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ABSTRACT
The focus of my research is using hydroxyl radical protein footprinting (HRF) coupled
with mass spectrometry (MS) to study protein structure, protein — protein, and protein — ligand
interactions in solution. Even with high-resolution techniques such as NMR and X-ray
crystallography, not all protein structures or protein interactions can be studied using these
techniques due to the nature of the protein. Hydroxyl radicals have become a popular labeling
technique because they provide a fast, relatively nonspecific, covalent label that probes a variety
of solvent accessible amino acid residues with one experiment. The reaction rate of hydroxyl
radicals with each amino acid is based on two factors, the chemical nature of the residue and the
average accessibility of the residue to the hydroxyl radical. By monitoring the change in the
amount of oxidation under different experimental conditions, changes in protein structure can be
determined by how the structural changes affect the solvent accessibility of the different regions
of the protein. The work presented describes protein pharmaceuticals and a biologically relevant
protein complex that were investigated by HRF coupled with mass spectrometry, as well as a
new method for producing hydroxyl radicals for protein labeling without the use of hydrogen

peroxide.
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CHAPTER 1
INTRODUCTION

Protein tertiary and quaternary structure are fundamental to determining mechanisms of
protein function. Understanding the details of protein structure and protein interactions in
macromolecule assemblies are of biological importance. Protein interactions and assemblies
control almost all biological processes, like replication, transcription, translation, metastasis and
apoptosis. The methods available for studying proteins provide different types of structural
information. Two commonly used high resolution methods for structural analysis are X-ray
crystallography and Nuclear Magnetic Resonance Spectroscopy (NMR).

X-ray crystallography is a powerful tool for obtaining structural information [1], and
accounts for almost 90% of the structures entered into the protein databank (www.pdb.org) [2];
however, it comes with significant limitations. Proteins must be examined in crystalline form;
therefore, the behavior of molecules in solutions cannot be studied and only one conformation of
the protein can be observed [1]. Even with milligrams of pure sample, adequate crystals of
proteins cannot always be obtained; for instance, conformational flexibility of the protein and/or
ligand make crystallization nearly impossible [3].

NMR is another dominant tool for obtaining high resolution protein structure, dynamics,
and interaction information by studying molecules in solutions using a variety of experiments
[1]. Even though NMR doesn’t require crystals and studies proteins under more physiological
conditions, disadvantages to NMR include protein size limitation of ~35 kDa [4], difficulty in

manual data interpretation [3], and requirement of milligrams of isotopically labeled proteins for



comprehensive studies. Both NMR and X-ray crystallography are high resolution techniques
used to examine protein structures; however, both methods are low throughput, labor intensive
and are not suitable for all proteins or protein complexes.

Low resolution techniques, such as absorption, fluorescence, and circular dichroism (CD)
spectroscopy, can be used to provide a quick look at the structural integrity of the protein
analyte. These techniques do not provide atomic coordinates like high resolution techniques, but
are commonly used to examine structural reproducibility, overall secondary structure, and real-
time folding.

Mass spectrometry-based protein footprinting has become a widely used tool for
obtaining an intermediate level of structural analysis of proteins. Protein footprinting techniques
determine the solvent accessibility of the backbone or side chain structures of macromolecules
by chemical modification [5]. The standard approach to protein footprinting is to determine
which sites or areas of the protein reveal a change in solvent accessibility between two or more
states of the protein. Acetylation [6], crosslinking [7, 8], deuterium exchange [9-11], and
hydroxyl radicals [12] are examples of chemical modifications used to map macromolecules.
The drawback of acetylation and crosslinking is both usually only react with lysine, limiting the
number of sites to probe for investigation. Deuterium reversibly exchanges with backbone amide
hydrogens of all twenty amino acids [13-18], but its reversibility complicates data analysis.
Hydroxyl radical methods readily label fourteen of the twenty amino acids scaring the
modification to the protein unlike the reversible deuterium exchange [5, 12]; an irreversible
modification to the protein gives snapshots of native protein structure under different conditions.

Hydrogen-deuterium exchange (HDX) in conjunction with MS is commonly used to

study protein structure, dynamics, and protein-ligand interactions. As more deuteriums are



incorporated, the protein mass will increase making it possible to study protein dynamics such as
rates of folding and unfolding, and determine binding constants of a protein-ligand interaction
[19], The location of deuteriums can be roughly determined by digesting the deuterated protein
with an acid protease such as pepsin to decrease the rate of back-exchange, and fast HPLC
separation at 0°C prior to MS. Disadvantages of HDX include the use of pepsin for digestion
which introduces a complex mixture of overlapping partial digestion products, and complex data
analysis because tandem MS is not possible due to back exchange.

Hydroxyl radicals have been used in protein footprinting experiments for years. Initially,
hydroxyl radicals were used to nonspecifically cleave the protein backbone [20-23] followed by
SDS-PAGE to separate cleavage products. Hydrogen abstraction from the Ca carbon and
subsequent radical reaction with oxygen leads to backbone cleavage [24, 25]. However, the side
chain reactions with hydroxyl radicals occur 10 to 1000 times faster than hydrogen abstraction
from the Ca carbon [24, 26, 27]. Therefore, amino acid side chains serve as better probes for
protein structural studies.

Hydroxyl radical footprinting (HRF) coupled with MS has become increasingly popular
as a labeling technique to probe intact protein structure [28-34], protein-protein interactions [35-
37], protein folding [38, 39], and protein-small molecule ligand interactions [40] in solution.
HRF uses diffusing hydroxyl radicals to oxidize the protein of interest and the amount of
oxidation of each amino acid is measure by MS. Hydroxyl radicals are attractive for labeling for
several reasons. First, the van der Waals area and solvent properties are similar to water
molecules, making hydroxyl radicals ideal as solvent accessibility probes. Second, they have
high reactivity with well understood chemical selectivity. Third, they can be generated safely and

conveniently under multiple solution conditions. Finally, their non-specificity allows many



residues to be covalently probed with one experiment. Covalently labeling the protein using HRF
overcomes the shortcomings of HDX and facilitates sample analysis making it easy to denature,
digest and analyze the peptides by MS.

Generally, in an HRF experiment the protein solution is exposed to hydroxyl radicals and
the radicals covalently react with the solvent accessible side chains of residues [26]. Following
irradiation the modified protein can be frozen for later analysis or immediately subjected to
specific proteases to maximize sequence coverage and simplify data analysis. The stable
modifications to the protein side chains [26] leads to straightforward and relatively easy sample
analysis. Reverse-phase high performance liquid chromatography (HPLC) separates both
modified and unmodified peptides. The chromatographic peak area or mass spectral intensity of
modified and unmodified peptides is used to calculate the faction oxidized.

Hydroxyl radicals for labeling proteins have been generated by Fenton chemistry [34,
41], hydrogen peroxide (H,O,) photolysis [29, 32, 33], and water radiolysis by gamma (y) rays
[42-46], exposure to an X-ray synchrotron beam [12, 36, 37, 39, 47, 48], or using a Van de
Graaff electron accelerator [49]. The time scale for large scale protein motions, like helix
coiling/uncoiling, ranges from long microseconds to milliseconds [50]; however, most hydroxyl
radical generation techniques, including water radiolysis by gamma (y) rays and X-rays, are
performed on a millisecond to minute time scale. A time scale longer than large scale protein
motion increases the likelihood that the protein of interest will experience unfolding due to
oxidative modifications [51, 52]. Previous strategies to determine native protein probing include
circular dichroism to monitor conformational changes as oxidation is increased [28], limiting the
amount of oxidation to the point that a majority of protein molecules had one or no oxidations

[33, 34], or monitoring the reaction kinetics of the protein [53] or constituent peptides [35, 36,



46] to be oxidation follows the expected pseudo-first order rate law. These strategies limit the
overall amount of oxidation to prevent oxidatively unfolded protein, which limits the amount of
oxidation sites resulting in lower structural resolution.

Successful footprinting methods achieve high levels of protein oxidation on a sub-
microsecond time scale, shorter than large scale protein motions. Fast photochemical oxidation
of proteins (FPOP) [29, 30] and pulsed electron beam water radiolysis [49] produce hydroxyl
radicals in less than a microsecond. Addition of a scavenger controls radical exposure time to the
protein; this is important because a single oxidation event can alter the native protein structure
and lead to labeling of the oxidatively unfolded conformation [51-53]. The hydroxyl radical
extinction coefficient with Beer-Lambert Law was used to calculate the expected lifetime of
hydroxyl radicals in solution [54]. Addition of twenty millimolar glutamine is sufficient to
consume the hydroxyl radicals in around one microsecond under the described conditions [55];
calculations show consumption at around one microsecond but does not consider hydroxyl
radical reactions with buffer components or protein analyte, both of which will further decrease
the half-life of the radical. Immediately following irradiation, methionine amide and catalase are
added to devour any secondary oxidation products formed in the sample. By using glutamine to
control radical lifetime and minimizing exposure to peroxide post FPOP, proteins can be labeled
without excessively perturbing their conformation [55].

The rate of oxidation in hydroxyl radical protein footprinting is primarily a function of
two factors: solvent accessibility and the reactivity of the exposed residues [12, 34, 35, 56]; this
observation allows us to directly relate the relative rate of oxidation with the relative solvent
accessibility of the residue in the structure [38, 56]. The rate constants for the reaction of each

free amino acid with hydroxyl radical are found in Table 1.1; the relative reactivity of the side



chains with hydroxyl radicals is as follows: Cys > Met > Trp > Tyr > Phe > Cysteine > His >
Leu , lle > Arg, Lys, Val > Ser, Thr, Pro > GIn, Glu > Asp, Asn > Ala > Gly [27]. Protein
oxidation leads to a variety of products with each amino acid side chain often having multiple
competing reaction mechanisms [27, 57]. Hydroxyl radical reactions with each amino acid have
been widely studied and the major oxidation products have been identified [26, 27, 57-62]
(Table 1.1) and the structure of the reaction products are shown in Figure 1.1. Most commonly,
all reactive residues experience a net addition of oxygen, i.e. +16, +32, +48 Da, etc. [26, 27, 57-
63]; the aliphatic residues have additional +14 mass shifts due to the formation of carbonyl
groups at the aliphatic hydrocarbon side chains. Some side chains give rise to characteristic
oxidation products. Arginine has a characteristic mass shift of -43 Da, acidic residues have a -30
Da mass shift due to the decarboxylation of the C-terminal carboxyl, and oxidation of histidine
residues leads to very complex products including +16, -22, -23, +5, and -10 Da. Multiple
oxidation products complicate the spectrum analysis; however, characteristic oxidation products
can facilitate residue level quantitation. Table 1.1 gives a more comprehensive list of the
common modifications observed in hydroxyl radical mediated protein footprinting experiments.
While hydroxyl radicals are considered non-specific reactants, they do not label side
chains with equal efficiency. The second order rate constants listed in Table 1.1 pertain to amino
acids free in solution and not as residues in a protein sequence. The rates reflect the inherent

residue reactivity in a fully exposed protein structural content [27].



Table 1.1. Initial -OH-amino acid side chain reaction rates and common mass

spectrometry observed products of -OH-mediated protein footprinting

K.on
amino acid (M-1sec?) common modifications (Da) [5]
[64]

Cys 3.5x 107 -15.9772 +31.9898 +47.9847

Trp 1.3x 10" +3.9949 +15.9949 +31.9898 +47.9847
Tyr 1.3x10"  +159949 +31.9898 +47.9847

Met 8.5 x 10° -32.0085 +15.9949 +31.9898

Phe 6.9 x 10° +15.9949 +31.9898 +47.9847

His 4.8 x 10° -23.0160 -22.0320 -10.0320 +4.9789  +15.9949
Arg 3.5x 10° -43.0534  13.9793  +15.9949

lle 1.8 x 10° +13.9793  +15.9949

Leu 1.7 x 10° +13.9793  +15.9949

Val 8.5 x 10° +13.9793 +15.9949

Pro 6.5 x 10° +13.9793 +15.9949

Gln 5.4 x 10° +13.9793  +15.9949

Thr 5.1 x 10° -2.0157 +15.9949

Lys 3.5 x 10° +13.9793 +15.9949

Ser 3.2 x 10° -2.0157  +15.9949

Glu 2.3x 10° -30.0106 +13.9793 +15.9949

Ala 7.7 x 10’ +15.9949
Asp 7.5x 10’ -30.0106  +15.9949
Asn 4.9x 10’ +15.9949

Gly 1.7 x 107 n.d.
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Electron beam water radiolysis method for producing hydroxyl radicals is described in
Chapter 4. The FPOP method for producing hydroxyl radicals is employed by using a 248 nm
pulsed laser beam to photodissociate H,O, into two hydroxyl radicals (-OH). The diffusing
radical is dispersed through the protein solution reacting with the analyte as well as buffer
components and glutamine scavenger. A flow system is designed such that the laser produces a
small window of high flux light designed to maximize radical exposure to a small volume of
protein solution (Figure 1.2). The syringe pump flow rate and the frequency of the laser are set
to allow for 90% of the sample to be oxidized; this prevents any portion of the sample from
being irradiated more than once and accounts for laminar flow. Following irradiation the sample
is collected in a tube containing methionine amide and catalase to immediately quench secondary

oxidants.

KrF
Excimer
Laser
(248 nm)

I

Fused silica capillary
~100 pm L.D.

W 2
Buffered proteinsolution,

Radical scavenger, . I 0
and H,0, ampie
Collectiontube with

Methionine amide
And Catalase

Figure 1.2. FPOP Schematic. Schematic of typical FPOP setup and conditions.



Hydroxyl radical footprinting is often used to determine the degree of difference from
one sample to another; being able to quantify the difference in the amount of oxidation leads to
conclusions about solvent accessibility in various samples. Quantitation of peptide oxidation is
done using liquid chromatography (LC) — mass spectrometry (MS). The digested protein is
typically subjected to reverse-phase HPLC, which separates the digested peptides and
radiolytically modified peptides from their unmodified parent peptides. The modified peptides
generally elute earlier than the unmodified peptide for simple alcohol or keto additions. The
abundance of unmodified and modified peptides can be determined using the selected ion
chromatogram peak area or the intensity of the peaks in the mass spectra. The sum of the
modified peptide peak intensities (areas) divided by the sum of the unmodified and modified
peptide peak intensities (areas) provides the fraction oxidized for that peptide. Tandem MS is
used to confirm the peptide identity and the site(s) of oxidation on the peptide. Peptide
fragmentation is classically done using collision-induced dissociation (CID). By investigating
CID fragmentation spectra corresponding to a peptide oxidation product, the b- and y- ion series
can be used to map the site(s) of oxidation to specific amino acids. Figure 1.3 depicts an

example of identifying the site of oxidation on a peptide.
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Figure 1.3. MS/MS Spectrum of an Oxidized Peptide. Sample spectrum mapping the

oxidation site to methionine 67 on peptide 60-EYINSLSMS-68.

There are two peptide quantitation techniques used to quantify hydroxyl radical
footprinting results, isotopic labeling and product monitoring. At lower radical doses, both
quantitation methods are comparable but at higher radical doses, product monitoring can
underestimates the amount oxidized due to difficulty of identifying all oxidation products. The
advantage to isotopic labeling is that by monitoring the change in the unoxidized isotopically
labeled peptide, the amount of oxidation can be accurately determined even if the oxidation
products cannot be observed. Although isotopic labeling, especially *°N labeling, is valuable it is
not always feasible due to commercial availability; therefore, product monitoring must be used
and label-free quantification does a reasonable job. Product monitoring is the commonly used
quantitation method because isotopic labeling is expensive and only special cases warrant an
extra protein labeling step. Isotopic labeling was employed in the CCL5 projects found in

Chapters 4 and 5 because the protein of interested could be expressed in-house; however the
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other projects found in Chapters 2 and 3 were quantitated using oxidation products of each
peptide within the protein.

In Chapter 2, we demonstrate a pulsed electron beam water radiolysis method for
performing sub-microsecond hydroxyl radical protein footprinting. Unlike other sub-
microsecond radical labeling techniques, this method produces hydroxyl radicals without
exposing the sample to hydrogen peroxide. Although hydrogen peroxide photolysis is sufficient
in most cases, cases exist where the presence of hydrogen peroxide can harm your sample.

Therapeutic protein pharmaceuticals have become widespread and due to increased
patent expiry, many follow-on formulations of the therapeutic proteins are being produced. To
avoid extensive clinical trials for the biosimilars, the follow-on formulations must exhibit
equivalency of both primary structure and protein conformation. Chapter 3 describes an
abbreviated hydroxyl radical protein footprinting for rapid conformational comparison of
therapeutic protein formulations using samples of recombinant erythropoietin, interferon a-2A,
and granulocyte colony stimulating factor.

CCLS5 is chemokine that plays a role in recruiting leukocytes to sites of inflammation.
Recently, studies have shown CCLS5 oligomerization [65-68] and CCL5 — glycosaminoglycan
(GAQG) interaction [67-69] is essential for cell migration in vivo. The crystal structure for CCL5
dimer exists but, recent studies have emphasized the biological importance of CCL5
oligomerization. Using an integrated approach including NMR, small angle X-ray scattering,
hydroxyl radical footprinting, and electron microscopy a novel structural model for CCL5
oligomerization is investigated and presented in Chapter 4. The structure of the oligomer
explains the disaggregating effects of two CCL5 mutants and provides mechanisms for GAG

promoted oligomerization. Chapter 5 focuses on exploring CCL5 — GAG interactions with

12



techniques such as dynamic light scattering, electron microscopy, and hydroxyl radical protein
footprinting. Three homogeneous sulfated GAGs are used as ligands to determine if the sulfation

pattern or the amount of sulfation affects binding.
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CHAPTER 2
PULSED ELECTRON BEAM WATER RADIOLYSIS FOR SUBMICROSECOND
HYDROXYL RADICAL PROTEIN FOOPTRINTING*

ABSTRACT

Hydroxyl radical footprinting is a valuable technique for studying protein structure, but
care must be taken to ensure that the protein does not unfold during the labeling process due to
oxidative damage. Footprinting methods based on sub-microsecond laser photolysis of peroxide
that complete the labeling process faster than the protein can unfold have been recently
described; however, the mere presence of large amounts of hydrogen peroxide can also cause
uncontrolled oxidation and minor conformational changes. We have developed a novel method
for sub-microsecond hydroxyl radical protein footprinting using a pulsed electron beam from a 2
MeV Van de Graaff electron accelerator to generate a high concentration of hydroxyl radicals by
radiolysis of water. The amount of oxidation can be controlled by buffer composition, pulse
width, pulse current, and dissolved nitrous oxide gas in the sample. Our results with ubiquitin
and B-lactoglobulin A demonstrate that one sub-microsecond electron beam pulse produces
extensive protein surface modifications. Highly reactive residues that are buried within the
protein structure are not oxidized, indicating that the protein retains its folded structure during
the labeling process. Time-resolved spectroscopy indicates that oxidation of the protein is

complete in a time scale shorter than that of large scale protein motions.

! Watson, C.; Janik, I.; Zhuang, T.; Charvatova , O.; Woods, R.; Sharp, J. 2009. Journal of Analytical Chemistry. 81
(7): 2496-2505. Reprinted here with permission of publisher.
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INTRODUCTION

Mass spectrometry is becoming a widely used technique for structural analysis of
proteins. Radical-based surface mapping techniques, such as hydroxyl radical protein
footprinting, followed by mass spectrometry analysis has become increasingly popular for
studying protein structure, protein-protein and protein-ligand interaction interfaces [12].
Hydroxyl radicals have gained popularity as a labeling technique because they provide a fast,
relatively nonspecific, covalent label that probes a variety of solvent accessible amino acid
residues with one experiment [57]. Proteins experience structural distortion due to
conformational changes, multimerization, ligand binding, and aggregation, and these structural
changes expose different solvent accessible surfaces of the protein. By labeling a protein with
hydroxyl radicals before and after inducing a structural change, a mass spectrometric comparison
can be used to determine protection or exposure of specific residues of each protein
conformation [12, 47]. However, common methods of production of hydroxyl radicals produce
undesired side reactions that complicate analysis. Here a superior method with few uncontrolled
side reactions is presented.

