ~0.6 after which they were
induced with a final concentration of 100uM IPTG and grown for another 4-5 hours
following which the cells were pelleted via centrifugation at ~5,000 rpm in the Beckman
JLA 8.1000 rotor. The cell pellets were re-suspended in ~35mL of lysis buffer (20mM Tris-
HCI, 500mM NaCl, 15% v/v Glycerol, pH=8) with ~6mg of lysozyme and sonicated for 5
minutes (5 seconds on/10 seconds off) to lyse the cells. The sonicated cells were spun
down at 17,000 rpm in the Beckman JA 20 rotor to pellet the protein-containing inclusion
bodies. The supernatant was discarded and the protein-containing inclusion bodies

solubilized via sonication (5 minutes, 5 seconds on/10 seconds off) in ~30mL of binding
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buffer (1X PBS, 1% SDS, 0.1% TCEP, pH=8) and then loaded onto a Ni-NTA column
(~10mL bed-volume) equilibrated with binding buffer and left to bind for at least 1 hour at
room temperature with gentle agitation. The column was washed with 5 bed-volumes of
binding buffer followed by 20 bed-volumes of thrombin cleavage buffer (20mM Tris-HCI,
250mM NacCl, 0.1% HPC) and cleaved, on column, with 1000 units (per liter cells) of
thrombin re-dissolved in thrombin cleavage buffer, for at least two hours to remove the
GST fusion partner. Following cleavage, the column was washed with 10 bed-volumes of
wash buffer (20mM HEPES, 0.5% DPC, 50mM NaCl, pH=7.3) and the protein was eluted
with 30 bed-volume of elution buffer (20mM HEPES, 0.5% DPC, 500mM imidazole,
pH=7.3). The protein-containing elution fractions were pooled and further purified using
size exclusion chromatography on a HiLoad 26/60 Superdex 200 column (GE
Lifesciences, www.gelifesciences.com) in 20mM HEPES, 50mM NaCl, and 0.5% SDS
pH=7.5 buffer. The monomeric protein was pooled and lipids were added ata 1:5 or 1:10
protein:lipid w/w ratio; the mixture was incubated for at least 1 hour. The proteliposomes
were then dialyzed in 10kDa cutoff dialysis tubing in 20mM HEPES, pH=7.3 overnight
and for an additional ~6 hours in 20mM HEPES, 20mM KCI, pH=7.3 the following day to
remove residual SDS. After dialysis, the proteoliposomes were spun down via
ultracentrifugation for 2 hours at 40k rpm in a Beckman Ti.45 rotor, the pellet washed and
re-suspeneded in 20mM HEPES, pH 7.3, and then spun for another 2 hours at 60k rpm
in a Beckman Ti.70 rotor. The proteoliposome pellet was re-suspened in 20mM HEPES,
pH 7.3 to a final concentration of 1mg/mL, aliquoted, frozen in liquid nitrogen and stored

at -80C until further use. For the 1TTM_CXCR1 construct, after Ni-column, the protein-
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containing elution fractions were dialyzed against ddH»O until the protein precipitated out
of solution. The precipitated protein was further purified using reverse-phase high
performance liquid chromatography (HPLC) with a C18 column (Waters DeltaPak 15uM,
SOOA) using an acetonitrile gradient. Protein containing fractions were dried under
nitrogen gas to remove residual organic solvents, lyophilized, and stored at -20°C until

further use.

2.4.3 Expression and Purification of Gay

The Guair construct was cloned into the pGEX2a vector containing the GST-fusion
partner, with an N-terminal thrombin cleavage site and C-terminal hexa-histidine tag. The
plasmid was over-expressed in BL21 competent E. coli cells using M9 minimal media,
supplemented with trace elements, using >N ammonium sulfate (Cambrige Isotope
Laboratories, Inc, isotope.com) as the nitrogen source. The Gais-plasmid containing E.
coli cells were grown at 37°C until they reached an OD ~0.4; the temperature was then
lowered to 25°C and at an OD~0.6 the cells were induced with a 100uM final
concentration of IPTG and left to growth at 25°C overnight. The following morning, the
cells were pelleted by centrifugation at ~5,000 rpm in the Beckman JLA 8.1000 rotor. The
resulting cell pellet was solubilized in ~35mL of lysis buffer (20mM Tris-HCI, 500mM NaCl,
15% v/v Glycerol, pH=8) with lysozyme and sonicated for 5 minutes (5 seconds on/10
seconds off) to lyse the cells. After centrifugation, the cell debris was spun down by
centrifugation at 17,000 rpm in a Beckman JA 20 rotor, and the protein-containing

supernatant was bound to Ni-NTA or Talon resin (~10mL bed volume), equilibrated with
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5 column volumes of lysis buffer, for at least two hours. The column was washed with 5-
bed volumes of lysis buffer, equilibrated with 20 bed volumes of thrombin cleavage buffer
(20mM Tris-HCI, 50mM NaCl, pH=8) and cleaved with ~10 units of thrombin re-dissolved
in 20mL of thrombin cleavage buffer, to remove the GST fusion. Following cleavage, the
column was washed with 5 bed-volumes of wash buffer (20mM HEPES, 50mM NaCl,
20mM imidazole, pH=7.3) and Ga,; was eluted from the column with three bed-volumes
of elution buffer (20mM HEPES, 50mM NaCl, 500mM Imidazole, pH=7.3). The eluted
protein was further purified using size exclusion chromatography (SEC) on a HiLoad

16/60 Superdex 200 PrepGrade column in 20mM HEPES, 50mM NaCl, pH=8 buffer.

2.4.4 Expression and Purification of the Gai22 Peptide

The Gaize peptide was cloned into the pET31b(+) vector with a KSI-fusion partner,
with N-terminal thrombin cleavage site and a hexa-histidine tag. The plasmid was over-
expressed in BL21(DE3) competent E. coli cells into inclusion bodies using M9 minimal
media, supplemented with trace elements, using '°N ammonium sulfate (Cambrige
Isotope Laboratories, Inc, isotope.com) as the nitrogen source. The Gaix plasmid
containing E. colicells were grown at 37°C until they reached an OD ~0.6 after which they
were induced with a final concentration of 100uM IPTG and grown for another 4-5 hours
following which the cells were pelleted via centrifugation at ~5,000 rpm in the Beckman
JLA 8.1000 rotor. The cell pellets were re-suspended in ~35mL of lysis buffer (20mM Tris-
HCI, 500mM NaCl, 15% v/v Glycerol, pH=8) with lysozyme and sonicated for 5 minutes

(5 seconds on/10 seconds off) to lyse the cells. The sonicated cells were spun down at
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17,000 rpm in the Beckman JA 20 rotor to pellet the protein-containing inclusion bodies.
The supernatant was discarded and the inclusion bodies solubilized via sonication (5
minutes, 5 seconds on/10 seconds off) in ~30mL of binding buffer (1X PBS, 1% SDS,
0.1% TCEP, pH=8) and then loaded onto a Ni-NTA column (~10mL bed-volume)
equilibrated with binding buffer and left to bind for overnight at room temperature with
gentle agitation. The column was washed with 5 bed-volumes of binding buffer followed
by 20 bed-volumes of thrombin cleavage buffer (20mM Tris-HCI, 250mM NacCl, 0.1%
HPC) and cleaved, on column, with 1000 units (per liter cells) of thrombin re-dissolved in
thrombin cleavage buffer, for at least two hours to remove the KSI fusion partner.
Following cleavage, the Gaigz peptide was eluted into the thrombin cleavage flow through.
The protein-containing fractions were pooled and further purified using size exclusion
chromatography on a HiLoad 26/60 Superdex 200 column (GE Lifesciences,

www.gelifesciences.com) in 20mM HEPES, 50mM NacCl, and 0.5% SDS pH=7.5 buffer.

2.4.5 NMR Spectroscopy

Solution NMR experiments were done on a Bruker Avance 600 MHz spectrometer
equipped with 5-mm triple-resonance cryoprobe with a z-axis gradient or on a Bruker
Avance Neo 800MHz spectrometer with a triple resonance TXO cryoprobe. One-
dimensional "°N-edited '"H NMR and two dimensional 'H-'>°N HSQC NMR spectra were
obtained at 40°C for interleukin-8 spectra, 50°C for all CXCR1 constructs, 40°C for Ga,
and 35°C for the Gaioo peptide. Solid-State NMR experiments were performed on a

spectrometer with a 'H resonance frequency of 900 MHz (21.1T). The Bruker Avance llI
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HD console and magnet were interfaced to a 'H/"*C/"°N 3.2 mm MAS probe. All 2D '°C-
3C correlation PDSD spectra were obtained using a 3 second recycle delay, 100 ms
mixing time, and a 10 ms acquisition time at 5°C. 1D INEPT spectra were obtained by
averaging 2024 transients using a 2 second reaxation delay and 10ms acquisition time at

25°C. The sample-spinning rate was controlled to 11.1 kHz. The NMR data were

processed using TopSpin 3.5 (http://www.bruker.com).

2.5 Results and Discussion

The goal of this work is to study the IL-8, CXCR1, and G-protein signaling cascade
and how each of the binding partners are affected by one another. However, the sheer
size of this complex, as well as each of the constituents, makes this a very difficult feat.
As this is the case, we have decided to employ a ‘divide and conquer’ approach. It has
been well established that IL-8 has two sites of interaction with CXCR1 — binding Site |,
located at the N-terminus of the receptor, and binding Site Il — located in the extracellular
loops. To look at these binding sites we have utilized three different CXCR1 constructs
(Fig. 2.1A): WT-CXCR1(1-350), which contains binding Sites | and I, 1TTM-CXCR1(1-72),
which contains only binding Site |, and NT-CXCR1 (39-350), which only contains binding
Site Il. We have also utilized two receptor-G protein fusions (CXCR1_Gaiz2 and NT-
CXCR1_Guaiz) to study the effect of the G-protein bound to CXCR1 as well as the effects

of G-protein binding on the IL8-CXCR1 interaction.
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Wild-type IL-8 (1-72) exists as a dimer at high concentrations and as a monomer
at lower concentrations '8>2%*2%: however, it has been found that IL8 binds to CXCR1 as
a monomer *” and with high affinity 2. Because of this, we have used a truncated,
monomeric form of interleukin-8, IL-8 (1-66), in which the dimerization interface, residues
67-72, has been removed. The IL-8 (1-66) monomer is easily expressed and purified and
is properly folded, as can be observed using solution NMR (Fig. 2.2). Preliminary two-
dimensional solid-state MAS NMR '3C-'3C correlation PDSD spectra (Figure 2.3) and
one-dimensional INEPT spectra (fig. 2.5), which only detect mobile residues, of CXCR1
and CXCR1 bound to IL-8(1-66), show noticeable changes in the receptor upon ligand
binding. Further comparison of the same spectra with those of CXCR1_Guaiz2 show that
different areas of the receptor are affected by ligand binding versus G-protein binding,
which is especially noticeable in the aromatic residues of the INEPT spectra. These data
support the different interaction sites of IL-8 and Ga with CXCR1. More detailed

interaction studies using these various constructs are discussed in Chapter 4.

CXCR1 and CXCR2 are the two high-affinity receptors of IL-8, sharing almost 77%
sequence identity with their most divergent regions being their termini and loop regions.
We have done preliminary studies comparing the two receptors using MAS solid-state
NMR. The '®C-'3C correlation PDSD spectra of the two proteins are shown in Fig. 2.3 and
we can observe that there are noticeable differences in the spectra of the two receptors,
however more detailed analysis is necessary to provide a comprehensive comparison of

the two receptors.
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Figure 2.1. Purification of CXCR1 and its constructs. (A) Topology models of the various CXCR1
constructs used. (B) General purification scheme. (C) SDS-PAGE of a typical WT-CXCR1
purification; lane 1: Mark12 Standard, lane 2: Inclusion Bodies, lane 3: Post Ni-NTA binding flow
through, lane 4: bind buffer wash, lane 5: thrombin cleavage buffer wash, lane 6: thrombin
cleavage flow-through, lane 7: wash flow-through, lane 8: Ni-NTA pure CXCR1, lane 9:
monomeric CXCR1 obtained after size exclusion chromatography.
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Figure 2.2. Purification and NMR spectra of IL8(1-66). (A) SDS-PAGE of pure, monomeric
interleukin-8(1-66); lane 1: Mark12 Standard, lane 2: IL8(1-66). (B) 1D 'H-"°N solution NMR
spectrum. (C) 2D 'H-">N HSQC spectrum.
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Figure 2.3. ®C-"°C Correlation PDSD MAS solid-state NMR spectral comparison of CXCR2,
CXCR1, CXCR1_Guaize, CXCR1 bound to IL8(1-66).

For our initial CXCR1-G protein interaction studies, we looked at a CXCR1_Gaiz2
fusion protein, where we covalently fused the last 22 C-terminal residues of the Gaq
protein to the extreme C-terminus of CXCR1 and express this fusion protein as a whole.
As mentioned in the introduction, this portion of the Ga subunit is one of the primary areas
involved in receptor-G protein interaction. These GPCR-G protein fusion constructs
ensure the correct stoichiometry and proximity of the binding partners, in turn enhancing
the coupling efficiency. Initial studies of the CXCR1_Gaio2 construct using solution NMR
are shown in Fig. 2.4. In Fig. 2.4 A-D, four different solution NMR HSQC spectra of
CXCRT1 constructs are shown; WT-CXCR1, NT-CXCR1, CT-CXCR1, and CXCR1_Gatis.
Fig. 2.4. E-H show the mapped-out residues belonging to the C-terminus in red (Fig. 2.4F)
and those belonging to the N-terminus in blue (Fig. 2.4G). Fig. 2.4E shows both the N-
and C-terminal mapped residues. Using this scheme, we mapped the same residues from

the CXCR1_Guai2 spectra in Fig. 2.4H. Overall, the CXCR1_Gaio2 spectra show that most
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of the C-terminal CXCR1 residues are broadened beyond detection in the CXCR1_Gaigp
construct when compared to wild type CXCR1, and that most peaks appear to be
stemming from the N-terminal part of the receptor. We also do not observe any extra
signals from the attached peptide indicating that it is immobilized; the extra peaks that
can be observed in the HSQC spectra are residues left-over from cleavage of the protein
from its fusion partner. Further studies of the CXCR1_Gaig fusion construct were done
using MAS solid-state NMR. Preliminary 'H-"*C 1D correlation spectra with INEPT
magnetization transfer (Fig. 2.5) also show similar changes at the C-terminus of the
receptor indicating a change in dynamics due to interaction of the peptide with the
receptor or as a result of conformational changes. Comparisons of the two-dimensional
3C-13C correlation MAS spectra of WT-CXCRH1 to that of CXCR1_Guaiz> and CXCRH1
bound to IL-8(1-66) (Fig. 2.3) also confirm these changes. More detailed solid-state NMR

experiments will provide greater insight into this interaction.
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Figure 2.4. Comparison of 'H-"°N edited HSQC spectra of wild-type CXCR1, NT-CXCR1 (38-
350), CT-CXCR1 (1-319), and CXCR1-Gaige. (A-D) HSQC spectra of WT-CXCR1, NT-CXCR1,
CT-CXCR1, and CXCR1_Guai2, respectively, obtained at 600MHz. (E-H) mapping of respective
N-terminal (blue) and C-terminal (red) residues of the HQSC spectra.
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Figure 2.5. 'H-">C INEPT solid-state NMR spectra of (A) WT-CXCR1, (B) WT-CXCR1 bound to
unlabeled IL8(1-66), and (C) CXCR1_Gaiz. Previously assigned ?*° aromatic residues W10, F17,
H334, and Y339 are indicated.