Hydroxyl radicals for labeling of proteins have been successfully produced by Fenton
chemistry [34, 41], hydrogen peroxide (H,O,) photolysis [29, 32, 33], and water radiolysis by
either gamma (y) rays [42-46] or exposure to an X-ray synchrotron beam [12, 36, 37, 39, 47, 48].
Protein oxidation is a labeling process that is dependent on the solvent-accessible surface and the
reactivity of the exposed residues [12, 34, 35, 70], although a small dependence on the local
sequence has been noted [33]. Upon oxidation the native protein structure can be altered due to
the oxidative modifications; even a single oxidation event can induce protein unfolding which

causes a rapid increase in oxidation as compared to the folded conformation [51-53]. In order for
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hydroxyl radical protein footprinting to be a reliable method for protein structural determination,
hydroxyl radicals must react with the protein exclusively in its native conformation. Most
hydroxyl radical-generation techniques, including water radiolysis by gamma (y) rays and X-
rays, are performed on a millisecond to minute time scale, making it more likely that the protein
will experience unfolding due to modifications [51, 52]. Most previous strategies for ensuring
that the native conformation is exclusively probed include the use of circular dichroism to
determine when conformational changes occur in order to label the protein before structural
changes can be detected [28], limiting the amount of oxidation to where the vast majority of
protein molecules have one or no oxidations [33, 34], or monitoring of the reaction Kkinetics to
ensure the oxidation of the protein [53] or its constituent peptides [35, 36, 46] follows an
expected pseudo-first order rate law. However, these strategies all require that the overall amount
of oxidation be strictly limited to prevent probing oxidatively-unfolded structures, and this
limited amount of oxidation results in fewer oxidation sites and lower structural resolution.

A relatively new strategy for ensuring that the native conformation of the protein is
probed that still allows for high levels of oxidation is to ensure that all oxidation is completed on
a faster time scale than the protein can unfold by using a very short UV laser pulse to photolyse
H,0,. This can complete the labeling process on a sub-microsecond time scale [29, 30]. The time
scale for large scale protein motions, such as helix coiling/uncoiling, is in the long microseconds
to milliseconds range [50]; therefore, oxidatively labeling a protein at or below this time frame
without the use of a precursor oxidant will prevent labeling of the oxidatively unfolded
conformation. However, hydrogen peroxide-based methods of oxidation, including Fenton
chemistry [34, 41, 71] and UV photolysis [28-30, 33], all have several problems stemming from

the presence of H,O,. The presence of H,O, in a protein solution can induce uncontrolled
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Fenton-like chemistry in redox-active metal-binding proteins [72, 73], and cysteine and
methionine two-electron oxidation can proceed spontaneously [60]. Furthermore, H,O, has
different physical properties than water and may induce protein conformational changes
independent of oxidation.

Here we demonstrate the importance of limiting the exposure to hydrogen peroxide using
an NMR based assessment of its effects on a model cysteine containing protein, Galectin-3. We
then introduce a novel pulsed electron beam water radiolysis technique for hydroxyl radical
protein footprinting that does not require hydrogen peroxide. In this method, hydroxyl radicals
are generated in less than 1 us using a 2 MeV Van de Graaff electron accelerator. Using a single
electron beam pulse to oxidize the protein sample and subsequently scavenging secondary
oxidants using methionine amide, protein oxidation is complete before the protein conformation
can change. Ubiquitin, a small protein that ionizes efficiently, was used as a model to determine
if controllable protein oxidation could be achieved by this water radiolysis method. Furthermore,
B-lactoglobulin A was used as a model protein for method development because of its sensitivity
to oxidation-induced conformational changes [53] and the availability of a high-resolution X-ray
crystal structure [74]. In order to account for the motion of the side chains, molecular dynamics
(MD) simulations of the protein were performed. These simulations enable the average solvent
accessibilities to be computed for each side chain, and thus in principle provide a more complete
model for the protein surface, under the conditions of the experiment, than possible from a single
static crystal structure [70, 75]. We also determined the half-life of the hydroxyl radical label in
anoxic solution with the protein by time-resolved UV spectroscopy to ensure that the label is

consumed on a time scale consistent with large scale protein motions. The detected sites of
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oxidation are compared with residues known to be present on the surface of the natively-folded
protein to ensure that we are not labeling an oxidatively-unfolded protein.
MATERIALS AND METHODS
Reagents

All solvents were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise
noted, at the highest purity available and used as supplied without further purification.
Methionine amide and ammonium phosphate were purchased from Bachem (Torrance, CA) and
J.T. Baker (Phillipsburg, NJ), respectively. Deionized water (18 MQ) was prepared in-house
with a Millipore Mill-Q water purification system (Millipore Bedford, MA). Ubiquitin (Sigma-
Aldrich) was prepared at 15 uM in 20 mM sodium phosphate buffer. B-lactoglobulin A (Sigma-
Aldrich) was prepared at 20 uM in 20 mM sodium phosphate, ammonium bicarbonate, and
ammonium phosphate (J.T. Baker, Phillipsburg, NJ) buffers.
NMR Spectroscopy

Heteronuclear single quantum coherence (HSQC) spectra of the °N-labeled galectin-3
samples were acquired at 600 MHz using a gradient enhanced version of a standard HSQC
experiment (QNHSQC from the Varian BioPack). A small number of t1 points (32) and a
minimal number of scans were used to reduce acquisition times to three minutes and still allow
observation at a reasonable S/N radio. Data were processed using nmrPipe and plotted using
nmrDraw [76]. Unambiguous resonance assignments were taken from BMRB deposition # 4909
[77].
Electron Pulse Irradiation

20 uM buffered (pH=7) protein solutions (ubiquitin or B-lactoglobulin A) were subjected

to electron pulses from Radiation Laboratory 2 MeV Van de Graaff accelerator by Ireneusz
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Janik. Solutions were saturated prior irradiation either with air or a gas mixture of nitrous
oxide/oxygen (N,O/O,; 4/1 v/v Mittler Supply Inc., ultrahigh purity, South Bend, IN). For initial
studies with ubiquitin the dose was changed either by varying the beam current, via changes in
heater settings of the dispenser cathode, at fixed electron pulsewidth (660 ns) or by varying the
electron pulsewidth (480-660 ns) at fixed beam current. Typically to attain high levels of labeled
protein, the dose had to be around 300 Gy achieved by a heater setting of 15 and we routinely
used a dose in this range. A 250 pl syringe (Hamilton, Reno, NV, custom grinded to minimize
the loss of electrons due to scattering in the glass wall) was placed in the front of the electron
beam exit window. The beam was focused to a 2 mm diameter and was spatially adjusted to hit
the very front volume of the syringe (Figure 2.1). From the glass coloration after irradiation we
could determine the spread of the beam in the sample cell and estimate the total irradiated
volume to be about 5 pl. After each pulse of electrons the piston was moved to release irradiated
solution plus a 0.5 pL volume of unirradiated solution and refill the irradiation volume with the
fresh protein solution. The released solution was directed to an empty 1 mL centrifuge vial or a 1
mL centrifuge vial prior filed with 50 pl of buffered (pH=7) 20 mM methionine amide (Bachem)
to stop any chain oxidation processes. After 10 subsequent electron pulses the vial containing
100 pl of 10 uM oxidized protein solution was stopped, frozen and stored awaiting labeling
analysis. In initial studies the frequency of pulses and corresponding flow in the irradiated
volume was varied to establish contribution of secondary irradiation before contact with the
quencher. Electron pulse frequency of 1 Hz was used for results presented in this report. The
doses applied to the protein solutions were estimated with the Fricke dosimeter [78]. Oxygen
saturated solutions of Fricke dosimeter were irradiated at the same conditions like the protein

samples (beam current, electron pulsewidth, cell position) after protein oxidation process was
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completed. Over twelve months of studies, the dose varied in the range of 30% at initially

established accelerator settings i.e. the beam current and the electron pulsewidth.
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Figure 2.1. Schematic Representation of the Electron Pulse Protein Oxidation Setup.

Time-Resolved UV Spectroscopy

Pulse radiolysis experiments were performed using 100-1500 ns pulses from the
Radiation Laboratory 8 MeV electron LINAC by Ireneusz Janik to obtain the range of doses
comparable with doses applied in other protein oxidation experiments. Analyzing light from a
pulsed 75 W xenon lamp (Photon Technology International, Birmingham, NJ) was selected using
monochromator SPEX-270M. UV Kkinetics were measured at 250 nm where hydroxyl radicals
extinction coefficient is €=535 M cm™ [79]. Samples of protein were prepared by dissolving -
lactoglobulin A to a concentration of 20 uM in ammonium phosphate buffer (pH=7). Buffer
solutions were prepared in deionized water (18.2 MQ-cm, Barnstead Nanopure System,
Dubuque, 1A). Prior to experiment, samples were bubbled with N,O (Mittler Supply Inc.,

Ultrahigh Purity) at ambient conditions resulting in a final concentration of N,O of 25 mM. To
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improve the signal-to-noise ratio, UV signals were averaged over 15 consecutive traces. Due to
transient absorption of quartz in the flow sample cell after the pulse of electrons (pronounced
mostly at the highest doses) the blank traces for a given dose were collected in the empty cell
purged with argon gas (Mittler Supply Inc., Ultrahigh Purity). These blank traces were subtracted
from the corresponding sample traces before kinetic analysis. The UV transient absorption traces
were fit using a system of first order kinetic differential equations model (fitting code written in
Igor Pro 5.00, WaveMetrics Inc., Lake Oswego, OR) that incorporates most important reactions
expected after pulse radiolysis of B-lactoglobulin A in N,O saturated solutions. The initial
concentration of hydroxyl radicals after the radiation pulse was taken as a sum of initial yields of
hydroxyl radicals and hydrated electrons given that hydrated electrons convert to hydroxyl
radicals within the duration of the pulse in N,O saturated solutions (see reaction (7)). Extinction
coefficients of hydrated electrons and hydroxyl radicals at 250 nm are comparable within the
experimental error [80]. Thus, their rapid inter-conversion occurring in the first couple hundreds
of nanoseconds does not obstruct the overall kinetic analysis extending up to 40 us after the
irradiation pulse. A fitting program was setup to fit all collected UV traces at once fitting the
reaction rate of hydroxyl radicals with protein and the resulting product extinction coefficient,
while keeping most other (known) parameters of the model fixed. For simplicity the rate constant
of the protein radical decay was assumed to be first order since this reaction is many orders of
magnitude slower than the initial decay of hydroxyl radicals in the monitored transient
absorption time window.
LC-MS of Oxidized Protein

Intact ubiquitin samples were analyzed using a hand pulled fused silica (Technologies,

Phoenix, AZ) spray column (75 pm x 10 cm; tip 15 £ 1um) that was prepared by packing silica
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Cyg resins (Rainin Microsorb MV, 5 um, 300 A pore size) from a 50% isopropanol and 50%
methanol slurry into the pulled fused silica capillary using a pressurized stainless steel bomb.
Prior to reverse-phase HPLC, the column was equilibrated with 0.1% formic acid in water and
the intact samples were loaded onto the column using a stainless steel bomb pressurized with
nitrogen gas at 1,000 psi for 45 minutes. Liquid chromatography was initiated at a primary flow
rate of 4 pL through the Agilent 1100 Series reversed-phase HPLC system (Agilent
Technologies, Waldbronn, Germany) that ran through a splitter and resulted in a flow rate of 400
nL/min over the column with a 10 min rinse in 95% Buffer A (0.1% formic acid in water)
followed by a 20-min linear gradient of 5 to 95% Buffer B (0.1% formic acid in acetonitrile).
The spectra were acquired by nano-electrospray ionization on a Thermo Finnigan LTQ-FT mass
spectrometer (San Jose, CA). The capillary temperature was 250°C and the spray voltage was 2.2
kV for ubiquitin.

For all intact B-lactoglobulin A samples, 8 pL were injected using an Agilent autosampler
module (Agilent Technologies) over an Agilent ZORBAX 300SB Cig (150 x 0.3 mm, 5 uM
particles) reverse-phase column (Agilent Technologies). The HPLC, directly coupled to the
LTQ-FT for mass spectrometry, was run using a linear gradient of 95% Buffer A to 95% Buffer
B over 20 minutes at a flow rate of 2 pL/min, followed by a 10 minute wash with 95% Buffer B
and an 80 minute wash with 95% Buffer A. The capillary temperature was 250°C and the spray
voltage was 2.1 kV for B-lactoglobulin A.

Tryptic Digestion of Oxidized p-Lactoglobulin A

One B-lactoglobulin A irradiated with 480 ns electron pulses was selected for tryptic

digestion to determine the sites and amounts of oxidation. Ammonium bicarbonate (50 pL, 50

mM) and DTT (25 uL, 25 mM) were added to the B-lactoglobulin A sample (50 pL) and the
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samples were incubated at 50°C for 3 hours to denature and reduce the protein. lodoacetamide
(25 pL, 90 mM) was added to the solution to carbamidomethylate the reduced disulfide bonds,
and incubated in the dark at room temperature for 45 minutes. Sequencing grade modified
trypsin (Promega, Madison, WI) was added (25 uL, 0.1 pg/uL) and incubated at 37°C overnight
while rotating to digest the protein samples. The samples were analyzed as is in triplicate and the
remaining sample was stored at 0°C.
LC-MS/MS of Digested Oxidized f-Lactoglobulin A

8 uL of the oxidized B-lactoglobulin A tryptic digest were injected over an Agilent
ZORBAX 300SB Cig (150 x 0.3 mm, 5 pM particles) reverse-phase column (Agilent
Technologies). The HPLC, interfaced to an LTQ-FT mass spectrometer, was run using a linear
gradient of 95% Buffer A to 60% Buffer B over 47 minutes then to 90% Buffer B over 15
minutes at a flow rate of 2 pL/min, followed by a 5 minute wash with 90% Buffer B and an 55
minute wash with 95% Buffer A. The capillary temperature was 250°C, and the spray voltage
was 2.3 kV for p-lactoglobulin A tryptic digest. After the LC-MS/MS experiment, the measured
peptides were screened computationally for different modifications using MASCOT in
conjunction with ProteolQ [81], and ByOnic [82]. Semi-tryptic peptides were included in the
search and analysis to obtain better sequence coverage as well as to determine other sites of
oxidation. All tandem mass spectra assignments and sites of oxidation verified manually due to
sample and search space complexity.
MD simulations and solvent accessibility calculations

A crystal structure of B-lactoglobulin (PDB ID code 1BSY) [74] was retrieved from the

Research Collaboratory for Structural Biology (RCSB) database [83]. In order to calculate the

time-averaged solvent accessible surface area (SSASA>) of each side chain in B-lactoglobulin,
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Olga Charvatova performed a 10-ns MD simulation of the protein was performed using the
all-atom AMBER 8 [84] force field with the PARM99 protein parameters [85]. Prior to the MD
simulation, all histidine residues were considered as neutral and were protonated at the Ne
position. Nine Na* ions were added to neutralize charge and the protein was solvated by 5,417
TIP3P [86] water molecules, using the Protein Builder component of the GLYCAM-Web tool
(http://www.glycam.com) [87], which employs the tLEaP [84] module of AMBER. The energy
was minimized using the SANDER module [84] of AMBER by performing 5000 steps of
steepest descent followed by 5000 steps of conjugate gradient minimization, again using
GLYCAM-Web. The water molecules were then subjected to a simulated annealing protocol in
which they were heated from 5 K to 300 K over a period of 50 ps, held at 300 K for 100 ps,
before being cooled to 5 K over a final 50 ps. Following solvent annealing, the entire system was
heated from 5 K and to 300 K over 100 ps with no restraints applied to the coordinates. A
production MD data set was then collected for 10 ns with the temperature held constant at 300 K.
All simulations were performed using the NPT ensemble, at 1 atm using a 2 fs integration time
step, with the SHAKE algorithm [88] treatment of all hydrogen-containing bonds, and a unit
dielectric constant. The atomic co-ordinates were stored every 10 ps for analysis, for a total of
1000 snapshots. SASA values were calculated for individual snapshots employing the
NACCESS program [89] and averaged over the 10 ns simulation by in-house program to obtain
<SASA> values and standard deviations for each of the 162 residues.
RESULTS AND DISCUSSION
Rapid NMR Spectroscopy of Proteins in Solution with H,0,

H,0, photolysis is one of the fastest methods for producing hydroxyl radicals, but there is

concern about sensitivity of proteins to the physical and chemical effects that H,O, can impart.
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Before dismissing the use of methods dependent on H,O, for transition metal-free protein
preparations, we felt it is important to assess the extent to which its presence affected
conformation. Using time-resolved NMR spectroscopy we were able to observe changes in the
conformation of a model protein, Galectin-3, in the presence of H,O, versus H,O. Galectin-3 is a
small (15 kDa) stable protein that binds galactose terminated oligosaccharides. It is not suspected
to be usually sensitive to hydrogen peroxide. However, it does have a cysteine residue that is not
particularly solvent exposed. A three minute HSQC spectrum of galectin-3 was recorded in the
presence and absence of H,O, (Figure 2.2). The small shifts labeled (Figure 2.2) in the HSQC
spectrum can be interpreted as a conformational change. Many of the shifted peaks are assigned
to resonances near the lactose binding site. Due to the very short time scale (3 minutes) and
known conformational flexibility of the binding site, direct oxidation by hydrogen peroxide is
not thought to be the driving force behind this noted conformation change. The subtle shifts are
more likely due to physical association of H,O, versus water. Some of the perturbed resonances
do, however, cluster near C173, the partially buried cysteine that is expected to be most sensitive
to oxidative chemical events. At longer times, perturbations of additional resonances more
indicative of rapid two-electron oxidation events are seen (data not shown). An LC-MS analysis
of Galectin-3 after a three minute H,O, exposure determined the protein is not unusually
sensitive to hydrogen peroxide, as no noticeable oxidation products were detected (data not
shown). Regardless of the origin of the shifts, the data illustrate that proteins are not necessarily
probed in their native conformation when using methods that involve H,O, to produce hydroxyl
radicals even in the absence of peroxide-mediated oxidation events, and that these perturbations

can occur on short time scales.
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Figure 2.2. HSQC Spectrum of Galectin-3. A three minute HSQC spectrum of galectin-3 in

the absence (red) and presence (black) of 1% hydrogen peroxide (v/v).

Protein Oxidation
High energy electrons passing through the aqueous solution ionize/excite water

molecules forming a number of transient species and stable products according to equation (1).

H,0 " 6,7, "OH, H', H', OH", H,0,, H, 1)

26



Among all species generated during water radiolysis, hydroxyl radicals ((OH) and hydrated
electrons (eaq) are the most reactive with peptides and proteins [57]. When the radiolysis is
performed in the presence of oxygen, superoxide radicals and its acidic form of hydroperoxyl
radicals are generated in reaction (2) suppressing the effect of hydrated electrons on the proteins.

€ag- (H) + O2 — 0,7 (HO,) (2)

HO, = 0, + H* (3)

Since the pKa of HO;" radical is around 4.8 (reaction (3)) and oxidation experiments are
performed at buffered pH 7, most of the hydroperoxyl radicals are in the form of a superoxide
radical (HO,'/0O;"). HO,"/O," radicals are known to react with amino acids at very low rate
constants ranging from 10-10* dm>®mol™ [90, 91] therefore one can expect very little effect of
HO,'/O," radicals with the metal free proteins that are subject of the current studies. HO,/0,"
radicals undergo comparatively rapid disproportionation to H,O, and O; in reactions (4) and (5)
via a pH dependent mechanism that also involves reaction (3).

HO’, + HO; — Hy0, +0; 4)
HO", + O,” — H,0, +O, +OH" (5)

Based on the kinetic equation for this decay mechanism [92, 93], one can estimate the
rate constant for disproportionation at pH=7 to be about 2Kops=1.2x10% dm®mol™. This indicates
that if left alone HO /O, radicals can last milliseconds after the irradiation pulse; however, it is
not long enough to cause any significant oxidation of the available protein amino acids.
Converting "OH radicals leading to water and recovering initially consumed oxygen in reaction
(6) is an additional reaction that consumes HO,/O," radicals before they can react with the
protein.

H02/02 +'OH — H,0 + O, (6)
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Since the rate constant of reaction (6) is as fast as 1x10'°dm®mol™, it inconveniently consumes
some of important "OH radicals for oxidation.

In the initial microseconds following pulse irradiation, the balance of the above reactions
leads mostly to the very reactive ‘OH radicals and relatively nonreactive HO,/O," radicals. ‘OH
radical reaction with amino acids is well established and proceeds with reaction rate constants
[64] varying from 10 to 10" dm®mol™. From a kinetic point of view the majority of free "OH
radicals that happen to be close to the protein surface will interact with the fastest reacting amino
acids; those include amino acids containing sulfur as well as unsaturated/aromatic side groups.
Amino acids with the aliphatic side groups react with ‘OH radicals relatively slower. In
oxygenated solutions protein surface radicals add oxygen forming the corresponding peroxyl
radicals. The mechanism of initial sulfur centered radicals is not completely explained yet but
leads to well characterized and recognizable products [94, 95]. The fate of the relatively fast
surface located peroxyl radicals depends entirely on their nature and surroundings. Some of the
aromatic peroxyl radicals will eliminate HO", radicals leaving behind a stable hydroxyl group
[94] or a carbonyl group [96]. C-centered aliphatic peroxyl radicals can undergo a bimolecular
recombination leading to the creation of hydroxyl and/or carbonyl group on the parent carbon
atom, or transfer the radical to form a hydroperoxyl group that propagates oxidation to
neighboring amino acids [96]. Those reactions are well understood and summarized in the
number of articles and textbooks [94, 96, 97]. In either case in diluted protein solution, sites of
oxidation should be anchored to the place where the initial ‘OH radical attack occurred. Chances
are that some of the initially created peroxyl radicals can survive on the surface and do not
undergo any of the mentioned transformations. In this case they can react with lengthy present

HO,/O," radicals producing hydroxyl group, oxygen and hydrogen peroxide [98]. The presence
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of oxygen is quite essential in the "OH radical induced protein oxidation even though the fastest
surface labeling occurs by way of hydroxylation with "OH radicals [97].

Our initial experiments were performed with aerated buffered ubiquitin solutions in order
to establish optimal doses and concentrations for maximum oxidation. We varied the pulsewidth
and current of the electron beam, as well as, the dissolved gas in the sample. In order to double
the concentration of hydroxyl radicals in the pulse irradiation we saturated our solutions with
nitrous oxide/oxygen combination (N.O/O, 4/1 v/v). In this case the oxygen concentration
remained on the same level as in the air saturated solutions, but additionally we benefited from
the well-known reaction (7) of fast conversion of hydrated electrons to hydroxyl radicals [64].
Since the solubility of N,O in water is about 20 times higher than oxygen, most hydrated
electrons convert to hydroxyl radicals within the electron pulse, doubling the hydroxyl radical
concentration.

H,O. .
esq + N2O 2901+ oM + N, ()

The influence of gas composition on ubiquitin oxidation is presented in Figure 2.3. Due to the
large dose applied, we see very substantial oxidation in both air and N,O/O, saturated solutions.
The solutions containing N,O show higher abundance of heavily oxidized ubiquitin. The initial
experiments showed that we can easily control any excess of labeled protein by varying the dose
and the gas composition. Additionally, we noted that the increase of the applied radiation dose
does not increase the level of oxidation proportionally. It is mostly related to the oxygen uptake
in the solution after the pulsed irradiation. In aerated or N,O/O, saturated solutions, oxygen
concentrations are on the order of 2.7x10™ mol/dm® that corresponds to the concentration of
water radiolysis transient species (OH, H’, e,q) achievable at roughly 500 Gy of absorbed dose.

Considerably increasing the dose above 500 Gy decreases the amount of available oxygen and
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leads to undesired reactions of hydrated electrons with the protein surface amino acids. Lack of
oxygen can distort the formation process of carbon centered peroxyl radicals as precursors of
hydroperoxides [98] and other oxidation products on the protein surface. The quantitative studies
of the dose dependence on the pulse radiolysis “OH protein footprinting were not the subject of

the current investigation but will be addressed in the future reports.

LC-FTMS Analysis of Ubiquitin and [-lactoglobulin A

Sodium phosphate-buffered ubiquitin was used as a model to determine if protein
oxidation could be achieved by this method. LC-FTMS of ubiquitin (Figure 2.3) shows the
range of intact protein oxidation obtained with and without N,O, and with and without
methionine amide, a scavenger of secondary oxidants. Ubiquitin was also irradiated with various
pulsewidths (480 or 660 ns) and electron beam amperages (doses) (Figure 2.4). In the absence of
methionine amide (Figure 2.3b) no unoxidized ubiquitin is detected even at relatively low
radiation doses despite the fact that 10% of the solution was unirradiated. However, in the
presence of methionine amide (Figure 2.3c and d), unoxidized ubiquitin from the unirradiated
fraction of the solution was still detected despite heavy amounts of oxidation. These results
indicate that the methionine amide is sufficient to prevent oxidation of the unirradiated ubiquitin
even at high radiation dosages, while secondary oxidation sufficient to consume all of the
unirradiated ubiquitin occurs in the absence of the methionine amide even at relatively low
radiation dosages (Figure 2.4). Quenching is necessary to ensure the vast majority of labeling
occurs on a microsecond time scale and before the protein can unfold, rather than by secondary
oxidants (e.g. peroxides in the presence of metal ion traces of UV light) on the second to minute

time scale. With electron beam pulsewidths under 700 ns, we detected an extensive amount of

30



oxidation (Figure 2.3d) using a sub-microsecond electron pulse. By adjusting various
parameters of the irradiation (pulsewidth, dissolve N,O and dose), we are able to control the

amount of oxidation from very little oxidation to extensive oxidation (Figure 2.4).

Relative Abundance

Figure 2.3. LC-MS of the 10+ Charge State of Intact Ubiquitin. Phosphate adducts were seen
from sodium phosphate buffer. (a) Unirradiated sodium phosphate buffered ubiquitin. Ubiquitin
irradiated with 800 ns pulsewidth in (b) air, (c) air + methionine amide, and (d) N,O/O, +

methionine amide.
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Figure 2.4. LC-MS of the 10+ Charge State of All Intact Ubiquitin Investigated. Phosphate

adducts were seen from sodium phosphate buffer. The conditions of irradiation are listed to the

right of each spectrum.

In initial experiments on B-lactoglobulin A, a sodium phosphate buffer was irradiated and
we detected sodium adduction (M + n22) in each sample despite multiple attempts to desalt the
solution. This interfered with our data analysis (data not shown). Ammonium bicarbonate and
ammonium phosphate buffers were used for subsequent experiments. Upon irradiation, the

amount of oxidation in the ammonium bicarbonate-buffered samples was significantly lower,
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probably due to radical scavenging by the bicarbonate buffer. Also, an adduct or modification of
unknown origin (observed mass shift of 174) is present in all ammonium bicarbonate-buffered -
lactoglobulin A samples (data not shown). Ammonium phosphate buffer gave the best results for

intact B-lactoglobulin A, as it did not scavenge the radical, nor did it result in sodium or other

adducts (Figure 2.5).
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Figure 2.5. LC-MS of the 13+ Charge State of Intact p-Lactoglobulin. (a) Unirradiated
ammonium phosphate buffered p-Lactoglobulin. p-Lactoglobulin was irradiated for 200 ns (b)

and 400 ns (c) in air + methionine amide.
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Time-Resolved UV Absorbance Spectra Reveal the Hydroxyl Radical Lifetime

Since proteins can unfold significantly on the order of a few microseconds [99], labeling
chemistry should be completed faster than that to prevent labeling of oxidatively unfolded
protein. One way to observe the progress of labeling chemistry is to monitor the decay of
hydroxyl radicals in the microsecond time scale after their formation during the pulse of
electrons. The lifetime of hydroxyl radicals in aqueous solutions after each pulse of electrons can
be estimated based on the known reaction rate constants of hydroxyl radicals with solutes [64].
In pure buffered water hydroxyl radicals recombine with each other since reactions with buffer
components are usually much slower. The second order hydroxyl radical recombination (8)
competes with slower first order reactions especially at higher doses when higher concentrations
of hydroxyl radicals are produced.

"'OH + "OH — H,0, (8)

We performed time resolved pulse radiolysis experiments with transient absorption detection at
250 nm to look at the upper limit of hydroxyl radical life time in buffered N,O saturated (no
oxygen present) solutions without proteins. The traces from these experiments are provided in
Figure 2.6. The initial increase of signal corresponds to formation of hydroxyl radicals and is
related to their concentration via an extinction coefficient. Analyzing the transient absorption one
can see that the apparent signal decays very quickly and within 8 us reaches the plateau of H,0,
absorption. Reaction (9) of hydroxyl radicals with H,O, is relatively slow (2.7x10" mol™*dm?)
[64] and consumes only about 1% of the formed H,O, 40 microseconds after the irradiation
pulse.

‘OH + H,O, — H02/02 + H,O (9)

34



However, this minimal concentration of superoxide radical contributes some 20% to the final
absorption, since the extinction coefficient of HO,/O,™ radicals greatly exceeds the extinction
coefficient of hydrogen peroxide. Contribution of HO,/0," radical absorption increases,
obviously, with the increase of the applied dose since reaction (9) proceeds more efficiently but,
the final concentrations of formed HO,'/O,™ are always at a lower fraction than the initial ‘OH
radical concentration. Extension of the pulsewidth from 400 ns to 1500 ns increases the dose
almost 4 times but not the peak transient absorption of hydroxyl radicals (Figure 2.6). Reaction
(8) effectively decreases the concentration of hydroxyl radicals during the 1500 ns pulse and the
rate of hydroxyl radical formation approaches the rate of hydroxyl radical decay giving steady
state concentration of hydroxyl radicals just only 50% higher than the peak concentration of
hydroxyl radicals after 400 ns pulse. It is important to note that the final absorption of H,O, and
HO,'/O," after the completion of reaction (8) is more than 3 times higher for 1500 ns pulse than
400ns (Figure 2.7), which confirms that reaction (8) with reaction (9) is the main channel of
hydroxyl radicals decay in the protein free N,O saturated buffered water. Based on the extinction
coefficients at 250 nm of species present, we determined that the time for hydroxyl radicals to
decay to 0.2 uM (1% of protein in oxidation experiments) is about 20.6 us + pulsewidth of
electrons. It is very fast but still comparable with the duration of some protein unfolding events
[100]. Obviously, in the presence of protein, hydroxyl radicals will not stay free for as long
because they will react with the protein surface groups. For most amino acids side changes, the
reactions are very fast [64] and should contribute very effectively to the decrease of hydroxyl
radical concentration. To confirm the effect of protein, we performed an experiment in which -
lactoglobulin A was added to the buffered solution and the decay of hydroxyl radicals was

monitored. The UV traces in Figure 2.6 show that after the addition of 4 uM of protein the
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apparent UV signal reaches a higher plateau than in buffer alone suggesting that some other
absorbing product is being formed in addition to H,0, and HO,/O,". In fact, a further increase
of the protein concentration results in an even higher increase in the amplitude of the formed
product. The apparent UV signal results from a sum of contributions from various transient
species produced upon hydroxyl radical reaction with the protein surface and can be represented
in symbolic reaction (10). The initial step of hydroxyl radical reaction with protein is formation
of a protein radical:

OH + protein — protein radical (10)
The protein radical in oxygen-free, N,O saturated solution undergoes further reactions leading to
the formation of the final oxidized protein (in case of radicals formed on the sulfur containing or
unsaturated/aromatic  residues) or decays in the bimolecular  processes of
disproportionation/dimerization [57, 94]. For the time being we are interested in the fate of
hydroxyl radicals, and based on the several UV transient signals collected for different protein
concentrations, we constructed a simple model to extract the portion of the UV signal that is
related to the decay of hydroxyl radicals. The applied global fitting model allowed us to estimate
the rate constant of reaction (9) and the overall extinction coefficient of the protein radical for the
studied system. All other parameters used to obtain fitting results are tabulated in Table 2.1. The
time profiles of most contributing species absorbing at 250 nm resulting from global fitting are
shown on Figure 2.7. This basic experiment proved that the lifetime of hydroxyl radicals
decreases considerably after addition of protein. In addition to the lifetime of hydroxyl radicals,
the transient absorption experiment has also shown the importance of properly choosing the
concentration of the protein in the pulse irradiation experiment. Lower concentrations of protein

may be necessary for some experiments and can increase the extent of protein labeling [99], but
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at the same time the lower protein concentration prolongs the hydroxyl radical’s lifetime,
increasing the chance of oxidizing a previously unfolded residue and necessitating the use of an

exogenous quencher to limit the hydroxyl radical lifetime [29].

|'|
0.14 - :'. 1500 ns pulse

;/

20uM protein

Absorbance
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. |
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Figure 2.6. Transient Absorption Signals. Signals monitored after the pulse of electrons at
250nm. Solid lines-signals recorded after 400ns pulse; dashed line-signal recorded after 1500ns
pulse; white dotted line-represents global fit of the transient absorption signals. All solutions
were fixed at pH=7 with ammonium phosphate buffer and contained 25mM N,O, the

concentration of B-lactoglobulin was varied like indicated on the figure.
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Figure 2.7. Species Concentration Profiles. Concentration profiles of species contributing most

to the transient absorption signals at 250nm based on the global fitting results. Dotted lines -

solutions with no protein; dashed lines-solutions with 4uM of B-lactogloglobulin; solid lines-

20uM of B-lactogloglobulin.

Table 2.1. Reactions and Parameters Used in the Transient Absorption Global Fitting

Reaction Pr(?ijuct_lextinction coefficient Raff cor?:tant
(Mtcm?) (M™dm™)

OH + OH — H,0, 26 5.0x10°

OH + H,0, —» Oy + H,O + H' 1890 3.7x10’

OH + H — H,0 non absorbing 7.0x10°

H+H — H, non absorbing 5.0x10°

OH + PO,* — products non absorbing 1.0x10°

OH + protein — protein radical 691 1.24x10"

H + protein — protein radical 691 8.7x10®

protein radical — products non absorbing 2.9x10°
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LC-MS/MS Analysis of Oxidized g-lactoglobulin A Tryptic and Semi-Tryptic Fragments

The B-lactoglobulin A sample irradiated with the dose of 260 Gy using a pulse length of
480 ns, was denatured, reduced, carbamidomethylated, and digested using trypsin. The peptide
mixture was loaded on a Cig capillary column for LC-MS/MS analysis to locate sites of
oxidation. The overall sequence coverage, including all oxidized and unoxidized peptides
identified in the LC-MS/MS run, was 100%, with manual verification of all tandem mass spectra
assignments. Fourteen oxidation sites were identified for B-lactoglobulin A in these LC-MS/MS
experiments; however, one semi-tryptic peptide was detected as completely oxidized and
although oxidation could not be mapped to a specific site(s), peptide 108-
ENSAEPEQSLACQCLVR-124 contains many reactive residues with large <SASA> values. The
identified oxidation sites are shown on the X-ray crystal structure of B-lactoglobulin A [74] in

Figure 2.8.
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Figure 2.8. Hydroxyl Radical Footprinting p—Lactoglobulin Results. (a) Two views of X-ray
crystal structure of B-lactoglobulin A with waters removed for clarity created using PyMOL
(PDB identifier 1BSY). Oxidized residues confirmed by LC-MS/MS are colored with red. (b)
Quantitation of peptide fractional oxidation. All oxidation mass shifts are +16 and seen in at least
twice in the triplicate runs unless otherwise noted. Error bars represent the standard deviation of

identical triplicate runs.

The surface average solvent accessibility (<SASA>) value of each amino acid residue for
all 162 residues was obtained from 1000 snapshots over a 10 ns MD simulation (Figure 2.9).
While 10 ns is too short a period to simulate large-scale protein backbone motions, it is adequate
to capture much of the motion of the side chains, and provides a useful approach for achieving
statistically significant average SASA values (<SASA>) on a given time scale. In addition, the

use of MD simulations on this time scale provides the opportunity to probe the extent to which a
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model based essentially on the fully folded protein is able to describe the data from an
experiment performed on the millisecond time scale. The <SASA> values for each mapped
oxidation site on B-lactoglobulin A are listed in Table 2.2. Using this method we are able to
determine that, with the exception of M24, all amino acids determined to be oxidized under our
conditions were predicted to be suitably solvent accessible by MD simulations.

The sulfur-containing residues (Met and Cys) are the most susceptible to oxidative
modifications [60]. No cysteine residues were conclusively identified as sites of oxidation; even
though they are chemically reactive, they are buried within the protein structure, and therefore
should react only slowly with a hydroxyl radical if the protein retains its folded form during the
labeling process. Three of the four methionine residues found in -lactoglobulin A, Met7, Met24
and Met145, were identified as sites of oxidation with a mass shift of +16. Met24 has a very
small <SASA> value of 0.21 A? but Met7 and Metl45 have small to moderate solvent
accessibility (<SASA> value = 35.88 and 6.7 A? respectively). Met107 also has a large <SASA>
value and was not detected as oxidized by our measurements. However, it is present on a large
peptide that was determined to be the site of multiple semi-tryptic cleavages and unusual
oxidation events; it is quite possible that Met107 was oxidized quite readily, but that we are
unable to resolve and identify the oxidized form of the peptide from the MS/MS spectra. All
other sites of oxidation identified had large <SASA> values (Table 2.2), and can be clearly seen
on the surface of the protein (Figure 2.8); importantly, all of the oxidized sites were predicted by
MD simulation to be among the most highly accessible residues of each type within the protein
(e.g. out of twenty-two total leucine residues, the four leucine residues oxidized were all among
the five most solvent accessible according to MD simulations), with the exception of Met24

(Figure 2.9).
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Table 2.2. Average Solvent Accessibility of Oxidized Residues in f-Lactoglobulin.

Peptide
Peptide Fractional Site(s) of <SASA>
(residues)  Oxidation  Oxidation  (A?)
1-8 0.3861+0.1686 L1 49.78
M7 35.88
23-40 0.1184+0.0052 M24 0.21
41-60 0.0127+0.0003" E51 123.54
0.0227+0.0009 L57 40.63
84-91 0.0174+0.0103 L87 156.27
E89 88.65
92-100 0.0091+0.0043 Y99 40.51
92-101 0.0437+0.0218
125-135  0.0124+0.0072 V128 28.86
125-138  0.0310+0.0040 L133 58.05
142-148  0.1607° M145 6.7
149-162  0.0590+0.0057 F151 20.35
E158 81.89
1162 83.35

"Mass shift of -30 which is characteristic of oxidized glutamic acid residue
SOnly seen in one replicate

This leaves an unresolved question: why was Met24 oxidized under these conditions?
One potential cause is incomplete scavenging of secondary oxidants, which have been noted to
lead to uncontrolled oxidation of methionine [60]. However, these same secondary oxidants
would also be capable of oxidizing cysteine, which is not detected. A more likely possibility is
that the protein undergoes larger backbone motions, in the region of M24, on the time scale of
the experiment, than are captured in the 10 ns MD simulation. In that case, the oxidation of M24

would be larger than predicted by the <SASA> values. It is important to note here that by using
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average <SASA> values, rather than those from a single protein structure, the possibility that this
discrepancy is related to an anecdotal orientation of the side chain of M24 is greatly reduced.

Because most of the oxidized peptides contain more than one oxidation site, accurate
quantitation of the amount of oxidation at individual sites is currently not possible. We were able
to quantitate the amount of oxidized versus unoxidized peptide using the triplicate LC-MS/MS
runs to determine the peak area and the standard deviation of the MS total ion chromatogram of a
given m/z for each peptide and its oxidized form(s). The peak areas were used to calculate
peptide fractional oxidation by dividing the peak area of the oxidized peptide by the sum of the
peak areas of the oxidized and unoxidized forms of that peptide. The peptide fractional oxidation
is shown for each B-lactoglobulin A peptide in Figure 2.8b and values are listed in Table 2.2.
The sites of oxidation that could be determined by MS/MS analysis are also listed in Table 2.2;
however, while these identified sites are major sites of oxidation for the peptide, they may not be
the only substantial sites of oxidation. It is important to note that, as is all LC/MS experiments of
complex mixtures, it is quite possible that major oxidation products exist that were not detected
or that did not fragment sufficiently well to determine the site(s) of oxidation.
CONCLUSIONS

The overall purpose of this study was to demonstrate a method for hydroxyl radical
footprinting of proteins in solution that is completed faster than large scale oxidation-induced
conformational changes can occur, without requiring a precursor oxidant. Time-resolved NMR
spectroscopy illustrates that the presence of hydrogen peroxide can result in uncontrolled
oxidation or peroxide-induced conformational changes, causing the labeling of a non-native
protein structure. Additionally, the presence of redox-active transition metals in solution with the

hydrogen peroxide can lead to uncontrolled metal catalyzed oxidation [41], and in many cases it
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is not possible to completely purify redox-active transition metals from the protein-ligand
preparation. The development of a hydrogen peroxide-free method of hydroxyl radical
footprinting that is capable of completing the labeling reaction faster than the protein can unfold
increases the applicability of hydroxyl radical footprinting technology to peroxide-sensitive
proteins, while still allowing for extensive labeling of the native conformation. As shown from
the results presented, the electron accelerator pulsed water radiolysis method is suitable for
heavy, controlled oxidation of proteins and oxidation of solvent accessible residues. Using an
electron beam pulse, controllable protein oxidation can be obtained by adjusting variables such
as pulsewidth, dose, and dissolved gas. Time—resolved UV spectroscopy indicates that the most
reactive radical species are consumed in less than 2 ps without a quencher, and this rapid time
scale allows for extensive oxidation before the protein can unfold due to the modifications. Our
ability to heavily oxidize the protein without concern for oxidation-induced unfolding allows us
to detect a much greater amount of oxidation than previously-reported results on the same
protein [33], allowing for higher resolution hydroxyl radical protein footprinting data. MS/MS
analysis and MD simulations indicate that all oxidation sites except one (Met24) identified by
this method are moderately to highly solvent accessible. Additionally, as a rapid oxidation
method, electron pulse water radiolysis has broad applicability in time-resolved structural
studies, most notably UV-based spectroscopy methods where the high concentrations of
hydrogen peroxide necessary for flash photolysis of peroxide can confound spectroscopy. Such a
pulse labeling method will prove to be extremely useful in designing time-resolved spectroscopic
studies of oxidation-induced protein unfolding, which is important for understanding the

biophysical basis of oxidative stress-induced protein inactivation.
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CHAPTER 3
CONFORMATIONAL ANALYSIS OF THERAPEUTIC PROTEINS BY HYDROXYL
RADICAL PROTEIN FOOTPRINTING?