Further studies of the CXCR1-G protein interaction were done using two different
G-protein constructs: (1) a peptide corresponding to the C-terminus of the Ga; subunit
and (2) the full-length unmodified Gais subunit. Initial expression and purification of the
Ga-peptide was done using a Gaige construct (Fig. 2.6A, construct #1) where the peptide
was expressed as a KSI-fusion protein into inclusion bodies. Methionine residues present
at the N- and C-termini facilitated cleavage of tags via cyanogen bromide (CNBr)

cleavage. The peptide was purified using guanidine buffers and the fusion partner cleaved
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with cyanogen bromide (CNBr). Fusion protein expression and yields were excellent
however significant issues with peptide oligomerization were encountered upon CNBr
cleavage of the KSI fusion partner. After cleavage, the peptide would extensively
oligomerize with no sign of monomeric protein (Fig. 2.6C). Many approaches were taken
to stop the oligomerization of this construct including working with the peptide in very
dilute conditions, re-solubilizing in organic solvents, and addition of various reducing
agents, however pure, monomeric Gaize could not be obtained. Following this, multiple
Gai-peptide constructs were designed, including constructs having a Cys - Ser mutation
in KSI as well as in both KSI and the peptide, as well as an extended Gaio7 construct,
which contained five more residues to ensure the complete C-terminal helix of the Ga;
peptide was forming, and a short, Gai11 construct, all with the aim of reducing
oligomerization. However, the same patterns were observed for all the different
constructs. Finally, we decided to take a different approach and include an N-terminal
thrombin cleavage site in the Gaio2 construct and purify the protein in the same manner
as our CXCR1 constructs. Using this method, we were able to obtain pure, monomeric
Gaiz2 peptide (Fig. 2.7A) and obtain high resolution solution NMR spectra (Fig. 2.7B and

C). The spectra show well-dispersed peaks indicating that the peptide is properly folded.

34



A B

MW(KDa) 1 2 3 4 5
(1) | KSI |—‘ Met H Gotizz ‘—i Met |—| 6xHis |
116.3

@ | Kksi(c-s) | {Met| |  Gaz | {met| | exHis | 074

55.4

3) | KsI(C-S) {Met |{ Gazz(C-S) || Met |- 6xHis | e

31.0

@ | Ksl | Met]- exHis [{ Gowr  |{Met] e

14.4

(5) | KSI l—’ Met H 6xHis I_l Gaitt HMet‘ 6.0
35
© [ Ksl | 6xHis | cionesgu e G |

25
Figure 2.6. Gaixx Constructs and Purification. (A) schematic showing Gai> peptide constructs.
(B) SDS-PAGE gel of typical Gaie peptide purification using CNBr cleavage; lane 1: Mark2
Standard, lane 2:
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Figure 2.7. Expression, purification, and solution NMR of the Gai, peptide construct containing
thrombin cleavage site. (A) SDS-PAGE analysis of Gai» peptide purification; lane 1: Mark12
Standard, lane 2: Solubilized inclusion bodies containing fusion protein, Lane 3: Flow-thru post
Ni-column binding, lane 4: protein-containing flow-thru post cleavage with thrombin, lane 5:
concentrated pure, monomeric Gaipe peptide post size exclusion chromatography.

The expression and purification of the full-length unmodified Gais subunit were
straightforward. The subunit was expressed as a soluble protein via a GST-fusion in a
pGEX2a vector with a thrombin cleavage site to facilitate cleavage of the fusion partner.
We were able to obtain pure, monomeric Gai1 in quantities sufficient for NMR studies (Fig.
2.8A) and solution NMR data show the protein to be structured and well folded (Fig. 2.8B
and C), although issues with sample stability were encountered. We next went on to look

at the interaction of Gajy with CXCR1.
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Figure 2.8. Expression, purification, and solution NMR of Go;1. (A) SDS-PAGE gel of Gail
purification. (B) 1D solution NMR spectrum and (C) 2D "H-">N HSCQ spectrum of Goi1.
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Chapter 3. Paramagnetic relaxation enhancement of membrane proteins by
incorporation of the metal-chelating unnatural amino acid 2-amino-3-(8-

hydroxyquinolin-3-yl) propanoic acid (HQA)

3.1 Abstract

The use of paramagnetic constraints in protein NMR is an active area of research
because of the benefits of long-range distance constraints (>10 A). One of the main
issues in its successful execution is the incorporation of a paramagnetic metal ion into
diamagnetic proteins. The most common metal ion tags are relatively long aliphatic chains
attached to the side chain of a selected cysteine residue with a chelating group at the end
where it can undergo substantial internal motions, decreasing the accuracy of the method.
An attractive alternative approach is to incorporate an unnatural amino acid (UAA) that
binds metal ions into a specific site on the protein using the methods of molecular biology.
Here we describe the successful incorporation of the unnatural amino acid 2-amino-3-(8-
hydroxyquinolin-3-yl) propanoic acid (HQA) into two different membrane proteins by
heterologous expression in E. coli. Fluorescence and NMR experiments demonstrate
stable metal chelation of the mutated proteins and complete replacement of the natural
amino acid with HQA. Evidence of site-specific intra- and inter-molecular PREs by NMR
in micelle solutions set the stage for the use of HQA incorporation in solid-state NMR

structure determinations of membrane proteins in phospholipid bilayers.
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3.2 Introduction

Many analogies can be drawn between the earliest protein NMR studies and
present day studies of proteins in biological supramolecular assemblies, such as
membrane proteins, amyloid fibrils, chromatin, etc. Both were severely limited by
resolution and sensitivity of the spectra, and the ability to interpret the data in terms of the
three dimensional structures of the proteins, which has always been the major goal of
protein NMR spectroscopy. Starting with the initial NMR spectrum of a protein in solution
299 which consisted of four broad, overlapping signals, it was clear that additional steps
were needed to extract the underlying spectroscopic and structural information. Some
gains resulted from increasing the 'H resonance frequency and the introduction of signal
averaging of the continuous wave signals *®°. Nonetheless, the early demonstrations of
protein NMR were limited to a few residues whose resonances could be resolved in the
spectra of the most favorable globular proteins available in large quantities at the time,
for example ribonuclease and lysozyme. The introduction of isotopic labeling of proteins
was a major step forward in attaining both improved spectral resolution and resonance
assignments *°' but was restricted to selected examples, such as Staphylococcal
nuclease because heterologous expression of proteins was not yet feasible. The only
available spectral parameters were the isotropic chemical shift frequencies, which varied
among amino acid residues because of the differences in environment resulting from
protein folding and resonance line widths that reflected protein dynamics. The first spectra

of membrane proteins were not reported for another ten years 3°4°%.
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In the early 1970s the addition of directly bound paramagnetic species made a
substantial difference in the prospects for NMR of proteins. Two similar, parallel paths

were introduced. McConnell and coworkers 2°¢%%

exploited the stable paramagnetic
center of 1-oxyl-2,2,6,6,-tetramethyl-4-piperidinyl (TEMPO) (Figure 4.1A) to covalently
label lysozyme and then measure the broadening effects on resonances of bound ligands.
The goal then, as now, was to make direct distance measurements between the electron
spin-label and nuclei at covalently bonded sites on the protein. However, this was not
possible because the studies were limited by the experiments being performed at the
relatively low field strength corresponding to a 'H resonance frequency of 100 MHz and
other technical issues. Around the same time, Campbell and coworkers 3°® were able to
convincingly demonstrate the ability of a lanthanide ion (Gd**) bound to lysozyme to
selectively broaden resonances from residues proximate to the binding site, aided in large
part by performing the experiments at the significantly higher 'H resonance frequency of
270 MHz. These early experiments that exploited the broadening effects of paramagnetic

species, whether TEMPO-containing spin labels or lanthanide ions bound to protein

ligands, were key predecessors for the current activity in paramagnetic NMR of proteins.

Solution NMR of proteins has advanced significantly over the past forty years
based on improvements in instrumentation, implementation of new spectroscopic
techniques, and the application of sophisticated computational methods to both the
processing of experimental data and structure calculations. Nonetheless, limitations

remain for structure determination of several important classes of proteins, especially
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large proteins in complexes in aqueous solution and membrane proteins in various
detergent/lipid environments 2'”. Both classes of proteins present difficulties for the
resolution of individual resonances that result from both the number of overlapping
resonances and the broad line widths of the resonances associated with slowly
reorienting proteins. Even as these problems have been incrementally addressed, there
remains the problem of resolving and assigning a sufficient number of 'H/'H NOEs for
structure determination with conventional approaches that measure inter-proton
distances of < 5 A. Membrane proteins with multiple trans-membrane helices have the
additional problem of identifying the correct alignment and relative positioning of the
helices, which is difficult to do with only measurements of short-range distances. Further
progress in NMR spectroscopy of these classes of proteins would be greatly aided by the
ability to measure relatively long-range (>10 A) distances. Such long-range distance
constraints have many benefits, including improving the resolution of protein structure
determination, defining the overall folding topology, and identifying residues in binding
sites. They are especially advantageous in offering a method for positioning multiple

trans-membrane helices in membrane proteins %°9'°,

This Perspective focuses on membrane proteins, in particular, the use of
paramagnetic metals attached by tags to otherwise diamagnetic proteins. Our primary
research interest is in structure determination of membrane proteins in their native
environment of phospholipid bilayers *''. However, on the path towards this goal, aspects

of membrane protein sample preparation and, to some extent, experimental methods are
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first worked out with micelle '2, bicelle **, or nanodisc 2> samples that are tractable for
solution NMR. This is the situation for the examples described here, as we demonstrate
the applicability of the genetically incorporated unnatural amino acid (UAA) 1-amino-3-(8-
hydroxyquionolin-3-yl)-propanoic acid (HQA) (Figure 3.1C) *'® as a metal-binding tag to
enable the use of paramagnetic ions to provide long-range PREs that serve as intra- and

inter- molecular distance measurements in membrane proteins.

3.2.1 Paramagnetic protein NMR

The unpaired electron on a paramagnetic ion has spectroscopic effects that are
several orders of magnitude larger than those of the spin S=1/2 nuclei ('H, *C, "°N) that
are commonly observed in NMR studies of proteins 3'*®'°. Briefly, paramagnetic ions
induce three effects on the diamagnetic spectra of proteins, only two of which are
generally observed and incorporated into the experiments — paramagnetic relaxation
enhancements (PREs) and pseudocontact shifts (PCSs). In addition, there are through-
bond contact shifts; however, because they only occur in close proximity to the metal
ions, their effects are typically overwhelmed by strong PRE broadening of the
resonances. In general, both PREs and PCSs are widely used in paramagnetic NMR
studies of proteins. Their occurrence and properties can be controlled by the selection of
the metal ions, the ligands, and other factors. The magnetic susceptibility tensor is a key
parameter. The two metals used here, Mn®** and Gd*, have isotropic magnetic
susceptibility tensors and therefore induce only PRE effects. Nitroxide spin labels also

only induce PRE effects ®'®. Many other metals, especially the lanthanides (with the
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exception of gadolinium) and Co®* have highly anisotropic susceptibility tensors. This

gives rise to PCSs, which can result in large changes in chemical shifts at distant sites.

There are other beneficial effects of adding paramagnetic metals to the samples
in a controlled manner. They can reduce the longitudinal relaxation times so that data can

817319 " and they can weakly align proteins in solution %°,

be acquired much more quickly
providing an alternative to conventional alignment media for the measurement of residual
dipolar couplings (RDCs). Much of the groundwork for the use of paramagnetic ions in
protein NMR was laid by Bertini and coworkers on metalloproteins, which contain a
natural paramagnetic center *'*%2, For convenience, in appropriate cases, the metal ion
can be exchanged for one with more favorable properties for the studies of interest. As
an example, Bertini and Pintacuda have used metal ions in structural studies of
superoxide dismutase 2. They were able to measure many "°N and '*C PREs based on
the high-resolution two-dimensional heteronuclear correlation ‘fingerprint’ spectrum of the
protein. In addition to the PREs, they were able to measure many PCSs. These
paramagnetic constraints significantly reduced the RMSD of the calculated protein
structure. However, most proteins, especially the membrane proteins of interest, are not
metalloproteins. Because of the advantages of introducing a paramagnetic ion, there has
been a great deal of activity in the design and implementation of tags that attach a
paramagnetic ion to proteins. There are three main strategies for specifically attaching a

paramagnetic metal to a protein. One is to attach residues corresponding to a natural or

engineered metal binding site to the C- or N- terminus or a loop of the protein, the second
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is to attach a chemical linker to a reactive site, almost universally a surface cysteine side
chain, which can bind a metal ion, and the third is to incorporate an unnatural metal-
binding amino acid into the sequence at a specific location. These three options are
illustrated in Figure 3.1 and are briefly discussed below. The incorporation of an unnatural
metal-binding amino acid (Figure 3.1C) into membrane proteins is the principal subject of

this Perspective.

In the first case, twelve amino acid residues corresponding to an “EF-hand”
calcium binding site were added to the N-terminus of the membrane protein Vpu from
HIV-1 *8, This provided a covalently attached lanthanide ion binding site. The protein itself
was not altered by the added residues, as evidenced by a lack of perturbation of the
chemical shifts, and it was possible to observe long-range paramagnetic effects in the
spectra. In addition, the added lanthanide served to weakly align the protein for
measurement of residual dipolar couplings. Imperiali and Schwalbe designed seventeen
residue lanthanide binding tags (LBTs) for proteins with improved properties over native
calcium binding sites ***. Subsequently, they inserted LBTs into protein loops *°, which
were shown to give complementary results. In a similar vein, Gaponenko et al **® fused
zinc fingers to the N- and C- termini of a protein and demonstrated that they could be

substituted with paramagnetic cobalt and manganese.

Most paramagnetic NMR studies of proteins have placed the metal ion on the

surface of the protein with a covalent tag **’. Generally, this has been done through a
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linkage to a selected cysteine side chain. In many cases this requires the removal of
competitive reactive sites through mutation. It has also become a very active area of
research with the development of linkers to two cysteine residues to reduce the local
dynamics of the metal ion in order to increase the precision of the measurements. There
have also been examples where other protein functional groups are involved in the
chelation for the same reason. As a result of this activity, this area has been the subject
of a number of reviews, including by Ubbink 3%, Otting *'°, Emsley and Pintacuda %°. The
tables and figures of these reviews provide a thorough listing of the wide variety of tags
that have been utilized to tag proteins with paramagnetic ions. Figure 3 of the review by
Otting ®'° is particularly helpful in understanding and planning paramagnetic NMR
experiments. It shows the relative paramagnetism and asymmetry of the magnetic

susceptibility tensors in a way that facilitates direct comparisons.

Using covalent paramagnetic tags, Otting and coworkers have utilized
pseudocontact shifts in their studies **°. They discussed how the assignment problem
caused by the large shifts could be addressed. One way is to take advantage of the shifts
for two bonded nuclei, e.g. 'H and '°N, which shift along parallel frequencies from the
same metal ion. Fast exchange between diamagnetic and paramagnetic species enables
titration of the protein and the resulting paramagnetic ion-induced chemical shifts.
Pseudocontact shifts can be used as constraints for calculations of protein structures.
With the use of multiple tags, significant improvements in the precision of structures result

from the measurement of PCSs.
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Ubbink and coworkers have also focused on the use of PCSs in the structure
determination of protein complexes %%, Their results have been facilitated by the
development of metal binding tags. The magnetic properties of lanthanides are relatively
insensitive to variations in the coordination. However, since many tags are more flexible
than a typical chemical coordination site, it is essential to restrict their dynamics. This has
been achieved with bulky tags, including peptide tags as discussed above, two-point
attached tags *', and tags that interact with protein side chains 3*2. With dynamically
restricted lanthanide tags, significant PCSs can be observed over large distances,
perhaps beyond 100 A %28, Jaroniec and coworkers have used both nitroxide and EDTA-
Cu?* -tagged mutants of the protein GB1 as a model polycrystalline protein %323, They
observed substantial PRE effects in well resolved magic angle spinning spectra by
comparing samples with and without free electrons on the TEMPO moiety. Significantly,
some of the strong signals in the control sample are missing in the corresponding
spectrum of the spin-labeled protein. A key feature of their experimental samples is that
the spin-labeled protein was diluted with unlabeled protein to enable the intramolecular
effects of interest to be separated from any intermolecular effects of nearby protein
molecules. Although clearly beneficial in certain applications, the use of nitroxides as
relaxation agents suffers from a major draw-back, namely the presence of large
transverse PREs, which lead to severely attenuated signal intensities for numerous
residues; this precludes quantitative PRE and distance measurements. They overcame
this problem by using tags containing a more rapidly relaxing paramagnetic center,

namely Cu®* 3% that does not elicit significant paramagnetic shifts due to its effectively
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isotropic magnetic susceptibility tensor. The longitudinal PREs could be used to
determine the global fold of GB1. They were able to calculate the backbone fold of GB1

based solely on PREs using only six mutants.

Paramagnetic NMR has been applied to a number of membrane proteins. Building
on the structure of the Anabaena sensory rhodopsin (ASR) 3% Ladizhansky and co-
workers employed nitroxide spin labels and PRE data to map the oligomerization interface
of the receptor ¥, Gottstein et al ** have summarized the alpha helical membrane
proteins whose structures have been determined with the aid of PREs. Other notable
studies of membrane proteins using paramagnetic NMR include: protein-lipid interactions

339

of outer membrane protein X (OmpX) and DHPC using various nitroxide spin labels °~,

improvements of the outer membrane protein A (OmpA) backbone structure via ‘parallel

» 340 | 341

spin labeling , Characterization of the Influenza M2 proton channe , topology
determination in DPC micelles of SCO3063 and YbdK, two bacterial histidine kinase
membrane proteins **, DsbB %, structural studies of the M. tuberculosis RV1761C
protein ***, and the characterization of an 80 residue region of the GPCR Ste2p using

PREs in solution NMR 3%,

Perhaps the most powerful approach to introducing tags into proteins is unnatural
amino acid incorporation 2***"_ This very promising method for paramagnetic NMR will
be discussed in more depth in the following section along with a sampling of recent

studies performed in our laboratory using membrane proteins and unnatural amino acid
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incorporation of a novel paramagnetic tag. The best currently available metal-binding

unnatural amino acid, HQA, is shown in Figure 3.1C, which we used in our studies.
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Figure 3.1. Paramagnetic probes for site-specific incorporation of protein. (A) Nitroxide spin label.
(B) Ethylenediaminetetraacetic acid (EDTA). (C) 2-amino-3-(8- hydroxyquinolin-3-yl)propanoic
acid dihydrochloride(HQA). Nitroxide spin labels and EDTA tags are mobile containing multiple
rotatable bonds and are incorporated by chemical reaction at a surface exposed cysteine residue,
while HQA is approximately the size of tryptophan and is incorporated genetically at any position
in the protein of interest.

3.3 Experimental Section
3.3.1 Synthesis of HQA

The synthesis of 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid
dihydrochloride (HQA) was carried out as previously reported ®'® with a few minor

changes. The synthesis of 8-methoxy-3-methylquinoline was carried out according to
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Patent DE 3719014 C2, the reflux time in the bromination of 3-methylquinolin-8-yl acetate
was decreased to 4-5 hours, and all silica flash column chromatography solvent systems

used ethyl acetate and hexanes rather than dichloromethane.

3.3.2 Protein preparation

1TM-CXCR1 % 218 2% gnd p7 3% were purified and refolded as described
previously for similar constructs of the proteins. For the 1TTM-CXCR1 construct an original
pET31b(+) vector was modified by including a thrombin cleavage site with a 6-Gly linker
between the KSI fusion partner and the polypeptide of interest to facilitate enzymatic
cleavage. Interleukin-8 (IL-81-66), a monomeric construct with the 6 C-terminal residues
of IL-8 removed, was expressed and purified as previously described 2. For expression
of uniformly "°N-labeled 1TM-CXCR1 and p7 constructs with HQA incorporated (Figure
3.1C), 500 mL Luria-Bertani (LB) media with chloramphenicol/carbenicillin was inoculated
with 10% overnight LB starter culture and grown in a shaker/incubator at 37°C. At OD600
~0.4 the cells were induced with a final concentration of 0.02% L-arabinose and grown
for two hours at 37°C. They were then spun down by centrifugation at 3000 rpm. The cell
pellets were gently re-suspended in 500 mL minimal media with '°N-labeled ammonium
sulfate as the sole nitrogen source, induced with 0.02% final concentration of L-arabinose
and grown at 37°C for one more hour following which 1 mM HQA and 100 pM IPTG were
added. Cells were grown for four hours, after which they were harvested via centrifugation

at 5000 rpm and stored at -80°C prior to further purification. Purification and refolding
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procedures of HQA incorporated 1TTM-CXCR1 and p7 constructs were identical to those

of their wild-type counterparts.

3.3.3 Fluorescence experiments

The fluorescence experiments were performed on a FluoroMax-4
spectrofluorometer (Horiba Scientific, New Jersey, NY) at room temperature with
excitation at 400 nm. Fluorescence of the wild-type and HQA-incorporated proteins at 20-
50 uM (200 uL) was measured in 300 mM SDS or 150 mM DPC detergent micelles, 20
mM HEPES (pH 7.0) and different concentrations of ZnCl. (0, 50, 100, 150, and 200 uM).
Fluorescence quenching experiments were performed on Zn®** -bound W48HQA p7 by

titrating EDTA to final concentrations of 0, 200, 400, and 600 uM.

NMR experiments NMR samples were prepared by dissolving the lyophilized
proteins in a solution containing 150 mM DHPC, 20 mM HEPES, pH 7.0 at a final protein
concentration of 50 uM -100 pM. For the PRE experiments, aliquots of stock solutions of
10 mM or 100 mM MnCl, were added to the protein samples at final Mn?* concentrations
of 0.1 mM for 1 TM CXCR1 samples and 0.5 mM for p7 samples. For the IL-8 and 1TM
CXCR1 binding experiments, unlabeled W10HQA 1TM CXCR1 was complexed with
uniformly ®N-labeled IL-8 in a 1:1 molar ratio. The NMR experiments were performed on
a Bruker Avance 600 MHz spectrometer equipped with 5-mm triple-resonance cryoprobe

with zaxis gradient. One-dimensional °N-edited '"H NMR and 'H-"°N HSQC ** NMR
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spectra were obtained at 50°C for the 1TTM-CXCR1 and p7 samples, and at 40°C for IL-

8-containing samples.

3.4 Results and Discussion

3.4.1 Metal-chelating Unnatural amino acid

Although the use of fusions with cysteines and metal-binding peptides for site-
specific paramagnetic labeling of proteins has helped probe protein structure
determination, analysis of protein-ligand binding, and descriptions of molecular dynamics,
their use is limited by their bulk, local dynamics, and potential sample heterogeneity.
Large conformational spaces for the paramagnetic center lead to observed PRE
measurements whose properties may be influenced by the flexibility of the probe itself.
Rigid paramagnetic probes have been introduced into proteins to counter this problem
349-3%0 byt the location of anchoring cysteine residues in the protein limit their placement
and their often-bulky structure can also affect native protein structure. The incorporation
of unnatural amino acids (UAAs) easily addresses both the issues of bulk and local
dynamics and allows for homogeneous protein samples. They can be placed anywhere
in the protein without being limited by disulfide bonds, cysteine residues, and attachments

to the protein termini 3'°

. In addition, a paramagnetic metal ion can be introduced
anywhere in the protein with minimal protein structure perturbation **' due to a single

amino acid substitution with a UAA with high metal affinity in the protein sequence.
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Site-specific genetic incorporation of HQA involves an orthogonal aminoacyl-
tRNA/tRNA synthetase pair specific to the HQA that reads the amber TAG codon °*°.
Under normal circumstances, E. coli would recognize TAG as a stop codon. With the
addition of the orthogonal pair, however, HQA is added to the growing protein chain. The
orthogonal tRNA synthetase is not recognized by endogenous tRNA/amino acid and vice
versa **’. Of the more than 100 unnatural amino acids incorporated successfully, a small
fraction is useful for NMR. These include isotopically labeled p-methoxy-phenylalanine

352-353

and its fluorinated analogs , photocaged unnatural amino acids for site-specific

1 313, 350, 354

labeling **', metal-chelating unnatural amino acids , and an amino acid that

ligates with a lanthanide tag °*

. Incorporation of isotopically labeled amino acids at
specific residues have helped identify ligand binding sites and conformational changes of
large proteins 3°°. Aside from these, to date, only four unnatural amino acids that have
been successfully incorporated into proteins can be used as paramagnetic probes. Three
are metal chelating and one is used to ligate with a lanthanide tag *'. Protein engineering

d 355

with unnatural amino acids has been discusse , and it is possible for site-directed spin

labeling of a genetically encoded unnatural amino acid °.

The use of lanthanides for PRE studies are of particular interest because of their
varying magnetic properties; different lanthanides can be incorporated into the same
metal-chelation site *'. Previous lanthanide tags could only be noncovalently bound to
the N- or C- termini of a protein, resulting in flexibility of the tag and poor measurements.

While the lanthanide-p-azido-L-phenylalanine (AzF) fusion allowed for placement of the
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tag independent of the location of other residues in the protein, there are limitations that
hinder its widespread application *°. The lanthanide tag is also limited by the need for
known structural data for tether optimization. Using metal-chelating unnatural amino
acids, on the other hand, provides a straightforward way to introduce a paramagnetic ion

for PRE measurements %

. For example, the UAA bipyridylalanine (BpyAla) was
successfully incorporated into the West Nile virus NS2B-NS3 protease and bound to
cobalt (II) to obtain PCS measurements. Of the three metal-chelating unnatural amino

acids, only HQA chelates to lanthanides '

, making it the best candidate for PRE
studies. Moreover, HQA is the smallest of the three UAA, making it an ideal replacement
of the similarly sized aromatic canonical amino acids. It is also fluorescently active,

allowing for easy detection of metal-bound protein.

Successful efforts to obtain NMR spectra of HQA-incorporated protein have not
been reported previously **'. Here we show by solution NMR the successful incorporation
of HQA into two membrane proteins: the cytoplasmic N-terminal region of the G-protein
coupled receptor (GPCR) CXCR1 and the second transmembrane helix of viroporin p7
from the hepatitis C virus. We were also able to successfully obtain NMR data showing
specific binding of a paramagnetic ion to the HQA-incorporated proteins, offering powerful

insight to protein-ligand binding and protein structure.
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3.4.2 Genetic incorporation of HQA into membrane proteins

Genetic incorporation of the unnatural amino acid 2-Amino-3-(8-hydroxyquinolin-
3-yl)propanoic acid (HQA) was done via amber codon suppression as demonstrated by
Schultz and co-workers ®'®. For the 1TM-CXCR1 construct the tryptophan at position 10
in the amino acid sequence was chosen as the site of mutation due to its location in the
binding region of the receptor and its ligand, interleukin-8 (IL-8). For the p7 construct, the
tryptophan at residue 48 in the sequence was chosen as the site of mutation due to its
location in the second transmembrane helix, with the ultimate goal of obtaining

intramolecular PRE data.
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Figure 3.2. Vector maps for unnatural amino acid incorporation into proteins in E. coli. (A) The
pEVOL vector optimized for efficient expression of orthogonal pairs (Young et al. 2010). (B)
Modified pET31b(+) vector for HQA-incorporated 1TM-CXCR1 expression as a KSI-fusion protein
containing a thrombin cleavage site between KSI and the target membrane protein.

The plasmid containing the orthogonal tRNA/ARNA synthetase pair (pEVOL) and
that containing our target (pET31b+) (Figure 3.2) were co-expressed in minimal media

and we were able to obtain high yields of mutant, HQA incorporated, protein for both the
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1TMCXCR1 and p7 constructs. Growth and incorporation protocols for both the
orthogonal pair and target genes were optimized and included testing various growth
temperatures, induction times and concentrations, as well as optimizing the growth media
itself (data not shown). Following growth and induction both the truncated and
incorporated forms of the protein were produced, as can be seen in Figure 3.3, lane 1.
Due to the presence of a C-terminal histidine tag, which is only present in the full-length
mutant and not in the truncated form (Figure 3.3, top), the two could be successfully
separated via Ni-immobilized metal affinity chromatography (IMAC). Further purification

by HPLC resulted in high yields of pure protein (Figure 3.3).

Fusion partner LE I HHHHHH

Fusion partner - Early terminated polypeptide
M 4
365
31.0 -
215 — -« fully transcribed fusion protein
~€— early terminated fusion protein
14.4 —
6.0 . W |« target protein W48HQA p7
3.5 L.