ABSTRACT

Unlike small molecule drugs, therapeutic protein pharmaceuticals must not only have the
correct amino acid sequence and modifications, but also the correct conformation to ensure
safety and efficacy. Here, we describe a method for comparison of therapeutic protein
conformations by hydroxyl radical protein footprinting using liquid chromatography-mass
spectrometry (LC-MS) as an analytical platform. Hydroxyl radical protein footprinting allows for
rapid analysis of the conformation of therapeutic proteins based on the apparent rate of oxidation
of various amino acids by hydroxyl radicals generated in situ. Conformations of Neupogen®, a
patented granulocyte colony-stimulating factor (GCSF), were compared to several expired
samples of recombinant GCSF, as well as heat-treated Neupogen®. Conformations of different
samples of the therapeutic proteins interferon a-2A and erythropoietin were also compared.
Differences in the hydroxyl radical footprint were measured between Neupogen® and the
expired or mishandled GCSF samples, and confirmed by circular dichroism spectroscopy.
Samples that had identical circular dichroism spectra were also found to be indistinguishable by
hydroxyl radical footprinting. The method is applicable to a wide variety of therapeutic proteins
and formulations through the use of separations techniques to clean up the protein samples after

radical oxidation. The reaction products are stable, allowing for flexibility in sample handling, as
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well as archiving and reanalysis of samples. Initial screening can be performed on small amounts
of therapeutic protein with minimal training in LC-MS, but samples with structural differences
from the reference can be more carefully analyzed by LC-MS/MS to attain higher spatial
resolution, which can aid in engineering and troubleshooting.
INTRODUCTION
Since the introduction of recombinant human insulin in 1982, therapeutic protein

pharmaceuticals have grown into an estimated $102.4 billion industry in 2011, with more than
120 drugs on the market. Assays for protein pharmaceuticals have not kept pace because of the
inherent complexity and variability of the proteins and their biological manufacturing processes.
Unlike small molecules, therapeutic protein pharmaceuticals must have the proper primary
structure of amino acid sequence, post-translational modification(s), disulfide bond formation,
and also maintain the proper three-dimensional conformation. The conformation of a therapeutic
protein is often sensitive to small changes of many factors in its production, formulation and
handling, including temperature, pH, and buffer composition. Therapeutic proteins with
improper conformation can lose efficacy, or even become highly toxic. For example,
subcutaneously injected Eprex®, a recombinant human erythropoietin pharmaceutical
manufactured by Johnson and Johnson, was linked to an increase in incidents of pure red-cell
aplasia. A change in Eprex® formulation resulted in a decrease in the conformational stability of
the protein, making the protein more sensitive to disruptions in the cold chain [101, 102].

Analysis of protein conformation is necessary during development of expression and
purification methods for the therapeutic protein, development of deliverable formulations of the
therapeutic protein, tests of drug stability and shelf-life, and quality control during the

manufacturing process. Given the number of therapeutic protein patents that are either expired
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or will be expiring shortly, follow-on formulations of the therapeutic protein must demonstrate
equivalency of both the primary protein structure and the protein conformation to ensure
equivalency with the therapeutic protein approved by regulatory agencies to avoid separate
clinical trials. Conformational analysis is often cumbersome, requiring large amounts of sample,
labor, and expertise, making routine conformational screening of drug lots difficult to achieve.
High-resolution analysis of most protein therapeutics is possible by nuclear magnetic resonance
(NMR) spectroscopy and/or X-ray crystallography, but these analyses are very laborious, require
large amounts of sample, and have strict limitations on the formulation components that can be
tolerated. Of particular note is the fact that neither X-ray crystallography nor NMR spectroscopy
can readily analyze protein aggregation or highly heterogeneous mixtures of protein
conformations, which are often problems with therapeutic protein formulations and can play a
large role in the inducement of immune responses [103]. Spectroscopic techniques are also
available for conformational analysis, and are often quite useful for detecting differences in
conformation and stability. However, they typically yield little information about the regions of
the therapeutic proteins that have been altered in conformation or stability, making
troubleshooting more difficult, and usually require relatively large amounts of protein.

Mass spectrometry is the method of choice for analysis of the primary structure of
therapeutic proteins due to its versatility and sensitivity [104]. Development of mass
spectrometry (MS)-based methods for conformation analysis would allow for a rapid and
sensitive analysis of both protein primary structure and conformation in one set of experiments
using a single analytical platform. Several methods for probing the solution-phase conformation
of proteins have been developed previously, such as native spray charge state distribution

analysis [105]. Perhaps the most widely used method is amide hydrogen-deuterium exchange
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(HDX) analysis coupled with mass spectrometry MS [106]. In HDX-MS, the protein of interest
is diluted into deuterium oxide. The amide proton found in the backbone of every amino acid
except proline undergoes exchange with water on a time scale that is amenable to analysis. In
HDX-MS, the protein is allowed to exchange for differing periods of time, after which the rate of
exchange is drastically reduced by lowering the pH and cooling the sample to near freezing. The
protein is usually rapidly digested with a nonspecific protease, and the peptides are analyzed by
rapid LC-MS to determine the shift in mass caused by exchange of a hydrogen for a deuterium in
order to determine the kinetics of exchange between the amide hydrogen and the deuterated
solvent. The rate of exchange is a function of the amino acid sequence, as well as the stability of
any hydrogen bonds that the amide hydrogen is involved with (the solvent accessibility of the
amide hydrogen may also play a role). By comparing two or more samples of the same amino
acid sequence, changes in the kinetics of HDX can be interpreted as changes in the conformation
of the protein [107]. HDX is a powerful technique for examining changes in protein secondary
structure and dynamics in therapeutic proteins [108]; however, it is technically a very
challenging technique. Challenges that arise are largely due to the reversible nature of the HDX
process and difficulties with reproducibility due to small changes in pH, temperature, analysis
time, protease digestion efficiency, or chromatography. Even after the exchange is “quenched”
by acidification of the solution, exchange still occurs and the continued exchange results in loss
of information because incorporated deuteriums back exchange with water. The back-exchange
problem also limits the post-analysis sample handling that can be done, posing problems for
therapeutic protein formulations that contain compounds that make mass spectrometric analysis

more difficult.
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To avoid the back-exchange problems of HDX, a group of methods uses differences in the
apparent rate of covalent modification of a protein in two or more different conformations to
probe the structure of the protein. In these methods, a protein of interest is mixed with a reactive
agent and allowed to react under controlled conditions. This process is then repeated for the
same amino acid sequence thought to be in a different conformation. The protein is then
enzymatically digested into peptides, and the peptides are subjected to LC to clean up samples
and separate peptides, coupled to MS to measure the mass and relative abundance of each
modified and unmodified peptide. Tandem mass spectrometry (MS/MS) is used to identify the
site(s) of modification of each peptide. Differences in the apparent rate of reaction as measured
by changes in the relative abundance(s) of the modified form(s) of the peptide compared to the
relative abundance of the unmodified form are then interpreted as differences in either the
accessibility of the reactive protein functional group to the reagent, or differences in the local
environment of the functional group that alter its reactivity [6]. Covalent modification has fewer
technical challenges than HDX due to the usually irreversible nature of the modification;
however, most covalent modification techniques have their own set of difficulties. Most notable
is the fact that covalent modification itself is known to alter the conformation of the protein.
This caveat is a central problem in covalent modification techniques. Usually, other biophysical
techniques or functional analyses must be carried out to ensure that the modification is controlled
to an extent that does not compromise the conformational integrity of the protein analyte. In
addition, most covalent labeling techniques target specific functional groups of protein side
chains (e.g. primary amines, free thiols, etc.). This specificity limits the amount of information
that can be gathered for the protein, because only a strictly limited subset of amino acids is

probed.
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One covalent modification technique has been quite successful at overcoming the
aforementioned limitations. Hydroxyl radical protein footprinting is a technique wherein freely
diffusing hydroxyl radicals are generated in situ with the protein of interest [109]. Hydroxyl
radicals are highly reactive, and will oxidize any amino acid side chain, albeit with different
inherent rate constants. The rate of reaction depends primarily on two factors: the inherent
reactivity of the amino acids—with aromatic and sulfur-containing amino acids being the most
reactive, followed by aliphatic amino acids and arginine, followed by the other charged and
hydrophilic amino acids [27, 64] —and the time-averaged solvent accessible surface area of the
side chain [70]. Like other covalent modification technique, hydroxyl radical protein
footprinting has been shown to alter the conformation of the protein if not sufficiently controlled.
However, recent work has demonstrated that techniques that complete the oxidation process in
less than one microsecond are capable of heavily oxidizing protein analytes faster than they can
change their conformation due to the modifications. While the protein still changes
conformation after the labeling process, the information from the original conformation is frozen
in a chemical “snapshot” of the oxidation rates of the amino acid side chains, completed before
the protein can change conformation [55]. Sub-microsecond oxidation has been reported to be
performed by either radiolysis of water by brief electron pulses from a VVan de Graaff accelerator
[49] or by nanosecond laser photolysis of hydrogen peroxide by a KrF excimer laser [29]. Either
method is capable of generating short bursts of very high concentrations of hydroxyl radicals,
and through the proper use of scavengers and quenchers, the labeling chemistry can be controlled
to the sub-microsecond regime [55]. After the oxidation chemistry is completed, the protein is
digested with a protease and subjected to LC-MS/MS to identify oxidized and unoxidized

peptides, quantitate the amount of oxidation of each peptide based on the relative abundance of
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the oxidized form(s) of the peptide to the relative abundance of the unoxidized form, and finally
to identify the major sites of oxidation of the peptide. The “snapshot” nature of hydroxyl radical
footprinting (HRF) also decouples the conformational probe from the electrospray ionization
process, allowing for post-oxidation clean-up of samples containing components that interfere
with the electrospray ionization of proteins and peptides and giving the technique more
flexibility than native spray charge distribution analysis [105]. While hydroxyl radical protein
footprinting manages to overcome many of the problems with traditional covalent labeling
techniques, data interpretation remains a daunting challenge. Due to the promiscuity of the
hydroxyl radical, the MS/MS spectra to determine the major site(s) of oxidation of each peptide
is challenging, and often requires manual interpretation from a mass spectrometrist experienced
in analyzing oxidized peptides.

Here, we describe the application of an abbreviated hydroxyl radical protein footprinting
protocol towards the conformational analysis of therapeutic protein formulations. We take
samples of recombinant erythropoietin (EPO), interferon a-2A (IFN), and granulocyte colony-
stimulating factor (GCSF), including samples of a Food and Drug Administration-approved
formulation of GCSF (Neupogen®) and subject them to hydroxyl radical protein footprinting
using fast photolysis of peroxide (FPOP) to generate the radical in situ. The samples are then
digested and subjected to LC-MS in order to quantitate the amount of oxidation of each peptide.
As MS/MS analysis is the most laborious step in the process, and the only step requiring a
substantial amount of highly specialized expertise, we do not perform MS/MS analysis of
oxidized peptides. Even without the MS/MS analysis, we demonstrate that we can successfully
compare different samples of therapeutic proteins. We confirm all of our analyses with circular

dichroism spectroscopy in order to validate the data from the abbreviated hydroxyl radical
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footprinting technique. We propose abbreviated hydroxyl radical protein footprinting as a rapid,
flexible, and sensitive technique for conformational comparison of therapeutic protein samples
(consuming ~300 picomoles of sample per triplicate analysis) that can be performed by any
laboratory with typical expertise in protein LC-MS. The technique is amenable to any typical
protein LC-MS platform, and the only specialized instrumentation required is a relatively
inexpensive KrF excimer laser. The data generated are sufficient to identify any substantial
changes in conformation, and if substantial changes are detected, the samples can be archived
and probed more deeply at a later time by more sophisticated separations and MS/MS techniques

in order to develop models of conformational changes for troubleshooting.
MATERIALS AND METHODS

Reagents

Neupogen® Filgrastim (Lot 1025877, expiration date 08/13) was purchased from
Amgen® (Thousand Oaks, CA, USA) and stored under manufacturer’s recommended conditions
until analysis. Acetonitrile, catalase from bovine liver, ammonium bicarbonate, and L-glutamine
were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA). Thirty percent
hydrogen peroxide and formic acid were purchased from J.T. Baker (Phillipsburg, NJ, USA).
Methionine amide was purchased from Bachem (Torrace, CA, USA). Dithiothreitol (DTT) was
purchased from Fisher Biotech (Fair Lawn, NJ, USA). Sequencing-grade modified trypsin was
purchased from Promega Corporation (Madison, WI, USA). Purified water (18 MQ) was
obtained from a Milli-Q Synthesis system (Millipore, Billerica, MA, USA). Recombinant
samples of the therapeutic proteins IFN (20 mM potassium phosphate buffer, pH 5.7), EPO (50

mM sodium acetate, pH 5.8), and GCSF (100 mM sodium acetate, 0.005% Tween 80, 5%
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sorbitol, pH 4) that are beyond their expected shelf life were generous gifts from a donor who
wishes to remain anonymous.
Circular Dichroism Spectroscopy

The circular dichroism (CD) spectra were acquired at 25°C using a Jasco 710/810
spectropolarimeter. Samples concentrations were determined by ultraviolet (UV) absorbance on
a Thermo NanoDrop 2000c spectrophotometer [110] (Thermo Scientific, Bremen, Germany).
Data points were collected from 190 to 260 nm using a 0.1 cm path length cuvette. Data were
analyzed and plotted using Microsoft Excel.
FPOP labeling

FPOP labeling of the protein pharmaceuticals were performed using the proteins as
received, without further purification or buffer exchange. All proteins were combined with
glutamine and nanopure water to give a final protein concentration of 10 uM in 20 pL final
volume. The final glutamine and hydrogen peroxide concentrations were 20 and 100 mM,
respectively. Concentrated hydrogen peroxide was diluted to 1 M solution and was added to each
replicate to give a final concentration of 100 mM just prior to infusion into the tubing for
oxidative modification by FPOP. FPOP was performed as previously described [29, 55]. The
protein samples flowed through the beam path of an EX100 KrF excimer laser at 248 nm, with a
laser power of 50 mJ/pulse (GAM Laser Inc., Orlando FL, USA). The flow rate of the syringe
pump and the pulse frequency of the laser were set such that each segment of protein sample was
irradiated with a single ~20 ns UV pulse with a 10% calculated buffer region between irradiated
segments to help account for sample diffusion and laminar flow [55]. Methionine amide (0.5
po/uL) and catalase (0.5 pg/pL) were in a collection tube with ammonium bicarbonate (50 mM)

to immediately quench oxidation by destroying excess hydrogen peroxide.

55



Proteolysis

Hot DTT (64 mM, 95 °C) was added to each irradiated sample to give a final
concentration of 5 mM and incubated at 37 °C for 30 minutes to denature and reduce the protein.
Sequencing-grade modified trypsin (0.2 pug) was added and incubated at 37°C for 30 minutes
while rotating to digest the protein samples. A 30-minute digestion was sufficient to digest all
three protein pharmaceuticals with no detectable intact protein remaining when examined by LC-
MS.
Mass Spectrometry

Samples were analyzed by electrospray time of flight mass spectrometry on a Synapt G2
HDMS in sensitivity mode controlled by Mass Lynx 4.1 software (Waters Corporation, Milford,
MA, USA). Using the nanoAcquity UPLC system (Waters Corporation) the samples are cleaned
by a Symmetry C18 trap column (5 pm, 180 um x 20 mm) prior to injection on to the
nanoAcquity UPLC BEH130 C18 column (1.7 pm, 100 pm x 100 mm, Waters Corporation).
The gradient was pumped at 600 nL/min from 3-40% buffer B (99.9% acetonitrile, 0.1% formic
acid) for 9 minutes, 40-95% buffer B over 1 minute, held at 95% buffer B for 4 minutes, and re-
equilibrated to 97% buffer A (99.9% water, 0.1% formic acid) for 15 minutes. MS was
performed with the following settings: capillary voltage of 3.0 kV, cone voltage of 45 V, m/z
range of 100-2,000, desolvation temperature of 150 °C, and desolvation gas flow of 100 L/h.
Abbreviated FPOP Data Analysis

In silico digestion of GCSF, IFN, and EPO was performed using PROWL
(http://prowl.rockefeller.edu). Only MS was performed so all data analysis was done manually
using MassLynx 4.1 and quantitation was done on the peptide-level only. Using accurate masses,

the tryptic peptides and corresponding oxidation products were identified from the LC-MS runs
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manually to calculate the average oxidation events per peptide in each of the protein sample.
Average oxidation events per peptide is calculated by summing the ion intensities of all the
oxidized peptide masses multiplied by the number of oxidation events required for the mass shift
(e.g., one event for +16, two events for +32) divided by the sum of the ion intensities of all
unoxidized and oxidized peptide masses. Two-tailed independent Student’s t tests were used for
statistical analysis, with an o of 0.01 selected for statistical significance.
RESULTS AND DISSCUSSION

For each therapeutic protein, the protein sample was aliquoted into three replicates, and
each sample was oxidized by FPOP. As the protein is exposed to the short burst of hydroxyl
radicals, the radicals react with the amino acid side chains in predictable ways, with an apparent
rate that is a function of the amino acid sequence and the exposure of the side chain to the
solvent. As all of the therapeutic proteins had the same protein sequence, changes in the apparent
rate of oxidation can be attributed to changes in the accessibility of the side chain, which changes
as the population of protein conformations in the sample changes. After FPOP oxidation, the
samples are quenched to eliminate less-reactive oxidants like hydrogen peroxide and superoxide,
digested with trypsin for 30 minutes, and analyzed by a short LC-MS run. Control samples of
unoxidized protein were also analyzed intact by LC-MS, as well as digested and analyzed to
detect alterations in primary structure that occurred outside of the FPOP oxidation process. In
order to ensure that changes in the HRF detected were due to changes in the conformation of the
protein rather than the primary structure, one GCSF sample with an unexpected three-amino acid
truncation of the N-terminus in ~70% of the protein population was identified during the

screening and excluded from analysis (data not shown). All other samples showed near-identical
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primary structure, with the only differences arising from minor changes in the amount of native
methionine oxidation in the sample.
Granulocyte Colony-Stimulating Factor

One of the most pressing needs for rapid conformational analysis in therapeutic proteins
is the comparison of patented pharmaceuticals with biosimilars, which are follow-on therapeutic
protein formulations that seek to establish equivalency with the patented drug to avoid the
thorough clinical trials usually necessary for regulatory approval of a drug. It is essential for
patient safety to ensure that any follow-on therapeutic recombinant protein has not only a
primary structural equivalence (amino acid sequence, disulfide bonds, glycosylations, etc.) but
also a conformational equivalence. In order to test the sensitivity of HRF to misfolding,
aggregation, or other conformational differences between a potential biosimilar and a patented
recombinant therapeutic protein, we compared properly handled Neupogen®, the Amgen brand
name pharmaceutical for GCSF, with Neupogen® that had been heated well beyond
manufacturer’s specifications. We also compared Neupogen® with recombinant GCSF samples
that were manufactured at different dates, and were all well past their expected shelf life. These
expired recombinant GCSF samples should give us a variety of different populations of non-
native conformations, which should differ by varying extents from the patented therapeutic
protein. After FPOP oxidation and tryptic digestion, GCSF is resolved into four peptides that
cover >99% of the protein sequence, all of which yield a measurable hydroxyl radical protein
footprint. To determine the ability of the HRF method to detect known changes in conformation
that occur upon mishandling of the therapeutic protein, a portion of the Neupogen® sample was
heated to 95 °C for one hour, cooled to room temperature and analyzed by HRF. We also

irradiated and analyzed five expired recombinant GCSF preparations of unknown conformation,
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expressed at different times. The fraction oxidized was calculated for each peptide of each
sample and the average fraction oxidized is graphed in Figure 3.1. The gross fingerprints of the
seven samples are all similar, with the two internal peptides being more heavily oxidized than the
N- or C-terminus. However, comparison of each peptide in the Neupogen® sample with the
corresponding peptide in each other preparation reveals measurable differences in the
conformation of the samples. Student’s t tests were used to determine the statistical difference in
the amount of peptide oxidation between each sample and Neupogen® (Table 3.1). Differences
were considered significant if the calculated p value was less than or equal to 0.01. The heat-
treated Neupogen® and all expired recombinant GCSF preparations saw a statistical difference
in at least one of the four peptides by HRF, indicating by our technique that the heat-treated
sample and each of the expired recombinant GCSF samples had different conformations than
Neupogen®. Circular dichroism spectra were also taken of each unoxidized protein formulation
in order to verify any differences identified by HRF with a biophysical technique that is
established and in widespread use for therapeutic proteins (Figure 3.2). GCSF is 61% helical,
consisting of five helices [111]. The heat-treated Neupogen® and all expired recombinant GCSF

samples saw a notable difference by circular dichroism, verifying the differences noted by HRF.
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Figure 3.1. Hydroxyl Radical Footprinting of GCSF Samples. Each set of bars represents
one peptide from Neupogen® (green), heat-treated Neupogen® (yellow), or recombinant GCSF
samples generated in Feb 2008 (light blue), Oct 2007 (purple), May 2007 (gray), Feb 2006
(navy), or Feb 2004 (red). The y-axis represents the average number of oxidation events per
peptide in the sample. Error bars 2 SD from a triplicate set of FPOP oxidations and analyses.

Asterisks peptides with oxidation levels that significantly different than Neupogen® (p < 0.01).
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Table 3.1. Independent Two-Tailed Student’s T-Test of HRF between GCSF Samples

vs. Neupogen®

Sample 1-17 18-23 25-148 149-175
Heat-treated p <0.001 p =0.850 p =0.006 p=0.114
Neupogen®

GCSF Feb 2008 p <0.001 p=0.122 p < 0.001 p = 0.003
GCSF Oct 2007 p = 0.005 p < 0.001 p = 0.004 p = 0.894
GCSF May 2007 p=0.012 p = 0.006 p = 0.002 p=0.136
GCSF Feb 2006 p=0.088 p =0.001 p = 0.002 p =0.282
GCSF Feb 2004 p <0.001 p =0.167 p < 0.001 p = 0.046
vs. GCSF Feb 2006

GCSF May 2007 | p=0.953 | p=0592 | p=0.027 | p=0.357

Bold values are significant at p < 0.010

Neupogen® vs. Neupogen22. According to the manufacturer, Neupogen® is still potent
when left at room temperature for up to 24 hours; therefore, our sample stored at room
temperature for 22 hours should be conformationally identical to the Neupogen® sample stored
at 4 °C. Looking at the HRF results in Figure 3.1, no statistical differences are detected on the
peptide level between the Neupogen® and Neupogen22 samples (Table 3.1); the CD spectra are
also identical (Figure 3.2). This positive control comparison establishes the capability of the
HRF method to detect conformational equivalency between samples and adds a powerful aspect
to the technique.

Neupogen® vs. heat-treated Neupogen®. As shown in Figure 3.1, two peptides exhibit
significant changes in the hydroxyl radical footprint after heating of Neupogen® to 95° C and
cooling back to room temperature. Peptide 25-148 contains 124 amino acids and represents
almost 71% of the protein. The native protein structure shows 80% alpha helical content in
peptide 25-148 by NMR. The heat treated Neupogen® sample is the only sample that had a

relative increase in the amount of oxidation on peptide 25-148, and this increase was substantial.
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The increase in hydroxyl radical oxidation of this peptide is probably due to the loss of structural
stability here upon heating. A small decrease in oxidation at peptide 1-17 is possibly due to non-
native structuring of the normally disordered N-terminus. CD data in Figure 3.2 illustrates a loss
of most of the original secondary structure in the heat treated Neupogen® (yellow) when

compared to Neupogen® control (green), confirming the differences detected by HRF.
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Figure 3.2. Circular Dichroism Analysis of GCSF Samples. The near-UV CD spectra are
presented from Neupogen® (green), heat-treated Neupogen® (yellow), or recombinant GCSF
samples generated in Feb 2008 (light blue), Oct 2007 (purple), May 2007 (gray), Feb 2006

(navy), or Feb 2004 (red).
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Neupogen® vs. GCSF February 2008 sample. Three of the four GCSF peptides (all
except for 18-23) representing 96% of the whole protein are less oxidized in the February 2008
sample. A reduced amount of oxidation indicates a reduced solvent accessibility, which could be
due to aggregation or oligomerization, or collapse of flexible loops into a non-native secondary
structure. The CD spectrum for GCSF Feb 2008 sample suggests a shift in alpha helical to more
beta sheet and random coil secondary structure. The reduced amount of oxidation and the
appearance of beta-sheet secondary structure, which is often associated with protein aggregation
[112], may indicate that the GCSF Feb 2008 is aggregating.

Neupogen® vs. GCSF October 2007 sample. Two GCSF peptides representing 13% of
the protein are reported to have increased oxidation in the October 2007 sample compared to the
Neupogen® sample; a slight increase in oxidation for peptide 1-17, and a much larger increase in
oxidation for peptide 18-23. Peptide 1-17 consists of a highly mobile N-terminus and the first
part of helix 1, while peptide 18-23 is highly structured; an increase in oxidation suggests a loss
of structural stability in the N-terminal and helix 1 region of the protein. GCSF Oct 2007 CD
spectrum corresponds to a modest decrease in alpha helical structure that dominates peptides 1-
17 and 18-23, without the appearance of substantial beta-sheet structure observed in the GCSF
Feb 2008 sample.

Neupogen® vs. GCSF May 2007 and Feb 2006 sample. May 2007 and Feb 2006 samples
have identical CD spectra to each other in the near-UV region (minor differences measured in
the UV region around 197 nm are probably due to increased noise stemming from buffer
interferences in this region), indicating that the two proteins should have identical conformations
to each other (Figure 3.2). Both expired recombinant GCSF samples are similar to Neupogen®,

but show measurably less helical structure. If HRF is a reliable technique, these two separate
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expired GCSF recombinant samples should show no differences in hydroxyl radical footprint
when compared to each other, but both should show significant and similar differences when
compared to Neupogen®. Using a Student’s t test (p values < 0.01) to determine the statistical
difference in the amount of oxidation from the HRF experiments, the 2007 and 2005 samples are
not statistically different from one another on the peptide level (Table 3.1). When comparing the
two expired recombinant GCSF samples to Neupogen®, two peptides show small but
statistically significant differences from Neupogen® (Figure 3.1, Table 3.1). Peptide 25-148 is
slightly less oxidized than Neupogen®; this reduced amount of oxidation may represent a
subpopulation that is beginning to oligomerize in solution, or it may represent a non-native
conformation that is more compact in this region. Peptide 18-23 is more oxidized, suggesting a
loss of structural stability in this region and confirming the results found by comparison of the
CD spectra. These samples demonstrate clearly that HRF is capable of successfully identifying
both identical conformations and small differences in conformation with sensitivity and
robustness.

Neupogen® vs. GCSF February 2004 sample. The 2004 sample differs from Neupogen®
by decreased oxidation on two peptides representing 81% of the protein. Both these peptides
show a substantial decreases in oxidation similar to the Feb 2008 recombinant GCSF sample,
suggesting the GCSF Feb 2004 sample has undergone significant conformational changes that
protect surfaces that should be solvent accessible. Of all of the expired recombinant GCSF
samples, the Feb 2004 sample has the CD spectrum that has the greatest loss of helical content
and appearance of beta-sheet content, along with an increase in the random coil content. The
HRF data would be consistent with a beta-sheet-mediated oligomer or aggregate of the

recombinant GCSF sample.
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Overall, the expired recombinant GCSF samples are all different from Neupogen®,
although the extent of the differences varies. Hydroxyl radical footprinting was able to identify
all of the differences in the recombinant GCSF samples as confirmed by CD. HRF was also able
to confirm the identical conformations shared between the Feb 2006 and May 2007 GCSF
samples, which were confirmed by identical CD spectra. Unlike the CD data, the HRF data
identified the general regions of the protein that changed conformationally, and the samples
could be reanalyzed more thoroughly to identify the regions of conformational change with
higher spatial resolution. Our data support the use of HRF for comparison of therapeutic
recombinant proteins and potential biosimilars to their patented counterparts to test for
conformational equivalence, as well as describe differences detected. HRF is well-suited to the
analysis of conformational changes that occur due to sample aging and mishandling, as it is
sensitive to relatively small conformational changes, rapid, and able to analyze conformational
differences using a single analytical platform that can simultaneously analyze differences in
primary structure.

While the analysis of GCSF was in excellent agreement with the data generated by CD,
in order to test the robustness and sensitivity of HRF across the range of therapeutic proteins, we
need to test more than different preparations of one protein. In order to do this, we examined
different preparations of two other therapeutic proteins, interferon a-2A and erythropoietin, that
were generated at different times during the last twelve years in order to identify conformational

differences between the samples generated at different times.
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Interferon

IFN has 165 residues with seven helices constituting 61% helical secondary structure
[113]. Ten tryptic peptides were analyzed giving 91% sequence coverage. The IFN 2005 sample
was used as our “reference” conformation, and all other samples were compared to this
conformation by HRF (Figure 3.3), with observed differences verified by CD (Figure 3.4).
Student’s t test was used to calculate significance of differences in the hydroxyl radical footprint
between the IFN 2005 reference and the other recombinant IFN protein sample (p value < 0.01)

(Table 3.2).
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Figure 3.3. Hydroxyl Radical Footprinting of IFN Samples. Each set of bars represents one
peptide from recombinant IFN samples generated in 2005 (red), 2004 (blue), two samples from
Oct 2007 (green and gray), and Jan 2005 (purple). The y-axis represents the average number of
oxidation events per peptide in the sample. Error bars 2 SD from a triplicate set of FPOP
oxidations and analyses. Asterisks peptides with oxidation levels that significantly different than

IFN 2005 (p <0.01).
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Table 3.2. Independent Two-Tailed Student’s T-Test of HRF between IFN Samples and
IFN 2005

Sample 1-13 | 14-22 | 32-49 | 50-70 | 71-83 | 84- 113- | 121- | 132- | 150-
112 120 131 144 162

|FN2004p:p:p:p:p:p:p:p:p:p:

IFN Oct|p <|p =|p <|p =|p =|p =(p =[p =|p =|p =
2007 (1) |0.001 |0.015 |0.001 |0.434 |0.001 |0.001 |0.026 |0.064 |0.219 |0.015

IFN Oct|p =|p =|p <[p =|p =/p =|p <[p =|p =|p =
2007 (2) |0.003 |0.416 |0.001 |0.194 |0.789 |0.062 |0.001 |0.423 |0.303 |0.004

IFN Jan|p =|p <|p <|p =|p =|p =|p =|p =|p =|p =
2005 0.516 |[0.001 |0.001 |0.803 |0.765 |0.341 |0.115 | 0.287 | 0.092 | 0.007

Bold values are significant at p <0.010

IFN 2005 vs. IFN 2004. IFN 2004 shows a very similar hydroxyl radical footprint to IFN
2005, with very few quantitative differences in the amount of oxidation of any of the ten
peptides. The only peptide that shows a statistically significant change in the amount of
oxidation is peptide 84-112, which consists of a helix-loop-turn structure. This region exhibits a
modest increase in oxidation in the 2004 sample, suggestive of either a minor change in
conformation in this region; probably in the loop region as the helices that pack against this helix
do not exhibit changes in solvent accessibility. Comparison of the CD spectra of IFN 2005 and
IFN 2004 reveal a small but measurable change in the secondary structure content indicated by a
small shift in the local minima around 207 and 222 nm, and a change in the maxima and
amplitude around 197 nm (although the extent of these farther UV changes are often obscured by
buffer interferences). Even though the conformational change was small as measured by CD, we

were able to clearly detect it using hydroxyl radical footprinting.
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IFN 2005 vs. IFN Oct 2007 (1). The IFN Oct 2007 (1) sample has four peptides that are
more heavily oxidized (and therefore more solvent accessible) to a statistically significant extent
than the IFN 2005 reference sample, as well as one additional peptide that is much more
oxidized on average, but on which the replicate statistics are relatively poor. A significant
increase in oxidation for the IFN Oct 2007 (1) samples occurs on peptides 1-13, 32-49, 71-83
and 84-112, along with an apparently large (but statistically insignificant) increase in oxidation
of peptide 14-22. Peptide 1-22 represents the flexible N-terminus and the first helix of the IFN
native structure, and the other two peptides, 71-112, stretch from the start of helix 4 through
helix 5, turn 2 and 2 residues in helix 6. The substantial increase in solvent accessibility in these
regions rich in secondary structure probably indicates destabilization of the structure of the
protein, and should be reflected by a substantial loss of helical structure in the CD spectrum. The
CD spectra for the IFN Oct 2007 (1) sample is much different than the other recombinant IFN
samples. There is a large decrease in the amount of alpha helical secondary structure in the IFN
Oct 2007 (1), consistent with the data from the HRF indicating a loss of structural stability in
regions known to contain a large amount of helical content.

IFN 2005 vs. IFN Oct 2007 (2). Due to lack of sample we were unable to obtain an
accurate CD spectrum of the IFN Oct 2007 (2) sample. IFN 2007 (2) gave an almost identical
HRF as IFN Oct 2007 (1), with the sole differences being reduced oxidation and improved
statistics for peptide 14-22, yielding results similar to IFN 2005, and improved statistics for the
C-terminal peptide 150-162, indicating a slight increase in oxidation compared to IFN 2005. All
other differences were essentially identical to IFN Oct 2007 (1) described above.

IFN 2005 vs. IFN Jan 2005. In the HRF analysis, two peptides of the IFN Jan 2005

sample showed statistically significant changes in the amount of oxidation compared to the IFN
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2005 sample, peptide 14-22 (representing the latter half of helix 1) and 150-162 (representing the
latter half of the helix 7 and a post-helix turn). Unlike the previous samples, the IFN Jan 2005
sample shows a decrease in the solvent accessibility from the IFN 2005 sample, indicating either
an increased stability of the structure, and alternate, more compact conformation, or an
oligomerization/aggregation event. The IFN Jan 2005 sample has a similar CD spectrum to the
IFN 2005 reference, but exhibits an increase in alpha helical structure. An increase in secondary
structure content caused by stabilization and/or extension of helixes 1 and 7 of the protein would

explain both the CD spectra and the HRF data.

Erythropoietin

EPO is a therapeutic protein with 166 residues, with 56% of the protein forming five
alpha helices [114]. Trypsin digestion of EPO yields eight detectable peptides resulting in 53%
coverage. The relatively low sequence coverage was due to the primary sequence of EPO, which
has a large number of lysines and arginines resulting in much of the protein being cleaved by
trypsin into very small peptides that are very difficult to detect by LC-MS. Of the eight peptides,
one had no oxidation modifications after HRF. We compared the seven peptides that were
modified for each of the five recombinant EPO samples using HRF (Figure 3.5). EPO June 2009
sample is the most recently made sample and will be used as a reference to compare the
difference in conformation among the other EPO samples. A difference in the hydroxyl radical
footprint was considered significant if the p value by Student’s t test was < 0.01 (Table 3.3).

Differences in conformation identified by HRF were confirmed by CD (Figure 3.6).
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Asterisks peptides with oxidation levels that significantly different than EPO 2009 (p <0.01).
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Table 3.3. Independent Two-Tailed Student’s T-Test of HRF between EPO Samples and

EPO June 2009

Sample 15-20 25-38 54-76 104-110 | 132-139 | 144-150 | 153-162

EPO Jan 2005 | p =|p p =|p =lp =|p=0.592 | p=0.061
0.001 0.001 0.001 0.867 0.208

EPO May | p =P p <|P =P =P <|p =

2004 0.003 0.001 0.001 0.226 0.062 0.001 0.003

EPO 1999 p=0.061|p p <|p =|p =|p=0.365| p=0.670

0.004 0.001 0.962 0.177

Bold values are significant at p <0.010
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EPO June 2009 vs. EPO Jan 2005. EPO Jan 2005 is more oxidized at peptide 54-76
compared to the 2009 reference sample. Peptide 54-76 is essentially helix three of native EPO.
An increase in oxidation probably signifies a loss of structural stability, causing the peptide to
become more solvent exposed and increasing peptide oxidation. The change in the amount of
oxidation is minimal, but statistically significant. The sample also exhibits a small decrease in
the solvent accessibility of peptide 15-20 and 25-38. All other peptides are not oxidized
differently between the EPO 2009 and EPO 2005 samples to statistical significance. The CD
spectra for EPO Jan 2005 appears to have the similar shape of EPO 2009, but with a slight shift
of the minimum and maximum to shorter wavelengths, a decrease in ellipticity amplitude in the
200-240 nm range, and an increase in ellipticity amplitude in the 190-200 nm range.

EPO June 2009 vs. EPO May 2004. EPO May 2004 shows statistically significant
increases in solvent accessibility in three peptides; peptide 15-20 exhibits a small increase in
solvent accessibility, while peptides 54-76 and 132-139 show fairly large increases in solvent
accessibility. Additionally, EPO May 2004 exhibits small but statistically significant decreases in
solvent accessibility in two other peptides, 25-38 and 153-162. The increased protection of some
regions and increased exposure of other regions argues against a global structural destabilization,
and rather suggests a different but relatively stable conformation for EPO May 2004 compared to
EPO June 2009. These results are confirmed by the CD spectra, which show the EPO May 2004
sample with a clearly structured, but different CD spectrum than the EPO June 2009 reference.
The minimum is shifted to lower wavelengths, with a small decrease in the amplitude of
ellipticity, while the maximum is shifted to lower wavelengths with a substantial increase in

ellipticity amplitude.
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EPO June 2009 vs. EPO 1999. The hydroxyl radical footprint of the EPO 1999 sample
was almost identical to the 2009 sample, with the only statistically significant difference in the
hydroxyl radical footprint appearing as a very small decrease in oxidation on peptide 25-38,
which has a random coil structure in native EPO, and a small increase in oxidation in peptide 54-
76, which contains the majority of helix 3. These data correlate very well with the CD data,
where the 1999 sample, by far, has the most similar CD spectrum to the 2009 reference, with
almost identical minima and maxima. However, the CD spectrum does indicate small differences
in the secondary structure, which are confirmed by small differences in the hydroxyl radical
footprint. The data indicate quite clearly that even small differences in conformation as measured
by CD can be clearly observed in the hydroxyl radical footprint.

All of the EPO samples were different from the 2009 reference sample by HRF, although
the differences varied in magnitude from the almost-identical 1999 sample to the significantly
different 2004 sample. The differences were also confirmed in the CD spectrum, with the 1999
sample being nearly identical and the 2004 and 2005 samples being substantially more varied.
DISCUSSION

Hydroxyl radical footprinting was capable of identifying differences in the conformation
between twelve different pairings of samples across three different therapeutic proteins. HRF
proved to be able to detect differences due to loss of solvent accessibility (probably due in some
cases to aggregation or oligomerization) or due to increases in solvent accessibility (probably
due to structural destabilization). HRF was also able to successfully detect two pairs of samples
that had no differences in conformation. All analyses were carried out in technical triplicate (i.e.
the therapeutic protein was aliquoted into three samples which were independently oxidized by

FPOP and independently analyzed by LC-MS). The overall time for a single analysis is
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approximately 2 hours (~10 minutes for FPOP and quenching, 1 hour for denaturation and
digestion, 30 minutes for LC-MS), with all of the FPOP steps being capable of automation with
currently available commercial technology. Sample requirements are light, with only ~90
picomoles of sample required for the triplicate analysis. HRF is capable of accommodating
almost any buffer or formulation component and is largely insensitive to pH [64], although some
components like carrier proteins can complicate the resulting LC-MS spectra and the inclusion of
high concentrations of radical scavengers will require the generation of higher burst
concentrations of hydroxyl radicals to generate sufficient hydroxyl radical footprinting data to
differentiate conformations. The method is also capable of handling heterogeneous protein
conformations and oligomerization/aggregation states, as potentially demonstrated by the GCSF
samples with non-native beta sheet content and substantially more protected surface areas, and
also as demonstrated in other studies on confirmed polydispersed protein oligomers [115]. The
reproducibility of the oxidation chemistry by FPOP and the quantitation of oxidation by LC-MS
were more than sufficient for the purposes of routine analysis. The use of only MS data from
short LC gradients, as opposed to MS/MS and long, careful separations to isolate oxidation
isomers, limits the spatial resolution of the footprinting information obtained. However,
interpretation of MS/MS spectra of peptides oxidized by hydroxyl radicals is difficult and time
consuming, requiring at the very least manual verification of all identified oxidized peptides.
Conversely, quantification at the peptide level is fast and can be performed without special
expertise, as the products of the complicated hydroxyl radical protein chemistry resolve into a
limited number of mass shifts, most of which represent net additions of one or more oxygen
atoms [27]. Once a sample has been initially characterized, the data analysis can also be easily

automated, as the hydroxyl radical footprint will boil down to a measurement of the abundance
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of specific peak abundances eluting at specific times from the LC. Similarly, the quantification
by LC-MS does not require high-end LC or MS instrumentation, as the experiment is quite
compatible with almost any electrospray instrument that is suitable for peptide LC-MS.