Figure 3.3. Schematic drawings of the proteins prepared by using the expression vectors shown
in Fig. 4.2 and a SDS-PAGE showing the purification of a HQA-incorporated membrane protein
p7: lane 1, inclusion bodies solubilized in detergents; lane 2, flow through of the Ni-affinity
chromatography; lane 3, elution from the Ni-affinity chromatography; lane 4, HPLC pure W48HQA
p7 after CNBr cleavage. Note that the His-tag attached to the C-terminus of the target protein
facilitates the separation of the fully transcribed proteins from the early-terminated proteins using
Ni-affinity chromatography.
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In the >N HSQC spectra obtained at 600 MHz for both W10HQA 1TM-CXCR1 and
W48HQA p7 in DHPC micelles at pH 7 (Figure 3.4) it was observed that the resonances
from the tryptophan indole nitrogen sites, which were mutated at positions 10 and 48,
respectively, were noticeably absent in the spectra of the mutant proteins, indicating that
the unnatural amino acid was successfully incorporated into the proteins and at the
correct positions. Furthermore, the overlap between the spectra of the wild type and
mutant proteins is very significant for both mutants (Figure 3.4) indicating that
incorporation of the unnatural amino acid did not cause any significant chemical shift

perturbations in the spectra and that the native structures and conformations are retained.
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Figure 3.4. Comparison of 'H-">N HSQC spectra of uniformly '°N-labeled membrane protein
constructs in DHPC micelles. (A) Wild-type 1TTM-CXCR1. (B) W10HQA 1TM-CXCR1. (C) Wild-
type p7. (D) W48HQA p7. Absence of Trp indole NHe signals shown in red boxes indicates
complete incorporation of the unnatural amino acid HQA into residue Trp 10 in 1TTM-CXCR1 and
into residue Trp 48 in p7. The mutation site is colored in red in the amino acid sequences and
schematic drawings of proteins. Note that the amide chemical shifts for wild-type and HQA
incorporated proteins are identical except in the vicinity of the mutated site.

4.4.2 Fluorescence induced by HQA-metal chelate

8-hydroxyquinoline forms chelate compounds with many metal ions including
lanthanides, and Cd?*, Mg®*, and Zn** form a strong fluorescent complex with 8-
hydroxyquinoline ®’. In order to investigate site-specific fluorescence from binding of
metal ions to HQA-incorporated membrane proteins in detergent micelles, W10HQA
1TM-CXCR1 and W48HQA p7 proteins were titrated with Zn* ions and fluorescence was

measured (Figure 3.5). No fluorescence of the HQA-incorporated proteins was observed
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in the absence of Zn®*, but the fluorescence increased with increasing the concentrations
of Zn?*, and was saturated at about 5:1 (Zn®**:HQA) molar ratio. As a control, the
fluorescence of the wild-type proteins was examined; however, they showed no

fluorescence in the presence of 200 uM Zn?*.
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Figure 3.5. Fluorescence spectra of HQA-incorporated membrane proteins in detergent micelles.
(A) W1I0HQA 1TM-CXCR1 complexed with varying concentrations of ZnCl2. (B) W48HQA p7
complexed with 200 uM ZnCI2 and with varying concentrations of EDTA. Protein concentration
was approximately 50 uM.

In figure 3.5B, complete quenching of fluorescence of Zn**-HQA chelates was
observed at a 3:1 (EDTA:HQA-Zn**) molar ratio, suggesting that Zn®** forms stable
chelates with HQA in the transmembrane region of p7 in micelles. These results prove
that genetic incorporation of the unnatural amino acid HQA into membrane proteins can
serve as a powerful site-specific biophysical probe for studies of the structures and

dynamics of membrane proteins in membrane environments.
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3.4.3 Intramolecular PREs by HQA-metal chelate

In Figure 3.6, the comparison of HSQC spectra of p7 constructs demonstrates the
different PRE effects on the wild type and HQA-incorporated p7 samples. All of the p7
resonances, except for the first three N-terminal residues, were observed and assigned
in DHPC micelles at pH 7 (Figure 3.6A). When paramagnetic Mn?* ions were titrated to
the wild-type p7, several resonances (residues 4, 17, 18, and 63) were significantly
broadened, indicating these residues are located in the solvent accessible regions of the

molecular surface of p7 in detergent micelles (Figure 3.6B).
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Figure 3.6. Expanded region of the 'H-">N HSQC spectra of uniformly '°N-labeled p7 in DHPC
micelles. (A) Wild-type p7 alone. (B) Wild-type p7 in the presence of 0.5 mM MnCI2. (C) W48HQA
p7 in the presence of 0.5 mM MnCI2. The resonances broadened by solvent PREs or
intramolecular PREs are indicated by red circles. Note that glycine residues 15, 18, 34, and 46

do not lie in the expanded region.
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When Mn?* ions were titrated in the WA8HQA p7 sample at an approximately 5:1
(Mn?*:W48HQA p7) molar ratio, many more signals were broadened or disappeared
compared to the wild-type p7 (Figure 3.6C). This result suggests that Mn?* can specifically
bind to the HQA located in the second transmembrane helix of p7 in detergent micelles,
and therefore yields intramolecular PREs. Many of the disappeared resonances (residues
41-47 and residues 50-52) are near the mutated position of the residue 48 as expected.
However, it is noteworthy that the residues 21-26 were also significantly broadened or
disappeared, indicating that these residues, which are located in the first transmembrane
helix are in close proximity to residue 48 which is located in the second transmembrane
helix of p7. These intramolecular PREs are very helpful in structure determination of
membrane proteins, since they provide long-range distance restraints that are very

challenging to obtain by conventional NOE experiments.

1TM-CXCR1 consists of the ligand binding N-terminal domain, which is mobile and
solvent accessible, and the first transmembrane helix of CXCR1, which is buried in the
membrane environments '8, Therefore, the resonances of the N- terminal domain of wild
type 1TTM-CXCR1 and several C-terminal residues were broadened beyond detection in
the presence of Mn?* or Gd>*, while only 7 residues near the HQA mutation site of
W10HQA 1TM-CXCR1 were broadened by the titration of paramagnetic ions due to a
site-specific HQA and metal ion interactions. Although successful efforts to obtain NMR
spectra of HQA-incorporated protein have not been reported previously due to metal

mediated protein oligomerization *', we do not observe any evidence of oligomerization
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or aggregation of HQA-incorporated membrane proteins in detergent micelles.

Optimization of experimental conditions was straightforward.

3.4.4 Intermolecular PREs by HQA-metal chelate

The N-terminal domain of the chemokine receptor CXCR1 contains the major
binding site of the ligand IL-8 2'°. Figure 3.7 shows that the HQA in 1TM-CXCR1 serves
as an excellent probe for intermolecular PREs, providing crucial long-range distance
restraints for structure determination of the IL-8 and 1TM-CXCR1 complex. The binding
sites of IL-8, identified by chemical shift perturbation upon interaction with W10HQA 1TM-
CXCR1 (Figure 3.7B), were identical to those of the IL-8 interaction with wild-type 1TM-
CXCR1. Adding Mn®* ions to the complex selectively broadened the residues of the
binding sites (e.g. residues K20 and W52¢) beyond detection because of the site specific
intermolecular PREs (Figure 3.7C), providing the distance restraints between IL-8 and

1TM-CXCR1 that are essential for structure determination of the ligand-receptor complex.
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Figure 3.7. Expanded region of the °N-edited 'H spectra of uniformly '°N-labeled IL-8 in DHPC
micelles. (A) IL-8 alone. (B) IL-8 bound to unlabeled W10HQA 1TM-CXCR1. (C) IL-8 bound to
unlabeled W10HQA 1TM-CXCR1 in the presence of MnCl,. Close proximity between residues
K20 and W52¢ of IL-8 and the paramagnetic HQA-Mn?* Group at residue 10 of CXCR1 is shown
by observation of select intermolecular PREs.

3.5 Conclusions

The research described here is a prelude to the use of paramagnetic tags on
membrane proteins in phospholipid bilayers. This involves the use of solid-state NMR
because the membrane proteins are immobilized by their interactions with the
phospholipids in the bilayer environment. Thus, significant background comes from prior
solid-state NMR studies of paramagnetically tagged proteins. The in vivo incorporation of
unnatural amino acids into proteins is a well-established technique requiring an
orthogonal tRNA/aminoacyl-tRNA synthetase pair specific for the unnatural amino acid
that is incorporated at a position encoded by a TAG amber codon. Recently developed
metal-chelating unnatural amino acid 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid

(HQA) forms highly stable complexes with various transition metal ions and lanthanides,
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serving as an excellent probe for paramagnetic relaxation enhancement NMR
experiments. Although poor protein yields hamper its application in the protein NMR field,
optimization of the expression of orthogonal aminoacyl-tRNA synthetases/suppressor
tRNA pairs from the pEVOL vector and target proteins from the KSI-fusion expression
system allows for significant improvement of the yield of HQA-incorporated proteins to
the degree of obtaining yields equivalent to those for wild type proteins. NMR spectral
comparisons of the wild type and HQA incorporated mutants demonstrate complete
incorporation of HQA into the membrane proteins. Zn?**-HQA induced fluorescence

confirms a stable metal chelation.

Chapter 3, in full, is a reprint of the material as it appears in JBNMR, “Paramagnetic
relaxation enhancement of membrane proteins by incorporation of the metal-chelating
unnatural amino acid 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA)” by Park,
S.H., Wang, V. S., Radoicic, J., De Angelis, A. A., Berkamp, S., and Opella, S. J., 2015.

The dissertation author was the third author of this paper.
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Chapter 4. Interaction of Monomeric Interleukin-8 with CXCR1 Mapped by Proton-
detected Fast MAS Solid-state NMR and Intermolecular Paramagnetic Relaxation

Enhancement

4.1 Abstract

The human chemokine interleukin-8 (IL-8; CXCL8) is a key mediator of innate
immune and inflammatory responses. This small, soluble protein triggers a host of
biological effects upon binding and activating CXCR1, a G protein coupled receptor,
located in the cell membrane of neutrophils. Here, we describe 'H-detected magic angle
spinning solid-state NMR studies of monomeric IL-8 (1-66) bound to full-length and
truncated constructs of CXCR1 in phospholipid bilayers under physiological conditions.
Cross-polarization experiments demonstrate that most backbone amide sites of IL-8 (1-
66) are immobilized and that their chemical shifts are perturbed upon binding to CXCR1,
demonstrating that the dynamics and environments of chemokine residues are affected
by interactions with the chemokine receptor. Comparisons of spectra of IL-8 (1-66) bound
to full-length CXCR1 (1-350) and to N-terminal truncated construct NT-CXCR1 (39-350)
identify specific chemokine residues involved in interactions with binding sites associated
with N-terminal residues (binding site-I) and extracellular loop and helical residues
(binding site-1l) of the receptor. Intermolecular paramagnetic relaxation enhancement
broadening of IL-8 (1-66) signals results from interactions of the chemokine with CXCR1
(1-350) containing Mn®* chelated to an unnatural amino acid assists in the

characterization of the receptor-bound form of the chemokine.
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4.2 Introduction

More than 800 G protein-coupled receptors (GPCRs) are encoded in the human
genome. These membrane proteins have seven transmembrane helices and each binds
to one or multiple extracellular molecular signals, typically small molecules, but in some
cases proteins. Their activation triggers many physiological processes through
interactions with intracellular proteins. The structures, dynamics, and functions of GPCRs
are of keen interest to both physiology and medicine, especially because they are
receptors for a large fraction of the drugs in current use and provide fertile ground for the
targeted development of new drugs 8. Although there has been significant progress in
recent years in the characterization of static structures of crystalline GPCRs at low

temperatures 32936

, relatively little is known about their binding to, and activation by,
naturally occurring agonists, especially proteins, under physiological conditions where
both agonist and receptor dynamics are likely to play important roles. Here we examine

the interactions between a chemokine agonist and its receptor in the near-native

environment of hydrated phospholipid bilayers by NMR spectroscopy.

About 50 chemokines and 20 chemokine receptors constitute an important part of
the innate immune system %, Not only do these proteins play key roles in the defense
against microbial infections, but they are also associated with responses to inflammatory
diseases such as arthritis, asthma, and cancer ®°. The chemokine interleukin-8 (IL-8;
CXCLS8) binds to and activates the GPCR CXCR1 in the cell membranes of neutrophils,

which then interact with G-proteins, arrestins, and other intracellular proteins to initiate
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biochemical responses of the cell. IL-8 and CXCR1 serve as a prototypical chemokine
system because they are the first of their types to be discovered and are among the best

characterized *®*. IL-8 is a small soluble protein with 72 residues. Its structure, determined
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by solution NMR spectroscopy %*° and x-ray crystallography °®°, is characterized by
having a flexible N-terminal segment containing a conserved Glu-Leu-Arg (ELR) motif just
before the characteristic CXC arrangement of cysteine residues (X represents another
type of amino acid) that participate in the two disulfide bonds that stabilize the tertiary fold
of the three B-strands and single a-helical segment. Most CXC chemokines have between
70 and 130 residues with substantial variation of sequences. However, they share the

characteristic three-dimensional chemokine fold first described for IL-8, which suggests

that there may be commonality in how they interact with their receptors.

At the high concentrations used in NMR spectroscopy and x-ray crystallography,
most chemokines form noncovalent dimers or larger oligomers. IL-8 has been shown to
exist and function both as a monomer and dimer 27 %473 The monomer binds to the N-

184-185,295 o4 is believed

terminal domain of CXCR1 with higher affinity than the dimer
to be the biologically active form of the protein. Modification, mutation, or truncation of
residues at the dimer interface stabilize the monomeric form of IL-8 9% %% The structure
of monomeric IL-8 (1-66), obtained by truncation of the last six C-terminal residues, using
solution NMR is shown in Fig. 4.1A 2%, Overall, the structure of monomeric IL-8 is very
similar to that of each subunit in the wild-type IL-8 (1-72) dimer **°. CXCR1 and CXCR2

7
d30

were the first chemokine receptors to be identified and clone , and were originally
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referred to as IL-8RA '*° and IL-8RB °" respectively. They share 80% sequence identity.
Most of the differences are in the N- and C-terminals, which bind chemokines and G-
proteins, respectively. Both receptors have high affinity for IL-8, with a low nanomolar
dissociation constant '**??°_ Finding that two similar but distinct receptors bind the same
chemokine, and that CXCR1 almost exclusively binds to IL-8 whereas CXCR2 also binds
to several other chemokines, provided an early indication of the complexity of the
chemokine defense system. At present, the structures of six chemokine receptors have
been reported: the crystal structures of CXCR4 2'# 372 CCR2 3"*, CCRS5 "%, CCR9 *°,
and viral US28 ®’®, and our NMR structure of CXCR1 in lipid bilayers #*°, which is shown
in Fig. 4.1B. Although none of the structures represent complexes of a receptor with one
of its native chemokine agonists, the structures of receptors bound to viral chemokines
provide information that is complementary to the many mutagenesis and binding studies
of their interactions. There have been many solution NMR and other biophysical studies
of IL-8 interacting with polypeptides whose sequences correspond to N-terminal residues
of CXCR1 184187, 192,219, 295, 377 'Thg current model for chemokine-receptor interactions
involves two binding sites on the receptor. Residues in both the N-terminal domain
(binding site-I) and in one or more extracellular loops (binding site-1l) of CXCR1 have

been shown to interact with IL-8 184 188,190, 193,219
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Figure 4.1 Structures of the chemokine IL-8 and its receptor CXCR1. (A) Structure of the
monomeric chemokine IL-8 (1-66) in aqueous solution (PDB: 5WDZ). (B) Structure of the
chemokine receptor CXCR1 (1-350) in phospholipid bilayers (PDB: 2LNL). Extracellular N-
terminal and intracellular C-terminal residues of CXCR1 involved in ligand and G-protein
interactions, respectively, are not included in the Figure because they are mobile on the
timescales of the NMR experiments used to determine the structure of the receptor.