These useful analytical qualities make HRF an attractive technique for the
characterization of therapeutic proteins, both during the development and production stage and
for quality control afterwards. The ability to use a single analytical platform to characterize both
primary structure and three-dimensional conformation in a single analysis is a powerful option
for screening of therapeutic proteins. The small sample quantities, the potential for automation
of analysis, and the relatively short analysis times makes HRF suitable for insertion into the
production process as a quality control measure, as well as for spot checks of protein shelf life
during the storage and transportation chain. Similarly, HRF is a very useful analytical technique
for the development and validation of biosimilars to patented therapeutic proteins; as
abbreviated, HRF is capable of confirming conformational identity as well as capable of not only
identifying conformational differences, whether they be in regions with stable secondary
structure or in more dynamic loops, but also roughly localizing these conformational differences
for either more thorough HRF analysis with UPLC-MS/MS or for thorough analysis by more
demanding high-resolution structural techniques. The abbreviated HRF technique demonstrated
here can fill an important niche as an intermediate resolution and rapid structural technique for
the conformational analysis of therapeutic proteins.

While HRF performed well in all cases examined here, there are instances that should be
handled with care when using HRF for comparing therapeutic proteins. One important factor
that must be carefully considered in designing an HRF experiment for the analysis of therapeutic

protein formulations is composition of the formulation other than the therapeutic protein.
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Different formulation components (buffers, carrier proteins, etc.) will scavenge radicals to
different extents, which can result in global reductions in the hydroxyl radical footprint of a
protein even without any conformational change. This reduction is due to competition between
the therapeutic protein and buffer components for the hydroxyl radical during the radical burst,
resulting in less diffusing hydroxyl radical available to oxidize the therapeutic protein and a
lower apparent rate of oxidation. However, it is quite possible with careful planning to apply
HRF to different formulations with widely differing radical scavenging properties. In order to
correct for different radical scavenging properties of the buffer, mixtures matching the
formulations to be tested, without the therapeutic protein, should be prepared and spiked with a
reporter. This reporter can either be a radical-sensitive chromophore, or a small unstructured
peptide that can be monitored for oxidation by LC-MS. The radical dose (as controlled by laser
pulse energy and hydrogen peroxide concentration) is then adjusted until the amount of oxidation
of the reporter is equal between the two samples. These adjusted conditions are then compared
to compensate for the radical scavenging properties of the different formulations.
CONCLUSION

Here, we describe an abbreviated hydroxyl radical footprinting technique for the
conformational comparison of therapeutic protein samples using hydroxyl radical protein
chemistry and LC-MS analysis. Using this method, we are able to identify conformational
differences between Neupogen® and expired recombinant GCSF samples, as well as
conformational differences between different samples of the therapeutic proteins erythropoietin
and interferon a-2A. We are also able to confirm conformational equivalence between two
different samples of GCSF produced nine months apart and two Neupogen® samples branded to

have the same conformation. All conformational HRF analyses were successfully confirmed by
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circular dichroism analysis, demonstrating the accuracy and robustness of this technique for the
comparison of conformations of therapeutic proteins.
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CHAPTER 4
OLIGOMERIC STRUCTURE OF THE CHEMOKINE CCL5/RANTES FROM NMR, MS,
AND SAXS DATA

ABSTRACT

CCL5 is a pro-inflammatory chemokine known to activate leukocytes through its
receptor, CCR5. Monomeric CCL5 is adequate to cause cell migration in vitro; however, CCL5
aggregation is essential for in vivo migration, T cell activation and apoptosis, and HIV entry into
cells. CCLS5’s propensity for aggregation is biologically important yet no structural information
is available on the CCL5 oligomer larger than the canonical CC chemokine dimer. Therefore, we
investigated the solution structure of CCL5 oligomer using an integrated approach, including
NMR, SAXS and hydroxyl radical protein footprinting. The proposed model not only explains
the disaggregating effect of the E66S mutant, but also provides mechanisms whereby the
oligomer can be stabilized by glycosaminoglycans and bind CCR5 without depolymerizing.
INTRODUCTION

Chemokines are an important class of immunoactive-signaling molecules that are widely
expressed by many cells in different contexts, including immune surveillance and inflammation.
Establishment of chemokine concentration gradients on endothelial layers and in the surrounding
tissue provides directional cues to guide cell movement. The chemokines’ ability to oligomerize
likely plays a vital role in the establishment and maintenance of the gradients [65, 116].
Although monomeric mutants of chemokines are capable of causing cell migration in vitro [67,

117-119], several studies using non-oligomerizing variants have shown that induction of
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migration in vivo is dependent on oligomerization [65-68]. Furthermore, chemokines that are
unable to oligomerize have shown therapeutic benefit in a number of animal models of
inflammatory disease [68, 120], hence the importance of understanding oligomeric interactions.

Glycosaminoglycans (GAGS) are sulfated polysaccharides that reside on cell surfaces and
in the extracellular matrix. GAGs can promote chemokine oligomerization and the chemokine-
GAG interaction was demonstrated experimentally when chemokine mutants incapable of
binding GAGs were unable to activate cell migration in vivo [67-69]. Chemokine-GAG
interactions have shown importance in processes separate from migration, such as T cell
activation and induction of apoptosis [67-69].

Structural knowledge of chemokine oligomers could provide insight into molecular
mechanisms by which chemokines facilitate the recruitment and activation of leukocytes in vivo.
Currently, little information exists on the mechanism of oligomerization. Models of quaternary
assemblies of chemokines larger than dimers do exist but they have been deduced from crystal
structures [121-127]. Recently, Ren et al. (2010) solved the crystal structure of MIP-10/p
oligomers and used SAXS data to support the presence of similar structures in solution; this is
one of the few cases where any experimental data exists [126]. Relatively little crystal or solution
data exists for oligomeric structures of chemokines.

CCLS5 is an aggregation-prone member of the chemokine family that is secreted by both
endothelial cells and activated leukocytes. Several studies have shown CCLS5’s importance in
different pathways [65, 69], suggesting that oligomeric CCL5 activates different signaling
pathways than those induced my monomeric CCL5. Monomeric and oligomeric CCL5 appear to
act as “functionally selective” or “biased” ligands of CCRS5, terms usually reserved for different

ligands of the same receptor [128].
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CCR5 plays a crucial role in mediating HIV entry into T cells and monocytes. In the
context of HIV, differences in the oligomeric state of CCL5 have functional consequences. High
concentrations of aggregation competent wild-type (WT) CCL5 promote HIV entry, however,
low concentrations of CCL5 and mutants incapable of forming aggregates suppress HIV
infection [116]. Binding of monomeric CCL5 to CCRS5 physically blocks access to the receptor,
inhibiting HIV entry. On the contrary, high concentrations of aggregating CCL5 seem to enhance
HIV entry by physically crosslinking HIV particles to target cells or by activating the kinase-
signaling pathways [129]. Hence, understanding oligomeric tendencies of CCLS5 is potentially an
important role in both control of immune response and intervention of HIV infection.

Physical characterization of the oligomerization behavior of CCL5 has previously
revealed that CCL5 forms large aggregates at micromolar concentrations in a neutral pH
environment but smaller aggregates at reduced pH. Dissociation into dimers at pH 3-4 and
mutants that limit oligomerization [116] have allowed dimer characterization by NMR and X-ray
crystallography [130, 131]. Other structural studies were done under conditions that favor dimers
[123, 132, 133], but none of the current studies provide insight into the quaternary conformation
of CCL5 higher-order oligomers.

Utilizing CCL5’s relatively high solubility at an intermediate pH (4.5), we now present
CCL5’s higher oligomeric structure using solution NMR, SAXS and hydroxyl radical
footprinting mass spectrometry (MS). NMR and SAXS data revealed that the size distribution of
the CCL5 oligomer at pH 4.5 is primarily tetramer. Residual dipole coupling (RDC) data was
used to determine relative orientations of the dimeric units within the tetramer, which
significantly restricts the number of possible orientations the tetramer can adopt. SAXS shape

information was used to find the best translational placement of the dimers within the tetramer.
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NMR cross-saturation experiments and hydroxyl radical footprinting MS were used to determine
the interaction interfaces between the dimers. Hydroxyl radical footprinting was able to
investigate the mutant and WT CCL5 at pH 7, biologically relevant pH for oligomer formation.
Using an integrated approach, the data provides information on the assembly of the tetramer and
the formation of linear higher-order aggregates. The resulting model shows that both GAG-
binding sites and residues known to interact with CCR5 are exposed in a linear array, possibly
facilitating movement of leukocytes along cell surfaces and aiding pathogen entry in vivo.
Electron microscopy was also utilized to visualize the oligomeric fibers formed by WT CCLS5 at
pH 7.
MATERIALS AND METHODS
Expression of WT and E66S CCL5

Two versions of CCL5 were expressed in E. coli using a pET23a vector with
conventional *>NH,CI or **NH,CI containing M9 media for labeled and unlabeled CCL5. They
were purified according to Czaplewski et al. [134]. Briefly, inclusion bodies of CCL5 were
solubilized in 6 M guanidine hydrochloride and purified on a Superdex 75 column. Purified
protein was then subjected to fast dilution refolding with refolding buffer consisting of 2100 mM
Tris, pH 8.0, 100 uM reduced glutathione and 10 uM oxidized dimeric glutathione. The refolded
protein was then dialyzed against 0.1% TFA and purified further using strong anion exchange
chromatography.
NMR Spectroscopy

All NMR data was acquired and analyzed by Xu Wang. NMR samples of CCL5
contained 1 — 2 mM of protein in 50 mM acetate buffer at pH 4.4. RDCs were measured on a 1

mM CCL5 sample in stretched 5% positively charged [135] or neutral polyacrylamide gels using
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the two-stage gel tube as described in Lui and Prestegard [136]. RDC values were measured
using a J-modulated 'H,*®N-HSQC experiment [136]. Samples for cross-saturation
measurements were conducted on a sample consisting of 0.75 mM *°N,?H-labeled protein mixed
with 2.25 mM unlabeled protein in 50% D,0, 50 mM acetate (pH 4.4) buffer. Cross-saturation
experiments were carried out in a manner similar to that published by Takahashi et al. [137].
Protons were either saturated at 1 or 23 ppm as a control.
SAXS Measurements

SAXS data was acquired by Brian Jones at Bruker and SAXS measurements were carried
out as described by Wang et al. [138]. Specifically, samples containing 1 — 1.25 mM of WT
CCL5 at pH 4.5 were irradiated for 1 hour with a 1.54 A X-ray source. The scattering pattern
was collected using a Bruker Nanostar U X-ray system and the 2D scattering curves using
Bruker’s SAXS software. The scattering profile was determined as the difference between
samples with and without protein. Values for maximum pair distances were extracted using the
program GNOM [139].
Model Screening using Grid Search, SAXS, and Residue-Paring score

The grid was conducted in a manner similar to Wang et al. [140]. Specifically, the crystal
structure of the CCL5 dimer (PDB accession code 1U4L) was placed in the alignment tensor
principal axes frame such that the presumed symmetry axis became the x axis of the PDB frame.
Another dimer of CCL5, obtained by rotating the first dimer by 180° around the x axis, was then
translated over a grid on a plane perpendicular to the x axis, was then translated over a grid on a
plane perpendicular to the x axis. Theoretical SAXS curves of the each tetramer/hexamer model
obtained by placing the second dimer at a different grid point was calculated using CRYSOL

[141] and a hydration shell contrast value of 0.07 e/A%. The curves were then used in
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OLIGOMER [142] to find the best fit to a tetramer/hexamer mixture. The interface of each
model was evaluated using residue-pairing score [143], and all models were evaluated using a
combined score, which is obtained by scaling the residue-pairing score to the same numeric
range as the SAXS-fitting ° values for models with a ¥* value of 2.50 or less.
Hydroxyl radical footprinting MS

Samples of *°N-labeled CCL5 (E66S mutant or wild type) at 20 uM in acetate buffer (pH
4.5) containing 50 pM H,0; with 20 uM glutamine to limit radical half-life was flowed through
the beam path of a KrF laser at 248 nm, and pulsed so that each segment of sample was
irradiated with a single ~20 ns UV pulse with a small buffer region between irradiated segments
to help account for sample diffusion and laminar flow effects. The oxidation was immediately
quenched using methionine amide (0.5 pg/uL) and catalase (0.5 pg/uL). Prior to trypsin
digestion, unoxidized and unlabeled mutant or WT CCL5 (20 pM) was added to the
corresponding irradiated samples to serve as an internal standard for quantitation. Ammonium
bicarbonate (50 mM) and DTT (5 mM) were added to the CCL5 samples (50 uL) and the
samples were incubated at 55°C for 3 hours to denature and reduce the protein, respectively.
Sequencing grade modified trypsin was added (0.2 pg/uL) and incubated at 37°C for 48 hours
while rotating to digest the protein samples. The resulting peptides were analyzed by LC-MS to
quantify the change in oxidation using the percent fractional oxidation. FT-MS was used to
quantitate the unmodified, unlabeled peptide peak to unmodified, >N labeled peptide peak for
each tryptic peptide, and the fractional oxidation was calculated from the reduction of signal for
the unmodified protein in the oxidized sample relative to that for the identical light isotopomer in

the internal standard. Tandem mass spectrometry was used in conjunction with LC-MS to
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identify sites of oxidation, with sites of oxidation determined by manual annotation of MS/MS
spectra.
Electron Microscopy

Images were obtained using electron microscopy by Hong Yi and Elizabeth Wright at the
Robert P. Apkarian Integrated Electron Microscopy Core using a JEOL JEM-1400 Transmission
Electron Microscope. WT CCL5 at pH 7 samples were prepared at 10 and 100 uM
concentrations. In each case, a carbon grid was placed face down onto 5 pL of sample on a piece
of laboratory film for 1 — 3 minutes, the grid is blotted with filter paper, placed on a drop of 1%
phosphotungstic acid (PTA) negative staining dye for 30 seconds, and blotted again.

RESULTS AND DISCUSSION
Symmetry of the WT CCL5 Tetramer

The oligomeric state of ~1 mM WT CCL5 at pH 4.5 was investigated by NMR, dynamic
light-scattering, and SAXS data. NMR data demonstrates the diffusional properties consistent
with a tetramer. Light scattering and SAXS data indicate the presence of some higher order
oligomers in addition to tetramer. The presence of only one set of cross-peaks in the two-
dimensional (2D) *H-"*N HSQC (heteronuclear single quantum coherence) spectrum of an **N-
labeled CCL5 sample suggests that the oligomers formed are symmetric structures, at least when
averaged over the NMR time scale.

Residual dipolar coupling (RDC) [144, 145] measurements were employed to determine
the structures of symmetric complexes, because RDCs provide orientational restraints rather than
distance restraints like Nuclear Overhauser Effect (NOE)-based experiments [146]. RDCs are
sensitive to orientations of N-H bond vectors relative to the external magnetic field giving

information about the relative orientations of parts of the molecule that are far apart in the

86



structure; RDCs provide a test of preservation of the monomer structure as observed by X-ray
crystallography [147, 148], and information on the orientation of monomers in higher-order
structures [144]. Relative orientations of the dimeric units within the tetramer were determined
by comparing the experimental RDCs with those back calculated from the monomer. RDCs for
E66S mutant fit very well with calculated (Figure 4.1(a)) because it appears the monomer is
preserved in the dimer of the crystal structure. More unexpectedly, the RDC data of the WT
CCLS5 tetramer fit the crystal structure nearly as well (Figure 4.1(b)). The results indicate dimer
preservation within the tetramer structure.

The axis of rotational symmetry can also be determined from the RDC data. The axis of
rotational symmetry was determined to be very closely aligned with C,y symmetry. Figure
4.1(c) shows the orientation of the alignment tensor relative to the CCL5 dimer. The alignment
tensor orientation and C,y symmetry for WT CCL5 tetramer were determined independently.
The fact that both the dimer and tetramer have the same alignment tensor and C,y Symmetry, and
the dimer structure is preserved in the tetramer places substantial restrictions on the tetramer

structure.
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Figure 4.1. Experimental RDCs for E66S and WT CCL5. Experimental RDCs for E66S
CCL5 dimer (a) and tetramer (b) compared to back calculated RDCs for the monomer. (c)
Orientation of alignment tensor relative to the CCL5 dimer. The x axis of the principal axes of
the alignment tensor is red, the y axis is blue, and the z axis is orange. The golden arrow

indicated the orientation of the symmetry axis from the dimer crystal structure.

Tetramer Model

Small angle X-ray scattering is a scattering technigque that measures the elastic scattering
of X-rays by a sample. SAXS data are particularly sensitive to the spatial distribution of the
electron density of the dominate species in the solution allowing shape restrictions to be placed
on the tetramer model. Data were collected on a ~1.25 mM WT CCL5 sample at pH 4.5. Using
the symmetry axis and preservation of the dimer restrictions determined by RDCs, the SAXS
data can be used to find the best relative placement of the dimers within the tetramer.

Due to the restrictions on the symmetry and shape of the tetramer, a simple grid search

[140] was used to generate all possible models satisfying the restrictions previously determine.
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Two dimer subunits were produced by duplicating the single dimer oriented in the alignment
tensor frame indicated by the RDC data and rotating the new copy by 180°. Tetramer models
were produced by fixing one of the dimer subunits and translating the second dimer subunit in
the plane perpendicular to the symmetry axis in 1 A steps along either one of the two axes
perpendicular to the symmetry axis. Owing to the symmetry restrictions, only a grid search
around half of a plane was needed as models generated by placing the second dimer unit on
positions in the other half of the plane produced the same models. The models were subsequently
screened for agreement with the SAXS profile and favorable binding surface using a residue-
pairing score [143].

The tetramer model in Figure 4.2 is based on an interface formed by contacts between
residues 25 and 30 in the second B strand from one monomer of one dimer and several residues
of the C-terminal helix from one monomer of the other dimer. The tetramer model was

confirmed using NMR cross-saturation and hydroxyl radical footprinting.
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Validating the Tetramer Binding Interface with NMR Cross-Saturation Data

A solution based NMR cross-saturation [137] experiment probed the inter-dimer interface
to validate the tetramer model shown in Figure 4.2. In this method, *N,?H-labeled CCL5 was
mixed at a 1:3 ratio with unlabeled CCL5, allowing mixed dimers and tetramers to form. By
applying RF pulses in the methyl/methylene region of the protein spectrum, sites in the unlabeled
molecules become saturated, and spin diffusion transfers this saturation across the interface to
the nearest 'H-""N pairs of the labeled molecules. The proximity of the various *H-""N pairs can
be measure using the ratio of HSQC cross-peak intensities. This method provides information
about both the dimer and tetramer interfaces; therefore, it is important to compare experiments
for the E66S mutant and WT to distinguish between the monomer-monomer interface of the
dimer versus the dimer-dimer interface of the tetramer. Figure 4.3(a) plots the HSQC
saturated/unsaturated signal intensity ratios for WT and E66S CCL5. The data is not
quantitatively comparable but serves as a good qualitative guide for identifying the tetramer
interface. Figure 4.3(b) highlights the residues perturbed in the WT sample. The intensity
decrease on the N-terminal residues (6-10 colored red in Figure 4.3(b)) is obviously due to the
monomer-monomer interaction because the same residues are perturbed in the spectra of the
E66S mutant. Residues 26-29, 33-34, and 64-68 were perturbed in the WT data only (orange
region of Figure 4.3(b)), and represent the residues in the dimer-dimer interface and clearly

support the model.

90



1 I 1 1 1 I

Wild type
E66S

Figure 4.3. Identification of Dimer-Dimer Contacts from Cross-Saturation Data. (a) Plot of
residue-specific cross-saturation-induced amide proton signal intensity changes for WT and
E66S CCL5. (b) Surface plot of CCL5 tetramer model with residues identified as being
specifically perturbed in the WT (residues 26-29, 33, 34, 66, and 67) colored orange and the

dimer interface (residues 6-10) colored red.

Validating the Tetramer Binding Interface through Hydroxyl Radical Footprinting MS

The binding interface of the CCL5 tetramer was also validated through hydroxyl radical
footprinting MS. UV radiation-induced hydrogen peroxide photolysis was used to produce
hydroxyl radicals that rapidly oxidize exposed protein side chains, and the degree of oxidation
was interpreted as an indicator of relative solvent exposure. By comparing the solvent exposure
of the E66S mutant, which is a mixture of monomer and dimer at the concentrations studied in
this experiment (20 uM, pH 4.5), with WT under the same conditions, regions that are protected
in the dimer-dimer interface of the tetramer can be identified by a decrease in the rate of
oxidation. In this experimental setup the radical was produced and consumed on a sub-
microsecond time scale to ensure that modifications stemming from nonnative side chain

exposures, i.e., as a result of conformation changes caused by oxidation of the protein, were kept
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to a minimum [55]. For quantitation the amount of oxidation of each peptide within CCL5 was
determined by measuring the amount of unmodified peptide compared to an isotopically labeled
internal control, then MS/MS was used to determine the major residues oxidized for each
peptide, providing amino acid level resolution. Figure 4.4(a) compares the peptides and residues
protected in WT CCL5 to those protected in the E66S mutant. H23, E26, Y27, F28, Y29, V40,
F41, and C50 were found to be highly protected from oxidation in the WT structures compared
to the E66S dimer, whereas oxidation of MO, P2, Y3, and C11 on the N-terminal peptide and
E61, Y62, M67, and S68 on the C-terminal peptide are only slightly more protected. MO, P2, Y3,
C11, H23, V40, and C50 appear to be protected in the monomer-monomer interface of the dimer,
and their increases in protection may reflect a depletion of monomer concentration or some
additional stabilization of the dimer on the oligomerization. Figure 4.4(b) shows the locations of
the remaining protected residues on the surface of the CCL5 tetramer. It is evident that the
binding surface identified by protection of these residues from hydroxyl radical footprinting
agrees very well with that of the cross-saturation data. The hydroxyl radical footprinting data

was able to probe the heart of the dimer-dimer interface as shown in Figure 4.4(b).