Solid-state NMR spectroscopy enables studies of the structure and dynamics of
membrane proteins in near-native phospholipid bilayer environments 383" There are
several examples where solid-state NMR methods have been used to characterize the

382:385 as well as GPCRs themselves. Most prior

structures of ligands bound to GPCRs
studies of membrane proteins or their ligands have involved the direct detection of signals
from labeled '3C or '°N sites; this continues to be a fruitful approach and we applied it in
our earlier studies of CXCR1 219%20- 38 Hawever, dramatic improvements in sensitivity

have been obtained by the implementation of 'H-detected magic angle spinning (MAS)

solid-state  NMR methods 7% especially when fast MAS is combined with
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perdeuteration of the samples 3%"-389392 This approach is being applied to an increasing

number of membrane proteins 3939,

Here, we describe the effects on IL-8 when it binds to CXCR1 in phospholipid
bilayers using 'H-detected MAS solid-state NMR. We prepared uniformly ?H and "°N

labeled monomeric IL-8 (1-66) 2%

, and examined its interactions with unlabeled full-length
CXCR1 (1-350), which contains both binding site-I and binding site-Il, and an N-terminal
truncated construct of CXCR1, NT-CXCR1 (39-350), which lacks binding site-l associated
with the N-terminal region but retains binding site-Il associated with the extracellular
loops. Changes observed in spectra of IL-8 (1-66) upon binding CXCR1 (1-350) and NT-
CXCR1 (39-350) identify chemokine residues involved in the interactions with CXCR1. In
addition, we incorporated the metal-chelating unnatural amino acid 2-amino-3-(8-
hydroxyquinolin-3-yl)propanoic acid dihydrochloride (HQA) into full-length CXCR1,
expanding upon earlier work ???, to observe intermolecular paramagnetic relaxation

enhancement (PRE) between IL-8 (1-66) and CXCR1 (1-350). This provides additional

information about the structures and spatial arrangement of the complexed proteins.

4.3 Materials and Methods
4.3.1 Incorporation of HQA

The unnatural amino acid HQA was purchased from BOC Sciences
(http://www.bocsci.com). The replacement of tryptophan by HQA at position 10 in the

sequence of full-length CXCR1 (1-350) was performed as previously described for a
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different construct of CXCR1 2?2, The complete replacement of tryptophan by HQA was
confirmed by NMR and fluorescence spectroscopies. Purification and refolding
procedures of HQA-containing CXCR1 (W10HQA CXCR1) were identical to those applied

to the wild-type protein #%°.

4.3.2 Sample preparation

Monomeric IL-8 (1-66) containing residues of 1-66 of the wild-type human protein
was expressed and purified using the protocol described previously 2*®. Uniformly ?H- and
®N-labeled samples were obtained by growing bacteria in BioExpress cell growth media
(U1 98%; U-"N, 98%) and deuterium oxide (*H, 99.9%) (Cambridge Isotope
Laboratories, Tewksbury, MA; http://www.isotope.com). High deuteration levels (>90%)
were verified by comparing the 'H solution NMR spectrum of perdeuterated IL-8 (1-66) to
that of an unlabeled sample. The proteoliposome samples of 1,2-dimyristoyl-sn-glycero-
3-phosphocholine lipid bilayers containing full-length CXCR1 (1-350) or N-terminal
218, 220_

truncated construct NT-CXCR1 (39-350) were prepared as described previously

The lipid/protein molar ratio was 300:1.

4.3.3 NMR experiments

The solution NMR experiments were performed at 40°C on a Bruker 600MHz
spectrometer equipped with 5 mm triple-resonance cryoprobe with z-axis gradient. The
concentration of monomeric IL-8 (1-66) was 50 mM in 20 mM HEPES buffer (pH 7.3).

One-dimensional '°N-edited 'H NMR spectra of uniformly *°N-labeled monomeric IL-8 (1-
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66) were obtained by signal-averaging 128 transients in the absence and presence of
CXCR1-containing proteoliposomes at a molar ratio of 1:1. The samples for solid-state
NMR experiments contained 30-50 ug of uniformly ?H- and °N-labeled IL-8 (1-66) in 3
mL of 20 mM HEPES buffer in 100% 'H,O. Spectra were obtained in the absence and
presence of various unlabeled CXCR1 constructs in liposomes at a receptor to IL-8 (1-
66) molar ratio of 1:1. Samples were prepared by adding an appropriate amount of
isotopically labeled IL-8 (1-66) in solution to proteoliposomes containing unlabeled
CXCR1 constructs in 5 mL of 20 mM HEPES buffer (pH 7.3). The mixtures were incubated
for 30 min at room temperature before ultracentrifugation for 20—40 h at 645,000 g at
15°C. Approximately 3 mL of fully hydrated proteoliposomes containing IL-8 (1-66) bound
to the receptor was transferred into a 1.3 mm MAS rotor. For the PRE experiments, a
200-fold molar excess of MnCl, was added to the proteoliposome samples before

ultracentrifugation.

Solid-state NMR experiments were performed at 900 MHz (21.2 Tesla) on a Bruker
Avance Il HD spectrometer equipped with a triple-resonance 1.3 mm MAS probe. The
sample-spinning rate was controlled to 60 kHz (52 Hz). The probe temperature was
maintained at 8°C using nitrogen cooling gas at 30°C and a flow rate of 1500 L/h; the
actual sample temperature, as monitored by the resonance frequency of the water signal,
was estimated to be 30°C due to frictional heating. Two-dimensional 'H-detected 'H-"°N
chemical shift correlation spectra were acquired using either a 'H-'>N heteronuclear

single quantum correlation (HSQC) pulse sequence via double insensitive nuclei
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101

enhanced by polarization transfers (INEPT) with presaturation for water signal

222, 387

suppression, or via double cross-polarization (CP) transfers with multiple intense

solvent suppression intended for sensitive spectroscopic investigation of protonated

388 397

proteins instantly ®N globally optimized alternating phase rectangular pulse
decoupling with irradiation of 22.6 kHz was applied during 'H signal acquisition. In these
pulse sequences, the hard n/2 pulses had nutation frequencies of 100 and 55.6 kHz for
'H and "N, respectively. The delay t was set to 1/4 J (2.5 ms) for INEPT transfers. The
contact time was 1 ms for the first CP transfer from 'H to '°N, and 0.4 ms for the second
CP transfer from N to 'H. Two-dimensional INEPT correlation spectra were acquired
using 64 complex time-domain points with a total acquisition time of 10ms in the indirect
®N chemical shift dimension, and 2048 complex time-domain points with a total
acquisition time of 56.8 ms in the directly detected 'H chemical shift dimension. Two-
dimensional CP correlation spectra were acquired using 64 complex time-domain points
with a total acquisition time of 10ms in the indirect '°N chemical shift dimension, and 1024
complex time-domain points with a total acquisition time of 11.3 ms in the directly detected
'H chemical shift dimension. The relaxation delay for all experiments was 1.2 s. The NMR

data were processed using TopSpin 3.5 (http://www.bruker.com) and the structures were

visualized using PyMol (http://www.pymol.org).
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4.4 Results

4.4.1 Immobilization of IL-8 bound to CXCR1 in phospholipid bilayers

5

Although IL-8 exists as a homodimer in solution **°, monomeric IL-8 has been

shown to bind to CXCR1 with similar or higher affinity than the dimer '®> 2%, Truncation
of the last six C-terminal residues results in a stable monomeric form of IL-8 (1-66) 2.
Studies of IL-8 (1-66) avoid potential complications due to dimer-to-monomer
interconversion of either the free or bound forms of IL-8. Binding of IL-8 (1-66) to full-
length CXCR1 (1-350) is tight enough that IL-8 (1-66) can be found in the insoluble
proteoliposome pellet along with CXCR1 (1-350) after ultracentrifugation (Fig. 4.2A, lane
3). Similar results were obtained for IL-8 (1-66) binding to NT-CXCR1 (39-350), where
the residues responsible for the receptor’s N-terminal binding site are missing (data not
shown). However, no IL-8 (1-66) was detected in the pellet obtained by ultracentrifugation
of a sample of the protein suspended in the presence of empty liposomes. This indicates
that IL-8 does not interact with or partition to phospholipids. Purified uniformly °N-labeled
IL-8 (1-66) (Fig. 4.2A, lane 2) in aqueous ('H20) buffer yields a well-resolved '°N-edited
'H solution NMR spectrum of the amide region (Fig. 4.2B), which is similar to that obtained
from the wild-type dimeric IL-8 (1-72) ?'% 2% The binding of IL-8 (1-66) to CXCR1 (1-350)
in phospholipid bilayers at a molar ratio of 1:1 (Fig. 4.2A, lane 3) results in the broadening
of all IL-8 (1-66) 'H amide signals beyond detection by solution NMR (Fig. 4.2C). This
demonstrates that the global reorientation of IL-8 (1-66) is highly restricted by binding to
CXCR1 embedded in phospholipid bilayers. Similar results were observed for the

interaction of wild-type dimeric IL-8 (1-72) with the receptor under the same sample and
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spectroscopic conditions (data not shown). Notably, signals from those residues of wild-
type dimeric IL-8 (1-72) not directly involved in the interaction with CXCR1 (1-350) could
be observed in solution NMR spectra when the protein complexes are in rapidly
reorienting isotropic bicelles, but not when they are in slowly and anisotropically
reorienting lipid environments, such as magnetically aligned bicelles or proteoliposomes
219 The slow global reorientation of IL-8 complexed with CXCR1 in phospholipid bilayers
severely compromises the application of solution NMR methods to these samples.
However, it is possible to use solid-state NMR methods to investigate IL-8 bound to
CXCR1 in phospholipid bilayers. Fig. 4.3 compares two-dimensional 'H-"°N chemical shift
correlation spectra of IL-8 (1-66) obtained under various experimental conditions. The
use of uniformly ?H- and "°N-labeled IL-8 (1-66), where the perdeuteration facilitates the
suppression of 'H-"H dipolar couplings, is essential to obtain these high-resolution MAS

spectra.
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Figure 4.2. IL-8 forms a tight complex with CXCR1 (A) SDS-PAGE analysis of IL-8 (1-66), CXCR1
(1-350), and their 1:1 complex. Lane M: Protein molecular weight marker. Lane 1: CXCR1 (1-350)
in phospholipid bilayers. Lane 2: IL-8 (1-66) in aqueous buffer. Lane 3: pellet and Lane 4:
supernatant, of a 1:1 molar ratio mixture of IL-8 (1-66) and CXCR1 (1-350) in phospholipid bilayers
after 20 h of ultracentrifugation at 645,000 g. Lane 3 demonstrates that IL-8 (1-66) and CXCR1
(1-350) are in the resulting pellet and that neither protein is in the supernatant, indicating that they
form a complex in the bilayers. (B and C) One-dimensional *N-edited 'H solution NMR spectra
of uniformly N-labeled IL-8 (1-66) obtained at 600 MHz and 40 C. (B) IL-8 (1-66) alone in
aqueous solution. (C) 1:1 IL-8 (1-66):CXCR1 (1-350) complex in phospholipid bilayers. The 'H
solution NMR signals of IL-8 (1-66) are broadened beyond detection by the slow reorientation of
the chemokine bound to CXCR1 in phospholipid bilayers.

4.4.2 Fast-exchanging amide hydrogens of IL-8

A two-dimensional 'H-">’N HSQC NMR spectrum of uniformly "°N labeled IL-8 (1-
66) in aqueous solution is shown with black contours in Figs. 4.3A and 4.4A. This
spectrum was obtained with the sample in a standard 5 mm OD solution NMR sample
tube that was not spun. All the amide resonances have been assigned to specific
residues, with the exception of the mobile C-terminal residue, 66, whose amide hydrogen
exchanges rapidly with water at pH 7.3 ?°®. A spectrum of the same solution sample

obtained in a 1.3 mm rotor spinning at 60 kHz using the same pulse sequence, with minor
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modifications of the t delay for INEPT transfers and the use of continuous wave irradiation
(presaturation) for water signal suppression, is shown with black contours in Fig. 4.3B and
with red contours in Fig. 4.4A. The observed line widths of amide 'H resonances of IL-8
(1-66) in aqueous solution obtained by conventional solution NMR and obtained by 60
kHz MAS solid-state NMR are 30 and 50 Hz, respectively. The solution NMR and solid-
state NMR spectra in Fig. 4.4 are very similar with extensive overlap of chemical shifts.
Importantly, no signals could be observed using CP transfer, indicating that IL-8 (1-66) is
not sedimented but remains soluble undergoing isotropic reorientation in solution at 60
kHz MAS, which produces > 106 g centrifugal force toward the rotor wall. Presaturation
for water suppression in the solid-state MAS spectrum results in missing or very weak
intensity signals from solvent-accessible residues (1-5, 11-15, 18, 20, 33, 35, 37, 44, 45,
and 57) compared to the solution NMR spectrum obtained with the WATERGATE pulse
sequence %% for water suppression. This result was verified by amide hydrogendeuterium
exchange measurements on IL-8 (1-66) in solution 2. The residues with fast-exchanging
amide hydrogens are represented in green in the IL-8 (1-66) structure (Fig. 4.4B); they
are mainly located in the N-terminal and three loop regions (N-loop, 30s loop, and 40s
loop) This result is in agreement with the previously measured amide nitrogen relaxation
rates of a monomeric IL-8 mutant in aqueous solution, in which a high degree of mobility
was observed for the unstructured N-terminal region, and reduced mobility for several

residues in the loop regions (residues 11, 12, 33, 35, 45, and 57) °”’.
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Figure 4.3. Two-dimensional 'H-detected 'H-"°N correlation NMR spectra of uniformly [°H, "°N-
HN] labeled IL-8 (1-66). The cartoons at the top represent the samples: IL-8 (1-66) alone (left),
the IL-8 (1-66):CXCR1(1-350) complex (center), and the IL-8 (1-66):NT-CXCR1(39-350) complex
(right). (A) HSQC solution NMR spectrum of IL-8 (1-66) alone in aqueous solution obtained at 600
MHz and 40 C. (B-F) 'H-detected 60 kHz MAS solid-state NMR spectra of IL-8 (1-66) in the
absence (B) and presence (C—F) of CXCR1 constructs in phospholipid bilayers obtained at 900
MHz and 30 C. (B) IL-8 (1-66) alone in aqueous solution. (C and D) 1:1 IL-8 (1-66):CXCR1 (1-
350) complex in phospholipid bilayers. (E and F) 1:1 IL-8 (1-66):NT-CXCR1 (39-350) in
phospholipid bilayers. (A—-C and E) were obtained with INEPT and (D and F) with CP
magnetization transfers, enabling the separate observation of signals from mobile (A—-C and E)
and immobile (D and F) sites.
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Figure 4.4. Fast-exchanging protons in IL-8 (A) Comparison of one-dimensional °N-edited 'H
NMR and two-dimensional 'H-detected 'H-'°N correlation NMR spectra of uniformly °N-labeled
IL-8 (1-66) in aqueous solution obtained by solution NMR (black contours) and solid-state 60 kHz
MAS NMR (red contours), respectively. The amide resonances absent in the solid-state MAS
NMR spectrum due to fast exchange with water are marked. (B) The fast-exchanging sites in the
N-terminal and three loop regions of IL-8 (1-66) are colored in green in the protein structure.

4.4.3 IL-8 Interaction with CXCR1 in Phospholipid Bilayers

Comparison of MAS solid-state NMR spectra obtained with CP and INEPT
magnetization transfers enables the qualitative characterization of residue-specific local
dynamics of IL-8 (1-66) bound to CXCR1 in phospholipid bilayers (Figs. 4.3, 4.5, and 4.7).
Signals from immobilized residues are observed in the spectra obtained with CP transfers
whereas signals from mobile residues are observed in the spectra obtained with INEPT
transfers. 'H-detected 'H-"°N correlation solid-state MAS NMR spectra of °H and '°N
labeled IL-8 (1-66) bound to unlabeled full-length CXCR1 (1-350) show that signals from
most of the IL-8 (1-66) amide backbone sites could be observed in the CP spectrum (Fig.
4.3D (black contours) and Fig. 4.5A (red contours)). In contrast, only five backbone and

a pair of side-chain signals were observed in the INEPT spectrum (Fig. 4.3C (black
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contours), and Fig. 4.5B (green contours). Motionally averaged signals of IL-8 (1-66)
bound to CXCR1 in phospholipid bilayers were observed in the MAS solid-state NMR
spectrum (Figs. 4.3C and 4.5B), but not in the solution NMR spectrum (Fig. 4.2C) because
the severe broadening from the dipole-dipole interactions is suppressed by the
combination of fast MAS and perdeuteration. Several residues, including those from the
C-terminal helical region, which are not observed in either CP or INEPT solid-state NMR
experiments, are marked in gray in Fig. 4.5C. The C-terminal helical region of IL-8 (1-66)
does not show evidence of interaction with the receptor. It is known to be responsible for
association with the sulfate groups of glycosaminoglycans >*°, and local motions might
occur on an intermediate timescale, such that neither CP nor INEPT transfers yield
signals *°°. The mobile and fast-exchanging IL-8 (1-66) sites in the loops (green sites in
Fig. 4.4B) were immobilized along with the three B -strands upon interaction with CXCR1

145, 368-369, 385-386

(red sites in Fig. 4.5C). Several fast-exchanging residues in the N-loop

and the 40s loop of IL-8 (1-66) contribute to its primary binding site 84187 192 219,295,377,

401
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Figure 4.5. (A and B) 'H-detected 'H-"°N correlation solid-state 60 kHz MAS NMR spectra of [°H,
®N-HN] labeled IL-8 (1-66) bound to unlabeled CXCR1 (1-350) in phospholipid bilayers obtained
with (A) CP (red contours) and (B) INEPT (green contours) magnetization transfers. The solid-
state MAS NMR spectra are overlaid on the solution NMR HSQC spectrum (Figs. 3 A and 4 A) of
free IL-8 (1-66) (gray contours). Assigned signals are marked. (C) Structure of IL-8 (1-66) with
the dynamics of residues in IL-8 (1-66) bound to CXCR1 (1-350) designated by colors. Red
represents immobile sites (red contours, A) and green represents mobile sites (green contours,
B). Signals from residues in the gray regions are either unassigned or undetected in the solid-
state NMR spectra.

Significant chemical shift perturbations of resonances of IL-8 (1-66) upon
interaction with CXCR1 (1-350) indicate the locations of the IL-8 (1-66) residues involved
in binding. Chemical shift perturbations of five well-resolved resonances of IL-8 (1-66),
GIn8, and Lys20 in the downfield (11-12 ppm) region and Phe17, Cys34, and Val58 in
the upfield (5.5—6.5 ppm) region are compared in Fig. 4.6. Phe17 and Val58 resonances
were significantly perturbed by both CXCR1 (1-350) in phospholipid bilayers and the
soluble peptide ND-CXCR1 (1-38) in aqueous buffer, whereas Cys34 was not affected.
This result is consistent with solution NMR data on interactions of both monomers and

dimers of IL-8 with various N-terminal CXCR1 peptides containing only binding site-I of
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the receptor '®*. The GIn8 resonance was slightly perturbed by both receptor constructs,
but the Lys20 resonance was only perturbed by ND-CXCR1 (1-38) and not by CXCR1 (1-

350), suggesting that the IL-8 (1-66) interaction with CXCR1 (1-350) is different from that

with ND-CXCR1 (1-38).
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Figure 4.6 Downfield (A) and upfield (B) regions of 'H-"°N correlation spectra of IL-8 (1-66).
Signals in black contours are from a solution NMR HSQC spectrum of free IL-8 (1-66); blue
contours are from a solution NMR HSQC spectrum of IL-8 (1-66) bound to ND-CXCR1 (1-38) 2%;
and red contours are from a solid-state MAS NMR spectrum of IL-8 (1-66) bound to CXCR1 (1-

350). Assigned residues are marked.

4.4.4 IL-8 interaction with NT-CXCR1 in phospholipid bilayers

IL-8 (1-66) binds to NT-CXCR1 (39-350), which lacks the N-terminal 38 residues
of the receptor that contribute to binding site-l, but retains binding site-ll associated with
extracellular loops of the receptor. Significant differences were observed between the 'H-
'®N correlation spectra of IL-8 (1-66) bound to NT-CXCR1 (39-350) (Figs. 4.3E and F and
4.7A and B) and to full-length CXCR1 (1-350) (Figs. 4.3C and D and 4.5A and B). From

the IL-8 (1-66) and NT-CXCR1 (39-350) complex, 11 backbone amide signals can be
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observed in the CP spectrum (Fig. 4.3F, black contours, and Fig. 4.7A, red contours)
compared with 18 signals in the INEPT spectrum (Fig. 4.3 E, black contours, and Fig.
4.7B, green contours). Out of the 60 expected backbone amide signals, 31 are not
detected in either the CP or the INEPT spectra. The corresponding residues are shown
in gray on the structure in Fig. 4.7C. The observed CP signals are located primarily in the
30s loop, 40s loop, and B-3 strand (Fig. 4.7C, red). The chemical shift perturbations of IL-
8 (1-66) resonances by interactions with NT-CXCR1 (39-350) in the CP spectrum are
generally smaller than those observed for interactions with full-length CXCR1 (1-350),

possibly indicating differences in the nature of the interactions with the extracellular loops

402-403
of the receptor .
A ‘531 B @ o C
] [ (] ) T
Ul N 0 iy Jbd
0 0 N36 F ORW\O &g‘gsas s ‘ L
,6 o D45 o 96 CT. 2 o K64 L
b gl ¢
(] ssn‘é'é 0 090 i ws? csaRg g{&\éoh
T37 [] K42 NI 18
P T 4 N
(4 00 i 0 vz?e b
0
0 0 oe ks 0 0 b 1o 08
[ 0 .W57E o
e ‘ S
10 9 8 7 10 9 8 7
H shift (ppm) 1H shift (ppm)

Figure 4.7 (A and B) 'H-detected 'H-"°N correlation solid-state 60 kHz MAS NMR spectra of [°H,
®N-HN] labeled IL-8 (1-66) bound to unlabeled NT-CXCR1 (39-350) in phospholipid bilayers
obtained with (A) CP (red contours) and (B) INEPT (green contours) magnetization transfers. The
solid-state MAS NMR spectra are overlaid on the solution NMR HSQC spectrum (Figs. 3 A and
4 A) of free IL-8 (1-66) (gray contours). Assigned signals are marked. (C) Structure of IL-8 (1-66)
with the dynamics of residues in IL-8 (1-66) bound to NT-CXCR1 (39-350) designated by colors.
Red represents immobile sites (red signals, A) and green represents mobile sites (green signals,
B). Signals from residues in the gray regions are either unassigned or undetected in the solid-
state NMR spectra.

82



4.4.5 Long-range distance restraints from intermolecular PRE of HQA-incorporated
CXCR1

The genetic incorporation of the metal-chelating unnatural amino acid HQA °'® into
membrane proteins enables the measurement of intra- and intermolecular distance
restraints by enabling PRE NMR experiments ?2. The signal intensities in the one-
dimensional MAS solid-state °N-edited '"H NMR spectrum of IL-8 (1-66) bound to
W10HQA CXCR1 (1-350) (Fig. 4.8A) were reduced by the broadening effects of the
bound paramagnetic Mn?* ion on nearby 'H nuclei (Fig. 4.8 B). Control experiments show
that the presence of free manganese ions in solution has negligible effect on the spectrum
of IL-8 (1-66) bound to wild-type CXCR1 (1-350) (Fig. 4.8C and D). Most likely this is
because the CP transferred 'H signals of IL-8 (1-66), which result from the immobilization
of its residues due to interactions with CXCR1 (1-350), are shielded from the free
manganese ions. The spectrum of labeled IL-8 (1-66) bound to unlabeled NT-CXCR1(39-
350) (Fig. 4.8E), in which the observed signals are primarily from the immobilized IL-8 (1-
66) residues interacting with the extracellular loops of the receptor, is similar to that of IL-
8 (1-66) bound to W10HQA CXCR1 in the presence of manganese ions (Fig. 4.8 B). This
suggests that the intermolecular PREs resulting from the Mn?* bound to residue 10 of
CXCR1 selectively broaden the IL-8 (1-66) signals from residues near binding site-I of

CXCR1.
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Figure 4.8 One-dimensional "°N-edited 'H-detected 60 kHz MAS solid-state NMR spectra of [°H,
®N-HN] labeled IL-8 (1-66) bound to unlabeled CXCR1 obtained with CP magnetization transfer.
The cartoons at the top represent the samples: 1:1 IL-8 (1-66): W10HQA CXCR1 (1-350) complex
(left), 1:1 IL-8 (1—-66):CXCR1 (1-350) complex (center), and IL-8 (1-66):NT-CXCR1 (39-350)
complex (right). The star indicates the location of the metal-chelating unnatural amino acid HQA
at residue 10 in the N-terminal domain of CXCR1. (A and B) 1:1 IL-8 (1-66): W10HQA CXCR1
(1-850) complex. (C and D) 1:1 IL-8 (1-66):CXCR1 (1-350) complex. (E) 1:1 IL-8 (1-66):NT-
CXCR1 (39-350) complex. (A), (C), and (E) were obtained in the absence of MnCl,. (B) and (D)
were obtained in the presence of MnCl,.

4.5 Discussion

Residues in the N-terminal domain (binding site-I) and in extracellular loops
(binding site-1l) of CXCR1 interact with IL-g 185187 189-192, 219, 295, 377,403 gnaific residues
in the N-terminal domain of CXCR1 contribute to both the selectivity and the affinity of the
receptor for IL-8. However, much less is known about how IL-8 interacts with the

extracellular loops of CXCR1, or how the binding of IL-8 activates the receptor and
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triggers its biological functions. 'H-detected fast MAS solid-state NMR experiments on
isotopically labeled IL-8 (1-66) bound to unlabeled constructs of CXCR1 provide new
information about the nature of the interactions of IL-8 with CXCR1 in phospholipid
bilayers. IL-8 binds to synthesized and expressed polypeptides with sequences
corresponding to the N-terminal region of CXCR1 that contains binding site-l. The KD
values for IL-8 interacting with only binding site-I are in the submicromolar to submillimolar
range '®*, which is significantly weaker than for binding to full-length CXCR1, which
includes both binding site-1 and binding site-1l (KD~1-5 nM) *®. In particular, the binding
affinity of IL-8 (1-66) for 1 TM-CXCR1 (1-72), which includes N-terminal residues (binding
site-1) and the first transmembrane helix of CXCR1, is 12.5 mM in nanodiscs, which is
similar to that for the soluble N-terminal domain alone [ND-CXCR1 (1-38)] in aqueous
buffer 28, Notably, not only IL-8 (1-66) bound to full-length CXCR1 (1-350), which
includes binding site-1 and binding site-Il, but also IL-8 (1-66) bound to the shorter
constructs 1TTM-CXCR1 (1-72), which includes only binding site-I, and NT-CXCR1 (39-
350), which includes only binding site-Il, are co-pelleted by ultracentrifugation. Thus,
ligand-receptor complexes in phospholipid bilayers with as low as micromolar binding
affinities are co-pelleted by ultracentrifugation, demonstrating that the complexes are

stable and well-suited for NMR experiments. All of the results are consistent with “slow

exchange” of the ligand (IL-8) and the receptor (CXCR1) on the relevant NMR timescales.

GPCRs undergo conformational changes as a result of ligand binding and their

dynamics are hypothesized to play an important role in the transmission of signals across
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membranes ***. The N- and C-terminal residues of the apo receptor display evidence of
mobility in several different sample preparations and NMR experiments. However, it has
also been established that they play roles in the interactions with the extracellular ligand

218,220 "and these residues become ordered

IL-8 and intracellular G-proteins, respectively
upon interaction with the ligands. The data summarized in Fig. 4.9 provide an opportunity
to focus on the changes in the structure and dynamics of the chemokine IL-8 that result
from interactions with its receptor CXCR1. The data in Fig. 4.9, rows C—F, are derived
from the spectra in Fig. 4.3; they show that IL-8 (1-66) undergoes significant changes in
dynamics upon interaction with full-length CXCR1 (1-350) and the shorter N-terminal
truncated construct NT-CXCR1 (39-350). Previously, the dynamics of monomeric and
dimeric IL-8 have been described in the absence and presence of N-terminal CXCR1
peptides by solution NMR *””; the N-terminus of IL-8, including the conserved ELR motif,
is disordered and dynamic, whereas the three loops connecting three p-strands and one
C-terminal a -helix are well-structured, even though their amide hydrogens undergo facile
exchange with water (the data in row B of Fig. 4.9 are derived from Fig. 4.4). The IL-8
residues that directly interact with various N-terminal CXCR1 constructs, including ND-
CXCR1 (1-38) and 1TM-CXCR1 (1-72), are well defined ®* °”’. The residues in the N-
loop and 40s loop of IL-8 contribute to its major binding sites and display some evidence
of local motions '8+18%21% |n combination with the solid-state NMR data obtained on IL-8
(1-66) bound to CXCR1 (1-350) and NT-CXCR1 (39-350) in phospholipid bilayers, this
suggests that the dynamics of free and bound IL-8 may play important roles in receptor

binding selectivity as well as activation.
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Figure 4.9 Summary of IL-8 (1-66) interactions with CXCR1 (1-350), NT-CXCR1 (39-350), and
ND-CXCR1 (1-38). Row A: Non-exchanging amide sites in D,O. Row B: Fast-exchanging amide
sites in H,O from Fig. 4. (Rows C and D: Immobile and mobile sites by interaction with CXCR1
(1-350), respectively, from Fig. 5. Rows E and F: Immobile and mobile sites by interaction with
NT-CXCR1 (39-350), respectively, from Fig. 7. Row G: Most perturbed sites of chemical shifts by
interaction with ND-CXCR1 (1-38).