92



(a) (b)

o sq‘.éf,)- -
" N-termings
. A

T TR ; ) C-terminus N-terminus

e S — g
g : > : ¥,
S I - e
b ~% 5
< . Jo(® . X
3 3 g A EA X N-terminus
=3 - C)

- e | B >

& > -’ ol e - Sterminus
2 i J X B A N
z « E6ES pH 4.5 t J l‘ f?‘ - 41 -~
= WT pH 4.5 L e P >
= N-terifus \ : .\.4’/.,’
s o :
% "
o
R
o
R

C-terminus

CCLS residues

Figure 4.4. Identification of Dimer-Dimer Contacts from Hydroxyl Radical Footprinting.
(a) Plot of residue-specific hydroxyl radical modification percentage for WT and E66S CCLb5.
The degree of modification is analyzed at the peptide level and the major sites of oxidation are
identified at the residue level for each peptide. Residues identified as being protected from
modification are indicated. (b) Surface plot of the CCL5 tetramer with residues identified as

being in the tetrameric interface (residues 26-29, 41, 61, 62, 67, and 68) colored orange.

Formation of Higher-Order Oligomers

The tetramer model in Figures 4.2-4.4 is one that leads naturally to the formation of
higher order oligomers. Use of the residues of one monomer in the dimer leaves those residues of
in the second monomer of the dimer open to interactions that propagate the structure to linear
polymers of even order (hexamers, octamers, etc.). Native spray MS on WT CCL5 at pH 4.5
indicates the presence of higher oligomers (Figure 4.5). MS requires much lower concentration
than NMR. The ability to use lower concentrations (~10 uM) causes less aggregation of CCLS5 in
solution; however, the loss of solvent from electrospray droplets is known to promote and allow
detection of oligomers that normally form at higher concentrations. In addition to large amounts

of monomer and dimer, significant amounts of tetramer, hexamer, and octamer are detected, but
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no trimer, pentamer, or heptamer. Monomer is abundant because the concentration used is close
to that of the Kd of the dimer [131, 149]. Our results indicate the higher-order oligomers are a
result of a concatenation of the dimer structure, rather than the oligomerization of the monomer
structure (resulting in odd-numbered oligomers), or oligomerization of the tetramer (which
would not form hexamer). Hydroxyl radical footprint of both WT and E66S mutant CCL5 at pH
7 (Figure 4.6) showed further support for the oligomerization through the dimer subunit. An
overall increase in protection is observed, possibly due to the decrease in monomer content and
in the percentage of exposed dimer ends as the oligomers grow larger. More importantly, the
highest percentage increase in protection is observed on peptide 22-33 that contains several
residues suggested to comprise the dimer-dimer interface of the tetramer. The residues involved
in the tetramer interface (26, 27, 28, 67, and 68) are contained in the two peptides that experience
the largest change in the amount of oxidation, when comparing mutant and WT at pH 7. If you
compare the same peptides in the WT sample, the tetramer interface residues experience
approximately a 34% (26, 27, 28) and 57% (67, 68) decrease in oxidation at pH 7 versus pH 4.5

(Figure 4.4).
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Figure 4.5. WT pH 4.5 Native Spray Mass Spectrometry Data. Native spray mass spectrum
of WT CCL5 (10 uM) at pH 4.5. Even-numbered oligomers from dimer to octamer are observed,

indicating that the oligomer is built from a concatenation of dimer subunits.
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Figure 4.7. Extended Octamer Model. Surface plot of the CCL5 octamer model with residues
pertured by GAGs (residues 44-48, 55, and 56) colored red and CCR5 contact residues at pH 6
(residues 16, 17, 21, and 23) colored blue. The N terminus of CCL5 (colored yellow) is

perturbed by GAGs and binds to CCR5 in the CCL5 monomer.
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The octamer model in Figure 4.7 was constructed by joining four dimers using the same
interface contacts identified in the tetramer. The type of interaction employed should normally
propagate indefinitely. Native spray MS of WT CCL5 at pH 7 reveals a very broad, unresolved
peak consistent with the presence of very large, highly charged and heterogeneous oligomers
(Figure 4.8), supporting the idea that the dimers propagate indefinitely to point where MS
cannot resolve the individual oligomers. Furthermore, an image of the large oligomers could be

visualized using electron microscopy.
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Figure 4.8. WT pH 7 Native Spray Mass Spectrometry Data. Native spray mass spectrum of

WT CCL5 (10 uM) at pH 7.

Electron Microscopy
Electron microscopy (EM) was employ in an attempt to visualize the predicted pH-
induced oligomers. The samples were stained using a tungstate based dye to scatter imaging

electrons. Most biological materials are nearly “transparent” to the electron beam; staining the
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sample adds electron density which results in more interactions between the electrons in the
primary beam and those of the sample, which provides contrast in the resulting image. Initially
the 100 uM WT CCLS at pH 7 was prepared for viewing by EM. It was apparent that analyte
was on the sample grid; however, the EM image appeared to contain analyte that was too densely
packed to resolve (Figure 5.3c). A 10-fold dilution of the WT pH 7 sample solution allowed
much better resolution and representative EM images are found in Figure 4.9. Imaging of the pH
7 buffer resulted in no fibrous material (Figure 4.9(a)). A gallery of images of WT CCL5 at pH7
under identical conditions from a single grid is presented in Figure 4.9(b-g). Figure 4.9(b)
shows the presence of resolved fibers in the 10 uM WT CCLS5 sample at pH 7. Figure 4.9 c-g
represent progressively smaller scales; therefore, zooming in on the detected fibers. The linear
bundle of fibers in the images is actually multiple oligomers parallel to each other and can be
clearly visualized in Figure 4.10. The presence of the bundles is perplexing; using the techniques
employed in the study of CCL5 oligomerization there would be no way to predict what we see in
the EM images. This is an exciting find; however, further investigation will be needed to
determine the significance of the bundle of fibers formed by CCL5 under these conditions. The
biological concentration of CCL5 is likely higher than 10 uM leaving us unable to conclude

exactly how large the CCL5 oligomers can grow or predict the size of the bundles formed.
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Figure 4.9. Electron Microscopy Images of Buffer and WT CCLS5 at pH 7. (a) Buffer at pH
7, bar = 20 nm. The remaining electron microscope images are taken of 10 uM WT CCLS5 at pH

7, bars = (b) 1 um, (¢) 0.2 um, (d) 100 nm, (e) 50 nm, (f) 20 nm, and (g) 10 nm.

100



Using Figure 4.9(g) to measure the width of the oligomers, one oligomer is measured to
be roughly 3 nm across and fibrous bundles are more than 1 pm throughout the sample. The
length of the oligomers are much larger than initially expected and suggests the reason behind
the unresolved mass spectrum of WT CCL5 at pH 7 (Figure 4.8). The EM images largely
support our data that hypothesizes long fibrous assemblies of CCL5 dimers at pH 7.
CONCLUSIONS

The compelling oligomerization model presented was generated by integrating
complementary data from multiple techniques, including existing crystal structure dimers,
solution NMR, SAXS data, native spray MS, and MS hydroxyl radical footprinting. The results
conclude that CCL5 is capable of forming oligomers without changing its dimeric structure or
orientation of a C,y symmetry axis. The resulting model is elongated, providing a mechanism for
propagating dimer-dimer interactions indefinitely resulting in long, linear polymeric chains.
Electron microscopy confirmed the elongated assembly of CCL5 into fiber-like structures.
Molecular Basis for the Dimer-Dimer Interaction

The residues in the dimer-dimer interface were identified through a combination of
hydroxyl radical footprinting and NMR cross-saturation data. The interface primarily involves
contacts between residues 25 and 30 in the second B stand and the residues at the C-terminal
helix of one monomer of one dimer and similar residues in the neighboring dimer. The interface
contact surface involves both hydrophobic and electrostatic interactions. Aromatic ring-stacking
interactions in the middle of the interface occur between Y27s on separate dimer units. F28
provides further hydrophobic interaction surface by making cross-unit contacts with L65 and 162
on the C-terminus (Figure 4.10(a)). An intermolecular salt bridge between K25 on one dimer

unit and E26 from neighboring unit stabilizes the interface. Additional salt bridges could be form

101



between K25 and E66 and R44, which are positioned closely to K25 as well (Figure 4.11(b)).
Furthermore, the involvement of E66 and E26 in the oligomerization interface provides a
rationalization for the mutants, the change these residues to serine or alanine, to have less

propensity for oligomerization [134].

Figure 4.10. CCL5 Dimer-Dimer Interface Details. (a) Details of inter-dimer hydrophobic
interactions formed by Y27, F28, 162 and L62. (b) Electrostatic interactions at the dimer-dimer

interface. K25, E26, E66 and R44 form pairs of electrostatic bonds.

Predicted Interactions with GAGs

GAG binding is important in leukocyte migration; therefore, it is appropriate to
investigate how the proposed oligomer model will interact with GAGs. Residues K44, K45, N46,
R47, and to a lesser extent K55 and K56, highlighted red in Figure 4.7, are the most prominent
residues involved in GAG binding. Notably, Figure 4.7 shows these residues are all solvent

accessible and form a linear arrangement along the CCL5 oligomer to where the GAG could
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bind. Additionally, the linear arrangement offers explanation for GAG-promoted chemokine
oligomerization [150, 151]. In the absence of GAG the electrostatic repulsive force would keep
the CCL5 oligomer size small; however, the negatively charged sulfated GAGs would bind and
neutralize the repulsive forces between dimers, increasing aggregation propensity. This may
account for the ability of even low molecular weight GAGs to cause aggregation [151, 152].
GAG polymers have the ability to bridge binding sites on multiple chemokine subunits
stabilizing the oligomers through avidity, somewhat akin to molecular Velcro.

Simultaneous Interaction with Chemokine Receptors and GAGs

CCLS5 residues involved in binging to CCR5 have been identified by chemical shift
perturbation from titrations with a CCR5 N-terminal peptide. CCR5 peptide has a stronger
interaction with CCL5 monomer at low pH (3.8). The residues involved in the monomer-
monomer interface of the dimer are among the most strongly perturbed [149], which is consistent
with the monomer involvement in activation of CCR5 at low concentrations. Conversely, at pH 6
oligomers can interact with CCR5 at high concentrations and the perturbed residues shift to
residues 16, 17, and 23. In Figure 4.7 these residues are colored blue and are fully accessible for
receptor interaction in our proposed oligomer.

Although never experimentally demonstrated, our model suggests mechanisms for
chemokines immobilized on the cell surface to simultaneously interact with receptors and GAGs.
Figure 4.7 shows the GAG-binding residues and CCR5-interacting residues occupying separate
regions of the CCL5 oligomer model, suggesting simultaneous interactions via the same area of
the oligomer or on different blocks of the polymer. The linear arrangement of the binding sites
could promote diffusion of leukocytes along the CCL5 polymer. One-dimensional diffusion

offers eminent advantages over multi-dimensional diffusion and is exploited by many other
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cellular contexts [153, 154]. Thus, facilitated diffusion on GAG chains could be effective in cell
migration.
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CHAPTER 5
STRUCTURAL INVESTIGATION OF CCL5/RANTES INTERACTION WITH
GLYCOSAMINOGLYCANS

ABSTRACT

CCLS5 is a chemokine expressed by T-cells that is important for targeting sites of tissue
injury, infection, and certain types of tumor metastasis. By interacting with sulfated
glycosaminoglycans (GAGs) on cell surfaces, CCL5 controls cell migration by chemotactic
signaling. The binding site of CCL5 for GAGs establishes a concentration gradient used for
chemotactic migration. Biological importance and potential therapeutic targets of chemokine-
GAG interactions has motivated studies to define and characterize the structure, affinity, and
interactions. By combining dynamic light scattering, electron microscopy imaging, and hydroxyl
radical footprinting, we plan to investigate CCL5 dimer (E66S CCL5 exists mostly as a dimer)
both in the presence and absence of the three GAGs to characterize the interactions.
INTRODUCTION

In addition to CCL5 oligomerization discussed in the previous chapter it is important to
investigate CCL5-GAG interactions. It is becoming apparent that the complete function of the
chemokine system requires dynamically changing structures and interactions including
chemokine oligomer association and dissociation, binding to GAGs and receptors, and possibly
receptor oligomerization. In addition to interactions with chemokine receptors, some if not all

chemokines have essential interactions with GAGS.
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Structurally, it is not surprising that chemokines bind to GAGs. Most chemokines are
highly basic proteins with many arginine, lysine, and histidine residues on their surfaces,
resulting in high positive charge at physiological pH. The positively charged protein, therefore,
favorably interacts with negatively charged GAGs rich in sulfate groups. The charge interaction
implies a non-specific electrostatic chemokine-GAG interaction; however, previous research
suggests that there is specificity [155, 156]. For example, while CCL5 does not have the highest
affinity for cation exchange resin, compared other CC chemokines it binds the tightest to heparin
sepharose beads [157], evidence for selectivity.

The importance of chemokine-GAG interactions were initially supported by studies that
demonstrated binding of chemokines to purified GAGs in vitro [158], and to endothelial cell
surface GAGs in vitro [159] and in vivo [160]. The biological relevance and selectivity of
chemokine-GAG interaction was compellingly illustrated with chemokine variants (CCLS5,
CCL2, and CCL4) that had mutations to inhibit their heparin binding ability, but only minimally
perturbed their ability to bind to their respective receptors and promote cell migration in vitro.
However, the mutants were unable to induce cell migration in vivo like their WT counterparts,
demonstrating GAG interactions are essential for full in vivo activity [67]. Most of the
chemokine-GAG systems show that minimally the interaction provides a mechanism for
chemokine localization and concentration on the cell surfaces, which provides guidance cues for
migrating cells. Without the interactions a rapid diffusion of chemokines would occur, dissolving
directional gradients, and resulting in chemokine concentrations lower than needed to activate
receptors.

In an attempt to determine GAG binding sites on the surface of chemokines, basic

residues with linear sequence motifs such as BBXB (where B is a basic residue) were mutated,

106



and heparin binding effects in vitro were evaluated. Proudfoot et al. determined residues R44,
K45, and R47 of CCL5/RANTES are involved in the heparin binding site [157]. However, many
chemokines oligomerize on GAGs, suggesting the GAG binding epitopes could be significantly
larger and more distributed in higher order oligomeric structures [124]. Several tetrameric
structures of chemokines have been crystalized [121, 122, 124, 127], and once the GAG binding
site were mapped onto the tetramer structures, it could be suggested that oligomerization might
increase the chemokine affinity for GAGs by providing more surface area for binding. Another
notion suggests different types of GAGs, which are extremely heterogeneous, may induce
different chemokine structures, which could contribute to the specificity [161]. Oligomerization
could also cause or be required of simultaneous receptor and GAG binding; simultaneous
binding is not currently known, but the extended CCL5 oligomer forms in such a way that
residues for both receptor and GAG binding are aligned linearly on the surface of the oligomer
[162].

CCLS5 has shown great selectivity for different GAG families, because the affinities for
heparin and chondroitin sulfate differ by three orders of magnitude [159]. The differing affinities
introduce a level of selectivity that is only beginning to be explored by in vitro binding and
activation assays. Since chondroitin sulfate (CS) is known to bind to CCL5, and the capture and
purification of homogeneous CS hexamers was previously describe [163, 164], we sought to
structurally investigate CCL5’s interaction with three homogeneous GAGs, an ARIXTRA-like
heptamer (Figure 5.1a), and 4,4,4- and 6,4,4-sulfated chondroitin sulfate (Figure 5.1b and c).
Exploring the difference in binding using the homogeneous ligands will allow us to determine if

the sulfation pattern or amount of sulfation affects binding.
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E66S mutant of CCL5 does not form higher order aggregates at micromolar
concentrations, existing mostly as a dimer at pH 4.5. Exploring GAG interactions with E66S
mutant should allow determination of changes involved with ligand binding alone and not GAG
induced oligomerization. By combining light scattering data, electron microscopy imaging, and

mass spectrometry techniques, we seek to characterize GAG interactions with CCL5.
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Figure 5.1. Structures of Glycosaminoglycans. Structures of ARIXTRA-like heptamer (a),
6,4,4-sulfated (b) and 4,4,4-sulfated (c) chondroitin sulfate.
MATERIALS AND METHODS
Materials

ARIXTRA-like heptamer was donated courtesy Professor Jian Liu at UNC-Chapel Hill.
Chondroitin sulfate-A sodium salt from bovine trachea, hyaluronidase from sheep testes type V,

Sephadex G-15 resin (fractionation range of dextrans < 1.5 kDa), Dowex 50WX8-100 ion-
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exchange resin, acetonitrile, catalase from bovine liver, ammonium bicarbonate, and L-glutamine
were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Bio-Gel P-10 gel
resin (fractionation range of dextrans from ~1.5 to ~20 kDa) and polypropylene chromatographic
columns (1.5 x 120 cm for size-exclusion chromatography, and 50 x 1.0 cm for desalting) were
obtained from Bio-Rad Laboratories (Hercules, CA). 30% hydrogen peroxide and formic acid
were purchased from J.T. Baker (Phillipsburg, NJ). Methionine amide (MA) was purchased from
Bachem (Torrace, CA). Dithiothreitol (DTT) was purchased from Fisher Biotech (Fair Lawn,
NJ). Sequencing grade modified trypsin was purchased from Promega Corporation (Madison,
WI). Purified water (18 MQ) was obtained from a Milli-Q Synthesis system (Millipore, Billerica,
MA). All chemicals were used without further purification unless noted.
Expression of and E66S CCL5

E66S mutant was expressed in E. coli using a pET23a vector with conventional *NH,CI
or “*“NH,CI containing M9 media for labeled and unlabeled CCL5. They were purified according
to Czaplewski et al. [134]. Briefly, inclusion bodies of CCL5 were solubilized in 6 M guanidine
hydrochloride and purified on a Superdex 75 column. Purified protein was then subjected to fast
dilution refolding with refolding buffer consisting of 100 mM Tris, pH 8.0, 100 uM reduced
glutathione and 10 puM oxidized dimeric glutathione. The refolded protein was then dialyzed
against 0.1% TFA and purified further using strong anion exchange chromatography.
Preparation of 4,4,4- and 6,4,4-Sulfated Chondroitin Sulfate Hexasaccharides

CS hexasaccharides were prepared as previously described [164]. Briefly, hyaluronidase
(11.5 mg) was used for glycosidic bond cleavage of chondroitin sulfate-A (153 mg) in buffer (50
mM sodium phosphate, 150 mM NaCl, pH 6.0) at 37 °C for 48 hours. The depolymerized

samples were subjected to size exclusion chromatography on a Bio-Gel P-10 column using 1 M
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NaCl containing 10% ethanol as the mobile phase to obtain oligosaccharide fractions with
uniform length. The fraction containing hexasaccharides was concentrated, re-suspended in 2 mL
of nano-pure water for desalting on a Sephadex G-15 column using nano-pure water mobile
phase, and lyophilized. The desalted, dried hexasaccharide sample was reduce to corresponding
galactitol forms (-ol) using an equivalent weigh of sodium borohydride (NaBH,) in 2 mL water
for 3 h. The reduction reaction was stopped by adding a molar equivalent of acetic acid and
incubating in an ice bath for 1 h, followed by desalting on a Sephadex G-15 column and
Iyophilization [164]. The reduced hexasaccharide fraction was further separated by strong anion
exchange (SAX) chromatography using a linear gradient of NaCl (10 mM/min) in H,O (pH 5.0).
Previous work by Huang et al. [163] and Pomin et al. [164] were consulted to determine the
SAX chromatography peak that corresponds to the hexasaccharides of interest. NMR by
Younghee Park determined that each chondroitin sulfate ligand was pretty pure.
Dynamic Light Scattering

A DynaPro NanoStar system (Wyatt Technology Corporation, Santa Barbara, CA) was
used to conduct all dynamic light scattering (DLS) measurements. The DLS is equipped with a
658 nm laser. All samples were prepared at 100 uM and the measured sample was held at 25 °C
by a temperature controlled sample holder and allowed to equilibrate for 60 seconds prior to
analysis. Each size measurement was determined from 20 scans, 5 seconds per scan. All DLS
data were collected and analyzed using DYNAMIC V6™ Software — Version 6.3.01. All
reported particle radii are calculated from intensity based particle size distributions.
Electron Microscopy

Electron microscopy (EM) was performed and images were captured by Hong Yi and

Elizabeth Wright at the Robert P. Apkarian Integrated Electron Microscopy Core at Emory
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University using a JEOL JEM-1400 Transmission Electron Microscope. WT CCL5+ARIXTRA-
like heptamer at pH 4.5 samples were prepared at 10 and 100 uM protein concentrations with
120% heptamer. In each case, a carbon grid was placed face down onto 5 pL of sample on a
piece of laboratory film for 1 — 3 minutes, the grid is blotted with filter paper, placed on a drop
of 1% phosphotungstic acid (PTA) negative staining dye for 30 seconds, and blotted again. The
resulting grid is ready for EM imaging.
Hydroxyl radical footprinting MS

Samples of *N-labeled E66S mutant CCL5 (20 pM or 100 pM) in acetate buffer (pH
4.5) containing 100 mM H,O; with 20 mM glutamine to limit radical half-life were flowed
through the beam path of a KrF laser at 248 nm, and pulsed so that each segment of sample was
irradiated with a single ~20 ns UV pulse with a small buffer region between irradiated segments
to help account for sample diffusion and laminar flow effects. The oxidation was immediately
quenched using methionine amide (0.5 pg/ul) and catalase (0.5 pg/uL). Prior to trypsin
digestion, unoxidized and unlabeled E66S mutant (approximately equimolar) was added to the
corresponding irradiated samples to serve as an internal standard for quantitation. Ammonium
bicarbonate (50 mM) and DTT (5 mM) were added to the CCL5 samples (25 pL) and the
samples were incubated at 55°C for 3 hours to denature and reduce the protein, respectively.
Sequencing grade modified trypsin was added (0.2 pg/uL) and incubated at 37°C for 48 hours
while rotating to digest the protein samples. Tryptic peptides were analyzed in triplicate by
UPLC-MS using a Waters Synapt G2 mass spectrometer to quantify the change in oxidation
using the percent fractional oxidation. MS was used to quantitate the unmodified, unlabeled
peptide peak to unmodified, *°N labeled peptide peak for each tryptic peptide, and the fractional

oxidation was calculated from the reduction of signal for the unmodified peptide in the oxidized
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sample relative to that for the identical light isotopomer in the internal standard. LC-MS/MS on a
LTQ-FTMS of oxidized peptides was used to manually identify sites of oxidation.