Significant changes in IL-8 (1-66) dynamics occur upon binding to wild-type
CXCR1 (1-350). A majority of the residues in IL-8 (1-66), including those in the flexible
loop regions, are immobilized upon interaction with CXCR1 (1-350). In addition, residue-
specific chemical shift perturbations are observed (Fig. 4.5A). Although many of the
resonance assignments of bound IL-8 (1-66) could be obtained by direct comparison to
the spectra of unbound IL-8 (1-66), several signals were significantly perturbed by the
interaction and independent assignment experiments on the bound form of IL-8 (1-66) will
be needed to map out all of the site-specific chemical shift perturbations. This should be
feasible using recently developed 'H-detected fast MAS triple resonance solid-state NMR
experiments >3, The solid-state NMR INEPT spectrum in Fig. 4.3C demonstrates that five

backbone amide sites are mobile in IL-8 (1-66) bound to CXCR1 (1-350); the signals from
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these sites are superimposable on those from the ELR residues of IL-8 (1-66) free in
solution as shown in Fig. 4.5B. The signals of Glu4 and Leu5 are absent in the solution
NMR INEPT spectrum of unbound IL-8 (1-66) due to their rapid exchange with water (Fig.
4.4A). As a result, their presence in the solid-state NMR INEPT spectrum of bound IL-8
(1-66) demonstrates that these residues are protected from solvent exchange by the
interactions of IL-8 with CXCR1. The N-terminal ELR motif of IL-8 has been proposed to
interact with the extracellular regions of CXCR1 and trigger receptor activation '%.
However, no chemical shift perturbations are observed, and the mobile ELR signals in
bound IL-8 (1-66) suggest that the ELR motif does not interact directly with extracellular
or transmembrane helical regions of CXCR1, which is consistent with our previous data
on the interactions between wild-type IL-8 dimer and full-length CXCR1 in oriented lipid
bilayers 2'°. Since the N-terminal truncated form of the receptor is missing binding site-l,
NMR spectra of the complex of IL-8 (1-66) and NT-CXCR1 (39-350) are informative about
the interactions of IL-8 with binding site-1l. The relatively small number of IL-8 (1-66)
residues that are immobilized by binding are located mainly within the 30s and 40s loops
of IL-8 (1-66). They are likely to be involved in direct interactions with residues in
extracellular loops of CXCR1. However, most IL-8 residues undergo sufficient motional
averaging to yield signals from INEPT experiments in the absence of binding site-I (Fig.
4.7). Thus, IL-8 interacts with both binding site-1 and binding site-lIl of CXCR1. Other
efforts to characterize the two-site model of IL-8 binding to CXCR1 have revealed that the
N-loop of IL-8 is the major determinant for CXCR1 activation *°®. In contrast, the N-

terminus of IL-8 (ELR and CXC) is essential for CXCR2 activation “°°, which suggests
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that this approach has the potential to address the selectivity of chemokines for different

receptors.

'H-detected fast MAS solid-state NMR enabled the characterization of IL-8 (1-66)-
CXCR1 complexes in phospholipid bilayers, providing insight into the molecular events
associated with the first step of the CXCR1-mediated signaling cascade. These studies
also served to demonstrate that site-specific incorporation of metal-chelating unnatural
amino acid HQA into CXCR1 in combination with high-resolution 'H-detected fast MAS
solid-state NMR provide site-specific PRE-derived intermolecular distance restraints in
ligand-receptor complex. Thus, solid-state NMR can provide measurements of both intra-
and intermolecular distances along with the identification of residues directly involved in
binding to specific sites on both the ligand and receptor. Demonstrated here on ligand
binding to a GPCR, the approach has the potential to be applicable to a broad range of

protein complexes in membranes and other biological supramolecular assemblies.

Chapter 4, in full, is a reprint of the material as it appears in Biophysical Journal,
“Interaction of Monomeric Interleukin-8 with CXCR1 Mapped by Proton-detected Fast
MAS Solid-state NMR and Intermolecular Paramagnetic Relaxation Enhancement” by
Park, S. H., Berkamp, S., Radoicic, J., De Angelis, A. A., and Opella, S. J., 2017. The

dissertation author was the third author of this paper.
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Chapter 5. Macrodiscs Comprising SMALPs for Oriented Sample Solid-State NMR

Spectroscopy of Membrane Proteins

5.1 Abstract

Macrodiscs, which are magnetically alignable lipid bilayer discs with diameters >30
nm, were obtained by solubilizing protein-containing liposomes with styrene-maleic acid
(SMA) copolymers. Macrodiscs provide a detergent-free phospholipid bilayer
environment for biophysical and functional studies of membrane proteins under
physiological conditions. The narrow resonance linewidths observed from membrane
proteins in SMA macrodiscs advances structure determination by oriented sample solid-

state NMR spectroscopy.

5.2 Introduction

Styrene-maleic acid (SMA) macrodiscs advance structure determination of
membrane proteins by providing a detergent-free bilayer environment that affords
superior alignment in the magnetic field of an NMR spectrometer. Membrane proteins are
high profile targets for structure determination. They account for ~30% of all expressed
genes and their locations within the membrane barriers of cells, viruses and organelles
endow them with unique biological functions, including as receptors, ion channels, and
transporters. The need for new techniques for structure determination of membrane
proteins is evident in the limited number of structures that have been determined.

Moreover, with few exceptions, the accuracy of the available structures is compromised
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by the experimental requirements of current methods, e.g., truncated or modified protein
sequences, detergent-containing samples, or non-native conditions. Notably, NMR
spectroscopy has the potential to be a general method for determining the structures of
membrane proteins under near-native conditions. Although earlier studies employed a
variety of micelle, bicelle, and amphipol samples, current NMR approaches reflect the
availability of protein-containing phospholipid bilayer samples, such as unoriented

liposomes studied by magic angle spinning solid-state NMR 2% #%7

, rapidly reorienting
nanodiscs studied by solution NMR “%% and aligned bilayers studied by oriented

sample (OS) solid-state NMR 09 126. 380. 410,

The modern-era of bilayer samples for membrane proteins started with the
development of nanodiscs by Sligar and coworkers 2. They introduced a class of
amphipathic helical proteins to the role of membrane scaffold proteins (MSP), which self-
assemble as a circular “belt” around phospholipids in a bilayer to form nanodiscs with ~10
nm diameter and are suitable for chemical, physical, and functional studies of membrane
proteins 2*. Moreover, since protein-containing nanodiscs are a chemically defined
system, many parameters can be manipulated, such as lipid composition, diameter, and

lipid-to-protein ratio.

Styrene — Maleic Acid (SMA) is an amphipathic copolymer with alternating styrene
(hydrophobic) and maleic acid (hydrophilic) moieties that spontaneously solubilizes either
native (biological) or synthetic membranes by forming circular boundaries of defined

35, 411-412

diameter around lipid bilayers in a manner similar to a 14-residue amphipathic
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polypeptide (14A) #. Originally, SMA polymers were used as drug conjugates in cancer

therapy 413-414

and once it was established that they interact with lipid bilayers to form
discoidal structures they were used as an efficient drug delivery system for hydrophobic
molecules *'°. It is thought that the styrene groups of the SMA polymer interact with the
lipid head groups and the phenyl groups with the lipid acyl chains *'* #'® to form discs.
Due to the pKa’s of its two carboxyl groups (pKa ~6 and ~10) *'"*'® the SMA polymer is
very sensitive to pH; In the charged form, SMA is extended, but as the pH is lowered, it
becomes neutral, aggregates, and precipitates *'°. The pH range at which the polymer is
stable is determined by the styrene:maleic acid ratio, with lower ratios (i.e. 1:1) being
more stable at a broader range of pH values *'®. The SMA polymers are also sensitive to
divalent metal cations, especially Mg *2°**' however further development has led to
similar polymers with greater pH stability and decreased susceptibility to divalent metal
cations, among other favorable properties ******, The SMALP discs have been reported
to have a circular cross section *°, in contrast to membrane scaffold protein (MSP) discs,
which have an elliptical cross-section *?°; this may be a result of the greater flexibility of
the polymer chains when wrapping around the lipid bilayer *?. It has also been found that
most efficient membrane solublilisation is achieved with either the 2:1 or 3:1 SMA **'.
SMA will solubilize almost any lipid composition and chain length *'® however the
efficiency of SMA solubilisation is increased when lipid chain lengths are shorter and the

temperature is increased, especially above the melting temperature (Tm) of the lipid *'2.

Following the initial incorporation of PagP and bacteriorhodopsin into SMA

35

nanodiscs *°, a variety of membrane proteins have been studied using similar

92



preparations *''* %2742, Membrane proteins have been extracted from their native

membranes using SMALPs as well ****'. Membrane proteins embedded in SMALPs are
functional and are more stable than proteins solubilized in detergents *2': 427430431, 433 'Ag
a result, SMA polymers offer a detergent-free route to the isolation and purification of
membrane proteins. They enable the preparation of samples from purified proteins in
liposomes with specified lipid compositions, or from native membranes, and are
applicable to a wide variety of biophysical and structural studies. Previously, we described
the use of 14A to form both small (nano, ~10 nm diameter) and large (macro, ~30 nm

2 In contrast to nanodiscs,

diameter) discs by varying the lipid-to-peptide ratio
macrodiscs are large enough to “immobilize” the proteins on NMR timescales and are
magnetically alignable. Higher lipid-to-SMA polymer ratios result in the formation of larger

diameter discs *4244°,

Here, we describe the formation of macrodiscs from three different, unmodified,
SMA polymers and phospholipids. These discs have favorable properties for OS solid-
state NMR spectroscopy, which we demonstrate with one- and two- dimensional spectra
that display the narrowest linewidths observed to-date from an aligned protein sample.
Highly homogeneous and translucent macrodiscs are obtained by solubilizing liposomes
with polymers having average styrene:maleic acid monomer ratios of 1.4:1, 2:1, and 3:1,
with molar ratios of lipids to SMA polymers (qq) of 7.4, 27.7, and 49.1, respectively. Each
gqs Was optimized by titration of the polymers to the liposomes. The longer the length of
the polymer (SMA(3:1) > SMA(2:1) > SMA(1.4:1)), the smaller the amount needed to form

macrodiscs. Nanodiscs typically form immediately upon addition of amphipathic peptides
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or SMA polymers to liposomes, whereas SMA macrodiscs require many hours to form

(Fig. 5.1).
nanodiscs
macrodiscs
90 20 0o 20 40 0 20 0o 20 40
3P chemical shift (ppm) 3P chemical shift (ppm)

Figure 5.1. °'P chemical shift NMR spectra of DMPC nanodiscs and DMPC macrodiscs at a
resonance frequency of 283 MHz with 'H decoupling at 45°C. (A) The weight ratios of DMPC to
SMA(1.4:1) were 0.2 and 1.0 for nanodiscs and macrodiscs, respectively. (B) The weight ratios
of DMPC to SMA(3:1) were 0.8 and 3.33 for nanodiscs and macrodiscs, respectively.

5.3 Methods and Materials
5.3.1 Sample preparation

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-Dimyristoyl-sn-
glycero-3-phosphorylglycerol sodium salt (DMPG) were purchased from Anatrace
(www.anatrace.com).  Triton X-100 was purchased from  Sigma-Aldrich
(www.sigmaaldrich.com). The 14-residue amphipathic peptide (14A) (>98% purity, Ac-
DYLKAFYDKLKEAF-NH,) was purchased from NeoBioLab (neobiolab.com). Pre-

hydrolyzed styrene-maleic acid (SMA) polymers were provided by Polyscope
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(www.polyscope.eu). Xiran SL 40005 P20, SL 30010 P20, and SL 25010 P20 correspond

to SMA(1.4:1), SMA(2:1), and SMA(3:1), respectively. Average molecular weights (My)

of SMA(1.4:1), SMA(2:1), and SMA(3:1) were 5 kDa, 7.5 kDa, and 10 kDa, respectively.

The sample preparation of Triton X-100 bicelles **® and 14A macrodiscs ?° have
been described previously. Briefly, 20 mg of dried DMPC film was solubilized with 3.8 mg
of Triton X-100 or 3.9 mg of 14A in 200 uL of 50 mM HEPES buffer at pH 8. The molar
ratios of DMPC to Triton X-100 and 14A were 5 and 13.3, respectively. The concentration

of lipids was 10% (w/v).

SMA macrodiscs were prepared by adding a concentrated solution (~100 mg/mL)
of SMA to DMPC liposomes in 50 mM HEPES, pH 8 for a final sample volume of 200 uL.
The samples were subjected to heat (42°C) and vortex cycles until the lipids were
completely re-suspended, following which they were left to incubate at 25°C overnight. If
necessary, the samples were subjected to additional heat (42°C), vortex, and chill (on
ice) cycles until they became translucent and homogeneous. The molar ratios of DMPC
to SMA(1.4:1), SMA(2:1), and SMA(3:1) were 7.4, 27.7 and 49.1, respectively. The
corresponding weight ratios of DMPC to SMA(1.4:1), SMA(2:1), and SMA(3:1) were 1,

2.5, and 3.33, respectively. The concentration of lipids was 10% (w/v).

Uniformly °N-labeled Pf1 bacteriophage was prepared as described previously **’

and the coat protein was purified and reconstituted into DMPC and DMPG mixtures at a
weight ratio of 1:1 to yield proteoliposomes. 2 mg of labeled protein was reconstituted into

40 mg of lipid mixtures in a final lipid concentration of 10 mg/mL in 50 mM HEPES, pH 8.
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400 uL of SMA (2:1) or SMA(3:1) polymer (30 mg/mL) was added to the proteoliposome
suspension and incubated overnight at 25°C with gentle stirring. Upon formation of Pf1
coat protein -containing SMA macrodiscs, the white dispersion of proteoliposomes
become a translucent solution. The dilute solution of Pf1 coat protein -containing
macrodiscs was concentrated (Eppendorf 5430 R centrifuge) using a centrifugal filter
(Amicon Ultra-15, 50K) at 25°C and 7000 x g for 2-3 hours. The sample volume was
monitored every 30 min until the lipid concentration was 16% (w/v). YbCl; or TmCl; were
added to “flip” the macrodisc samples from perpendicular to parallel orientations at a final

concentration of 4-6 mM.

5.3.2 NMR Spectroscopy
3P NMR experiments were performed on a Bruker Avance spectrometer with 16.4

PP double-resonance probe **®. The corresponding

Tesla field and a homebuilt 'H
frequency for ®'P nuclei is 243 MHz. Approximately 170 uL of each sample was placed in
a 5 mm outer diameter 15 mm long flat-bottomed NMR tube (newera-spectro.com). The
samples were equilibrated for at least 10 min at each temperature in the range 5°C to
50°C prior to the measurements. The *'P NMR chemical shift spectra were obtained by
direct excitation with a single pulse with a radio frequency field strength of 36 kHz; a 15
ms acquisition time and 3 s recycle delay were used. 64 transients were signal averaged
for each spectrum. Continuous wave 'H decoupling was applied during data acquisition

at a radiofrequency field strength of 21 kHz. °'P chemical shifts were externally

referenced to phosphoric acid solution at 0 ppm.
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The solid-state NMR experiments on protein-containing samples were performed
at 40°C on a spectrometer with a 'H resonance frequency of 900 MHz. The Bruker Avance
Il HD console and magnet were interfaced to a home-built 'H/'®°N double-resonance
probe. The one-dimensional °N chemical shift spectra were obtained using cross-
polarization with a contact time of 1 ms, a recycle delay of 6 s, and an acquisition time of
25-30 ms. The 'H and N radiofrequency field strengths were 45 kHz. 4096 transients
were accumulated. The FID was zero-filled to 16K data points; no apodization was
applied prior to Fourier transformation. The two-dimensional PISEMA experiment was
performed as described previously ''*. The number of t1 increments was 80-128. Signal
averaging was performed with 64 transients for each t1 increment. The NMR data were
processed using Bruker Topspin 4.0.2 and NMRPipe/NMRDraw **°. The data were zero-
filled to form a final 2048 x 2048 matrix. '°N chemical shifts were externally referenced to

>N labeled ammonium sulfate powder at 26.8 ppm.

5.4 Results and Discussion

In Fig. 5.2 the alignment and phase behavior of three SMA macrodisc samples are
compared to those of samples of high g DMPC/Triton X-100 bicelles **® and DMPC/14A
macrodiscs %. The *'P NMR spectra of bicelles (Fig. 5.2A), 14A macrodiscs (Fig. 5.2B),
and three different SMA macrodiscs (Fig. 5.2C-E) demonstrate that the DMPC bilayers
are well aligned between 30°C and 50°C with their normals perpendicular to the direction
of the applied magnetic field because they display a single resonance with a chemical
shift of —13+ 2 ppm. However, differences are observed among the samples at

temperatures below the gel to liquid crystal phase transition of DMPC. The *'P chemical

97



shift of DMPC in SMA macrodiscs does not change between 20°C and 50°C for SMA(2:1)
macrodiscs, and between 25°C and 50°C for SMA(1.4:1) and SMA(3:1) macrodiscs. This
indicates that their magnetic alignments are stable over a wide range of temperatures.
Triton X-100 bicelles exist in an isotropic phase below 10°C. The 14A macrodiscs exist in
an isotropic phase between 5°C and 15°C. Notably, SMA macrodiscs display no evidence

of an isotropic phase and exist as aligned discs above 25°C.
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Figure 5.2. *'P chemical shift NMR spectra of DMPC bilayers as a function of temperature at a
resonance frequency of 283 MHz with "H decoupling. (A) Bicelles consisting of DMPC and Triton
X-100 with g = 5. (B) Macrodiscs consisting of DMPC and 14A at a molar ratio of 13.3. (C-D)
Macrodiscs consisting of DMPC and three different SMA polymers. (C) SMA(1.4:1) with qq = 7.4.
(D) SMA(2:1) with g4 =27.7. (E) SMA(3:1) with g4 = 49.1. The lipid concentration in all samples
is 10% (w/v).

The protein containing SMA macrodiscs were prepared by solubilizing the
proteoliposome with SMA polymer. The >N amide backbone resonances of Pf1 coat

protein in SMA macrodiscs (Fig. 5.3A and Fig. 5.4A) have linewidths as narrow as 0.3
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ppm, which provides better spectral resolution than previously observed in Triton X-100
bicelles **° (Fig. 5.4B) and 14A macrodiscs %°. The chemical shift differences between the
spectra of Pf1 coat protein in SMA macrodiscs and in Triton X-100 bicelles are due mainly
to the larger order parameter of the SMA macrodiscs (Figs. 5.4 and 5.5). Resonances
from residues in the transmembrane helix (60 ppm — 100 ppm) as well as those from
residues in the adjacent loop region (110 ppm — 140 ppm) have similar, uniform line

shapes, suggesting that the protein adopts a single conformation in SMA macrodiscs.
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Figure 5.3. Solid-state NMR spectra of the membrane-bound form of uniformly N labeled Pf1
coat protein in macrodiscs consisting of DMPC/DMPG (1:1) and SMA(3:1) with q4 = 49.1. The
samples are aligned with their bilayer normals (n) perpendicular to the direction of the 21.1 T
magnetic field as illustrated in the cartoon. (A) One-dimensional >N chemical shift spectrum
obtained by cross-polarization with a 25 ms acquisition time. (B) Two-dimensional 'H-"°N dipolar
coupling/"°N chemical shift spectrum obtained using PISEMA with 80 t1 increments. Both spectra
were obtained at 40 °C with 45.5 kHz 'H irradiations and 1 ms cross-polarization mix times.
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Figure 5.4. Comparison of solid-state >N chemical shift NMR spectra of the membrane-bound
form of uniformly "°N labeled Pf1 coat protein in oriented lipid bilayers with their bilayer normals
(n) perpendicular to the direction of the 21.1 T magnetic field at 40°C. (A) Macrodisc sample
consisting of DMPC/DMPG(1:1, w/w) and SMA(2:1) with g4 = 27.7. (B) Bicelle sample consisting
of DMPC:DMPG(1:1, w/w) and Triton X-100 with q = 5. The linewidths of V41 and A46 are
indicated.

The two-dimensional 'H/'°N polarization inversion spin exchange at the magic
angle (PISEMA) "'* spectrum shown in Fig. 5.3B is fully resolved with narrow linewidths
in both the N chemical shift and 'H-"°N dipolar coupling frequency dimensions. The

orientationally-dependent frequencies of the resonances provide the angular constraints
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used in protein structure calculations. We note that two sets of signals (G23/126 and
G24/G28) that overlap in the equivalent spectrum of the protein in Triton X-100 bicelles
% (Fig. 5.5B) are fully resolved in the spectra in Fig. 5.3B and Fig. 5.5A due to the

narrower linewidths observed in SMA macrodiscs.
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Figure 5.5 Comparison of solid-state "H-"°N dipolar coupling/'°N chemical shift spectra of the
membrane-bound form of uniformly "°N labeled Pf1 coat protein in oriented lipid bilayers with their
bilayer normals (n) perpendicular to the direction of the 21.1 T magnetic field. (A) Macrodisc
sample consisting of DMPC/DMPG(1:1, w/w) and SMA(2:1) with q4 = 27.7. (B) Bicelle sample
consisting of DMPC:DMPG(1:1, w/w) and Triton X-100 with q = 5. Both spectra were obtained
using PISEMA with 128 t1 increments at 40 °C with 45.5 kHz 'H irradiations and 1 ms cross-
polarization mix times. Resonances of G23, G24, 126, and G28 are indicated for comparison.

The lipid bilayer normal of magnetically aligned bicelles and 14A macrodiscs are
generally perpendicular to the direction of the magnetic field, as illustrated by the cartoon

in Fig. 5.3. However, it is possible to “flip” the normal to the parallel direction with the
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addition of lanthanides '. This is also the case for SMA macrodiscs, as shown by the
spectra of the protein and lipids in Fig. 5.6, which were obtained following the addition of
TmCls or YbCls. The total span of the '°N chemical shift frequencies is increased to ~170
ppm (Fig. 5.6A) and that of the *'P chemical shift frequencies to 18.5 ppm (Fig. 5.6B),
which is consistent with a 90° change of the direction of alignment of the SMA macrodiscs.
Quantitative titration of YbCls to SMA macrodiscs did not yield spectra with any *'P
chemical shift values other than those observed in Fig. 5.2E and Fig. 5.6B., thus we find

no evidence of intermediate orientations of the bilayer normal in SMA macrodiscs (Fig.

5.7).
A n Bo
200 150 100 20 0 -20
>N chemical shift (ppm) 3P shift (ppm)

Figure 5.6. (A) "°N chemical shift NMR spectrum of “flipped” Pf1 coat protein in SMA(3:1)
macrodiscs was obtained by cross-polarization after addition of 5 mM TmCl; to the sample used
in Fig.2. The membrane normal is parallel to the field, as illustrated in the cartoon. (B) *'P chemical
shift NMR spectrum of DMPC:SMA(3:1) macrodiscs in the presence of 4 mM YbCls. (Also shown
in Fig. 5.7).
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Figure 5.7. *'P chemical shift NMR spectra of DMPC:SMA(3:1) macrodiscs (qq¢ = 49.1) as a
function of YbCls concentration at a resonance frequency of 283 MHz with 'H decoupling at 45°C.

SMA macrodiscs provide a stable lipid bilayer environment that is well suited for
biophysical and functional studies of membrane proteins. They can be prepared using a
variety of phospholipids and a number of different SMA polymers. They are well aligned
over a broad range of temperatures and their orientation can be shifted from
perpendicular to parallel with the addition of lanthanides. Moreover, they are applicable

to membrane proteins and binding partners that are sensitive to detergents. SMA
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macrodiscs are particularly well suited for immobilizing and aligning membrane proteins
for OS solid-state NMR structure determination. Notably, in these samples the proteins
are in a near-native environment under physiological conditions, as required to ensure

that their structures represent the functional conformations of the proteins.

Chapter 5, in part, is a reprint of the material as it appears in Biophysical Journal,
“Macrodiscs Comprised on Styrene-Maleic Acid Lipid Particles (SMALPs) for Oriented
Sample Solid State NMR Spectroscopy of Membrane Proteins” by Radoicic, J., Park,

S.H., and Opella, S.J., 2018. The dissertation author was the co-first author of this paper.
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Chapter 6. Conclusion

CXCR1 is a class-A rhodopsin-like GPCR which binds to the chemokine
Interleukin-8 (IL-8) and activates the G-protein Gi signaling cascade. IL-8 is released as

139, 142

a response to inflammatory stimuli by multiple cell types and it has been shown

that IL-8 stimulates self-renewal of breast cancer stem cells %22

, making CXCR1 a very
attractive drug target ?**. As such, the study of this system is essential. The use of solution
and solid-state NMR spectroscopy has allowed for the study of this complex system in

near-native membrane environments under physiological conditions.

We have used 'H-detected magic angle spinning (MAS) solid-state NMR to probe
the interaction of monomeric IL-8(1-66) and various CXCR1 constructs. INEPT and CP
experiments were used to analyze the mobile and immobile regions, respectively, of IL-
8(1-66) upon interaction with the receptor. The interactions of the chemokine with the full-
length receptor (WT-CXCR1) as well and an N-terminally truncated construct (NT-
CXCR?1) help to map out the two binding sites. When bound to WT-CXCR1, most of the
amide backbone resonances of IL-8 become immobilized and can be observed in the CP
spectra, whereas only five backbone residues are observed in the INEPT. In contrast,
upon binding to NT-CXCR1, only 11 amide backbone signals (located in the 30s and 40s
loops and the -3 strand) can be detected in the CP spectrum and 18 signals in the
INEPT. The chemical shift perturbations of the IL-8(1-66)-NT-CXCR1 interaction in the

CP spectra are noticeably smaller than those observed for interaction with WT-CXCR1.
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Taken together, these data are indicative of the differences in interaction of the
chemokine with the receptor at the two binding sites and enable the characterization of

various IL-8(1-66)-CXCR1 complexes.

For our studies on G-proteins we have focused on the alpha subunit as it is well
established that this subunit is primarily involved in interaction with the GPCR and there
is much literature showing that the extreme C-terminus of the Ga subunit is one of the
key interaction sites with the receptor. Based on this we made three constructs of the G
protein: a CXCR1_Guaiz2 fusion, the full length, unmodified Go; subunit, and a Gaizo
peptide corresponding to the last 22 residues of Goi. 'H-"°N HSQC spectra of
CXCR1_Guaize show that a majority of C-terminal CXCR1 residues become broadened
beyond detection in the presence of the G-protein peptide. We also do not observe any
additional signals stemming from the attached Gaiz2, further confirming the interaction.
INEPT solid-state NMR spectra also showed similar changes in the receptor. Although
initially sample purification and stability was an issue for the full-length Gai1 and Gaizz
peptide constructs, high resolution HSQC spectra of both constructs have been recorded
showing the proteins to be well folded and stable. Interaction studies with the receptor as

well as sample optimization are currently in progress.

Long-range distance restraints have many benefits including the improvement of

protein structure resolution, defining the overall folding topology, and identifying residues

in the binding sites. A common approach to obtaining these measurements is the use of
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paramagnetic relaxation enhancement (PRE) experiments. Although many other
methods of incorporation of paramagnetic tags into proteins are available, unnatural
amino acid (UAA) incorporation of HQA is the least disruptive to protein structure and
function, as it does not require any chemical modifications and the UAA is similar in size
and structure to that of amino acids. We have showed, for the first time, that an unnatural
amino acid can be incorporated into a membrane protein, in both the loops and termini
as well as in the transmembrane portion of the protein without disrupting the integrity of
the membrane protein. We have obtained various site-specific intermolecular PREs which
have provided specific distance-restraints for the IL8(1-66)-CXCR1 Interaction in both
solution NMR and fast-MAS solid-state NMR. Distance restraints for IL-8(1-66)
complexed with 1 TM-CXCR1, NT-CXCR1, and WT-CXCR1 have been obtained and are

being used to aid in structure determination of the complexes.

A common issue when working with membrane proteins is sample preparation and
stability. The environment in which membrane proteins are studied is crucial — looking at
the same protein in different environments can lead to significant differences in the
structure, conformation, and orientation of the protein. “*°*°%; the use of detergents can
be especially detrimental. We have found that the SMA macrodisc system provides a
stable, detergent free environment for the study of membrane proteins using NMR
spectroscopy. Integral membrane proteins can be inserted into the central bilayer portion
of these discs, and the protein-disc system is soluble and very stable in aqueous solution.
The discs can be prepared using a variety of lipids, will align in the presence of a magnetic

field, and their normals can be ‘flipped’ from perpendicular to parallel in the presence of
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lanthanide ions, making them ideal candidates for the immobilization and study of

membrane proteins using oriented-sample solid-state NMR spectroscopy.
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