RESULTS AND DISSCUSSION

Dynamic Light Scattering

Dynamic light scattering (DLS) is a relatively fast method of characterizing biomolecules
to determine size distribution of small particles in solution [165]. DLS can be used to distinguish
between a homogeneous monodisperse and an aggregated sample. DLS detects the fluctuations
of scattering laser light intensity due to Brownian motion of molecules in solution. DLS data
primarily yield diffusion coefficient distributions of particles, which can be processed into
distributions of hydrodynamic radius [165]. Hydrodynamic radius or “size” refers to the radius of
a particle modeled as a sphere that diffuses in solution. Molecular weight calculations are based
on a spherical model, which does not accurately represent the elongated structure of larger CCL5
oligomers.

While dynamic light scattering is capable of distinguishing between monomer or dimer, it
is unable to resolve monomer from small oligomers. In general two different species must differ
in hydrodynamic radius by a factor of 2 or more to be resolved into separate peaks. To our
advantage in the case of CCL5, a factor of 2 in radius corresponds roughly to a factor of 8 in
molecular mass. Typically monomer to octamer will be merged into one average peak, allowing
detection of very small amounts of higher mass aggregates. DLS should not be used to quantitate
the amount of any aggregates but rather used as a technique for relative comparisons.

DLS was used to estimate the size and distribution of aggregates in various CCL5
samples. The results in Figure 5.2 show the hydrodynamic radii for E66S at pH 4.5, pH 7,

+CS4,4,4, and +CS6,4,4, correspond to a calculated molecular weight of 19, 16, 19, and 17 kDa,
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respectively; the molecular weight of CCL5 dimer is ~16 kDa. Dynamic light scattering (DLS)
data suggests CCL5 in the presence of CS ligands does not induce oligomerization; therefore,
changes in oxidation identified by hydroxyl radical footprinting (HRF) should be a result of
ligand binding only and not ligand induced oligomerization. Addition of the ARIXTRA-like
heptamer to E66S mutant or WT CCLS5 results in a cloudy solution that is unable to be
investigated by DLS. The DLS data for the WT samples suggests what was determined in the
Chapter 4, which is that WT CCL5 forms mostly tetramer at pH 4.5 and higher order aggregates
at pH 7. As mentioned previously, the molecular weight attributed to WT CCL5 are not
completely accurate because molecular weight is calculated based on a spherical model and we
have determine that CCL5 oligomerizes in an extended linear fashion.

When the ARIXTRA-like heptamer is added to E66S CCLS5, the protein solution
immediately turns cloudy. DLS requires particles to be randomly diffusing through the solution;
therefore, the point where sedimentation of the particle dominates the diffusion process creates
an upper size limit on DLS analysis. The presence of a few large particles or ‘dust’ can cause the
scattering intensity to fluctuate significantly resulting in unusable measurements. In the case of
100 uM E66S CCLS5 protein plus excess heptamer, very large protein aggregates are formed that
should not be removed from the sample for analysis because aggregate size is of interest. The
scattering intensity is proportional to the square of the molecular weight, and as the molecular
weight of the aggregate increases the scattering intensity increase to a point that it cannot be
accurately detected by the DLS instrumentation used here. A 10-fold dilution of the 100 uM
sample still resulted in a turbid solution. The turbid protein — ligand solution scatters the laser
light like ‘dust’ particles resulting in the software halting the analysis suggesting the aggregates

in the solution are greater than the 1 um radius, the upper size range limit for the DynaPro Star.
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Dynamic Light Scattering Analysis of CCL5 Oligomerization

100
Sample R (nm) MW (kDa) % Mass

E66S pH4  39.9 187770  7.32E-03
90 213.8 952673  5.99E-04
E66S pH7  143.9 377029  4.77E-05
WTpH 4 90.5 127368  1.93E-02
80 WTpH 7 29.4 222845  2.74E-01 °

16 kDa E6654C5444 228 5070 3.00E-03
19 kDa 1745 592080  6.92E-08
7 19 kDa E665+CS644 282.8 1833100  4.89E-08
60 —E66S pH4
% —E66S pH7
2 286 kDa —WT pHa
R 2735kDa

N 17 kDa —WT pH7
\ \ —E665+C5444

50 \ \ —EB65+C5644
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Figure 5.2. Dynamic Light Scattering Analysis of CCL5 Oligomerization. Distribution of the
hydrodynamic radius of E66S at pH 4.5 (black), E66S at pH 7 (red), WT at pH 4.5 (dark blue),
WT at pH 7 (light blue), E66S5+CS4,4,4 (green), and E66S+CS6,4,4 (purple). Percent mass was
normalized using the sum of the total mass. Tabular insert lists other detected oligomers that

represent <1% of the sample by mass.

Electron Microscopy

The ARIXTRA-like heptamer caused both E66S mutant and WT CCLS5 solutions to
become cloudy suggesting aggregation; therefore, electron microscopy imaging was used to
visualize the structure of CCL5 in presence of the heptamer. Looking at the WT + heptamer
image (Figure 5.3b) compared to the negative control buffer pH 4.5 image (Figure 5.3a), it is

apparent that some higher order structure exists for WT CCLS5 in the presence of the ARIXTRA-
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like heptamer. The EM image of 100 uM WT CCLS5 at pH 7 in Figure 5.3c looks similar to the
EM image of 10 uM WT CCLS5 + heptamer at pH 4.5 in Figure 5.3b. The 100 pM WT image at
pH 7 indicates the presence of higher order oligomers; however, it is so densely packed at this
concentration that the oligomers cannot be resolved. As mentioned in the Chapter 4, the WT
CCL5 oligomers could be resolved at 10 pM protein concentration (Figure 4.10). Therefore, it is
possible that the ARIXTRA-like heptamer induces oligomerization to such an extent that 10 uM
protein concentration is too high to resolve the oligomers because they are so densely packed on

the EM grid.
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Figure 5.3. Electron Microscopy Images. (a)EM image of pH 4.5 buffer. (b)EM image of 10
uM WT CCLS5 plus 12 uM ARIXTRA-like heptamer, and (c) 100 uM WT CCLS5 at pH 7, bars =

20 nm.
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Hydroxyl Radical Footprinting: E66S with Chondroitin Sulfate Ligands

Initially in 2009 the chondroitin sulfate hexamer binding to CCL5 was of interest to Dr.
Prestegard’s NMR group. A crystal structure of CCL5 dimer complexed with a heparan sulfate
dimer was examined by X-ray crystallography, but NMR data with CCL5-chondroitin sulfate
hexamer suggests the heparan sulfate dimer is too small to be biologically relevant. Figure 5.4
shows the NMR HSQC data illustrating the oligomerization of E66S CCLS5 in the presence of
CS6,4,4 ligand (top), and the inability to obtain useful binding information on the CS6,4,4 ligand
using NMR,; therefore, the CCL5-CS ligand interaction was investigated using hydroxyl radical

footprinting.
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Figure 5.4. NMR HSQC Data of E66S CCL5 — CS Ligand Binding.
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The NMR experiments were performed at 100 uM protein concentration; however, HRF
experiments do not need protein concentrations that high. By working at between 10 — 20 uM
protein, hopefully, the oligomerization induced by the CS6,4,4 binding would be reduced and
allow the binding site of CS ligand to be mapped to CCL5 dimer; E66S mutant CCLS5 is a non-
aggregating mutant at micromolar concentrations and at pH 4.5 exists mostly as a dimer. Figure
5.5 represents the initial HRF data obtained using the E66S CCL5 and CS ligands given to us by
the NMR group. The data in Figure 5.5 agrees well with the NMR data. CS4,4,4 shows slight
protection from oxidation at peptides 1-22, 23-34, and 34-44; however, CS6,4,4 shows an overall
protection from oxidation at each tryptic peptide. Peptide 34-44 experiences a significant
decrease in the amount of oxidation, suggesting very tight binding. The negative number is a
result of the initial *°N to *N ratio in the control and the normalization. The average *°N to N
ratio of each peptide in the control sample is 1.880. To get the fraction oxidized for each peptide
in graph the following formula was used: 1- ((N15 peak intensity/N14 peak intensity)/1.880).
The lack of oxidation at peptide 34-44 suggest very tight CS6,4,4 ligand binding in that region of

the protein.
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Figure 5.5. Initial CCL5-CS Ligand Binding Data.

However, shortly after the data presented in Figures 5.4-5.5 was obtained, it was
determined that the previous CS6,4,4 ligand was not a pure sample. Pure CS hexamers are hard
to obtain due to the tightly spaced peaks when collecting aliquots from the strong anion
exchange chromatography. Three different samples of apparently pure CS6,4,4 and CS4,4,4
hexamer samples have been used for further investigation of the CCL5-CS ligand binding.
Figure 5.6 is fairly representative of all the data obtained while studying the CCL5-CS ligand
binding. Over technical triplicates there is no statistical difference in the amount of oxidation at
any tryptic peptide of CCL5. Several changes have been made to the irradiation protocol, such as

using one laser shot for irradiation instead of the flow system to lower the overall oxidation,
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increasing the radical concentration for more protein oxidation, and increasing the protein
concentration to more closely match that of NMR concentrations; however, most of the results
resemble those found in Figure 5.6.
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Figure 5.6. Representative HRF Data for CCL5-CS Ligand Binding.

Of mention angiotensin peptide was added to each protein solution as a dosimeter to
monitor the radical dose in each protein solution. If the angiotensin under each condition is
oxidized to the same extent, the results of the footprinting data are due to differences in protein
solvent exposure and not radical dose. Angiotensin oxidation has been statistically the same for

each oxidized replicate in all the experiments shown or mentioned (data not shown).
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Of all the HRF data gathered for the CCL5-CS ligand project, there was one set of
promising data from one experiment. The two of the three previously determined residues
involved in heparin binding are located in the third tryptic peptide (peptide 35-45) graphed in
Figure 5.7a. Interestingly, the third peptide is one of two peptides that experience a statistical
difference in the amount of oxidation for the two CS ligands. Peptide 35-45 is more protected
from oxidation in the presence of the CS4,4,4 than the CS6,4,4 hexamer. The HRF data suggests
that CS4,4,4 hexamer binds more tightly to E66S CCL5. In some of HRF experiments the
CS4,4,4 ligand seems to bind more tightly or result in more protection from oxidation than the
CS6,4,4 ligand which does not agree with the NMR data. NMR HSQC data from CS ligand
titrations with CCL5 corresponds to dissociation constants of 45 uM and 20 uM for CS6,4,4, and
CS4,4,4 ligands, respectively (data not shown).

E66S CCL5 also experiences slightly less oxidation at peptide 23-34, second tryptic
peptide, in the presence of CS4,4,4. Both peptide 23-34 and 35-45 experience differences in
oxidation between each ligand are in the same region of the protein that is protected from
oxidation by oligomerization. Since DLS data suggests that the CS ligands do not induce
oligomerization of E66S CCLY5, the results are must be due to changes in solvent accessibility of
the peptides. Preliminary molecular modeling data (Figure 5.7b) done with fully flexible
CS4,4,4 docked on to CCL5 dimer using AutoDock Vina [166] shows the hexamer flexibility in
the groove of the dimer. Each hexamer color represents one of the top five positions determined
by molecular modeling. If the hexamer position shown in green in Figure 5.4b is real, that

particular position of the hexamer would cause protection from oxidation in peptide 23-34.
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a Hydroxyl Radical Footprinting of E66S mutant CCL5+CS

4.5

.........

Fraction oxidized compared to ES at pH

CCLS residues

Figure 5.7. CCL5 Dimer-Chondroitin Sulfate Ligand Interaction. (a) HRF data showing the
faction oxidized compared to E66S at pH 4.5 £ 200% CS ligands for each CCL5 tryptic peptide.
(b) Top five poses for docking fully flexible CS4,4,4 on CCL5 dimer using AutoDock Vina

[166]. Residues affected by NMR chemical shift perturbation shown in red. Each of the top five

positions is designated by different colored hexamers.

The peptides most protected from oxidation are the same peptides that experienced a
decrease in oxidation due to oligomerization. E66S CCL5 was used for initial experiments
because it does not oligomerize; however, it is possible that the CS ligands bind differently to the
CCL5 dimer than the CCL5 tetramer or higher oligomers. We have begun to investigate CS
ligand binding with WT CCL5 in hopes of gathering a more comprehensive idea about how
CCLS5 interacts with chondroitin sulfate hexamers.

Considering the data presented and discussed in this section, we must consider the
possibility that HRF is not the ideal method for studying CCL5 — chondroitin sulfate binding.
CCL5 binding shows the widest discrimination between GAGs; CCL5 binds to chondroitin

sulfate with the lowest affinity when compared to heparin, heparan sulfate, and dermatan sulfate
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[159]. The chondroitin sulfate hexamers likely do not bind tightly enough to CCL5 to study
using HRF. HRF is not the ideal method to probe arginines and lysines because they do not react
very readily with hydroxyl radicals. Therefore, if the ligand binding does not involve more than
the three residues mentioned, the likelihood of HRF detecting the change in oxidation is low. If it
is known that two arginines and one lysine is involved in heparin binding and the same residues
are expected to be involved in CS binding, other labeling techniques can be used. HDX can be
used to determine the binding constant and the protein-ligand interactions [19]. There are five
lysines in the CCL5 sequence that are available for acetylation to map CS ligand binding [167].
The CCL5 sequence contains five arginines that can be chemically modified to probe the ligand
binding pocket [168]. Chemically modifying arginines and/or lysines may be better probes for
mapping CCL5-CS ligand binding residues.
Hydroxyl Radical Footprinting: E66S with ARIXTRA-like heptamer

Mixtures of heterogeneous aggregates are not conducive to DLS or NMR analysis, but
HRF technique is capable of analyzing such mixtures and was used to assess the differences in
oxidation caused by the heptamer. We analyzed two concentrations of E66S CCL5 with
heptamer (Figure 5.8). At 20 uM protein (Figure 5.8a), each detected tryptic peptide
experiences protection in the presence of the heptamer. However, at 100 uM protein (Figure
5.8b) only two of the peptides experience a statistical difference in the amount of oxidation. Of
note, the two peptides at 100 uM protein that show a difference in the amount of oxidation are
the same two peptides that are most protected from oxidation by the heptamer at 20 uM protein.
There are three possibilities to explain the changes in the amount of oxidation detected. First,
since no changes in oxidation were seen with ligand binding in the previous section, the changes

in oxidation could be due to the induced oligomerization and not directly attributable to ligand
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binding. Second, the heptamer could be binding tighter to CCL5 than the CS ligands, and the
tighter binding might have a larger effect on the footprinting results. Finally, the most likely
explanation is the combination of induced oligomerization and tighter ligand binding are causing
the changes in the amount of oxidation when the heptamer is present. A trend exists in the HRF
data of the heptamer; however, further experiments are required to draw conclusions about

CCL5-heptamer binding.
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Figure 5.8. HRF of E66S CCL5 with ARIXTRA-like Heptamer. Fraction oxidized of 20 uM

(a) and 100 uM (b) E66S CCLS5 oxidized £ 120% heptamer is plotted.
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CONCLUSIONS

After years of work on the CCL5 — ligand project, it has become apparent that hydroxyl
radical footprinting is perhaps not the best protein residue probe for this particular system.
Because heparin binds more tightly to CCL5, HRF could be a better probe for the CCL5 —
heparin system. For future studies involving CCL5 — ligand binding, other protein residue probes
should be investigated and quantified to determine the best labeling process for the system.
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CHAPTER 6
CONCLUSIONS

Hydroxyl radical protein footprinting (HRF) is a robust, reproducible, and flexible
method making it a promising structural analysis technique to complement the traditional high
resolution techniques, X-ray crystallography and NMR. The present work demonstrates a novel
method for producing hydroxyl radicals for protein footprinting, and the diversity of HRF by
investigating the structure of an important biological chemokine and unveiling HRF’s potential
to determine conformation quality of protein pharmaceuticals.

Hydroxyl radical protein footprinting is based on the idea that the radicals must be
produced and react with the protein of interest before large scale protein motion or oxidatively
induced conformational changes can occur. Fast photo-oxidation of peroxide (FPOP) is one
readily used technique to produce hydroxyl radicals for protein footprinting because of its fast
nature; however, the presence of hydrogen peroxide can cause several conformational problems
with the protein. The development of a peroxide-free technique that produces hydroxyl radicals
on a submicrosecond time scale extends the applicability of HRF technique and allows peroxide-
sensitive proteins, such as metal-binding proteins, to be studied while still providing extensive
labeling of the native protein conformation.

With an increasing number of therapeutic proteins coming off-patent and the
development of follow-on formulations of protein pharmaceuticals, methods for fast
conformational analysis of biosimilars are required. Generation of an abbreviated hydroxyl

radical protein footprinting technique allowed us to conformational compare a brand name
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pharmaceutical, Neupogen®, to expired recombinant GCSF samples; additionally,
conformational variation were determined for different samples of erythropoietin and interferon
a-2A. HRF uses picomoles of sample for analysis and is an attractive technique for structural
characterization during the production stage, as well as final quality control.

The ability to automate the HRF analysis prior to MS injection would greatly reduce the
sampling time and increase the desirability of the HRF technique to protein pharmaceutical
production labs for conformation analysis. Initially a single laser pulse method was attempted for
the analysis of the protein pharmaceuticals. One well of a 384 well plate holds one replicate of
one sample and a laser mirror directs the laser beam 90 degrees to hit the plate on the bench top,
such that only the well of interest is irradiated. The idea lends to straightforward development of
a programmable robotic platform for sample preparation and hydrogen peroxide addition
immediately before irradiation by one laser pulse. The problem we found with the one laser shot
technique was a decrease in amount of protein oxidation as compared to the FPOP syringe setup.
We were unable to focus the beam like we do for the syringe setup due to damage threshold
limitations of the laser mirror need to direct the beam at a 90 degree angle. Obtaining a laser
mirror with a higher damage threshold or sufficiently increasing the laser power should allow for
the development of a one laser shot FPOP technique with automation capabilities. With or
without an automated setup, the abbreviated HRF method can provide a fast analysis technique
with moderate resolution to labs producing the follow-on formulations of protein
pharmaceuticals during each step of production. Screening with HRF during production could
isolate the problematic steps and further investigation of the already oxidized protein samples

would be used to acquire residue resolution.
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Although CCL5 mutants and WT at low pH can be studied using NMR and X-ray
crystallography, HRF and mass spectrometry were employed to investigate the oligomerization
of WT CCLS5 at physiological pH. Native spray MS determined the subunits of the oligomer to
be concatenation of dimers. HRF was able to probe the highly oligomerized WT CCLS5 at pH 7
and saw the same trend in protection from oxidation, concluding the CCL5 likely oligomerizes in
a linear fashion with the residues from one dimer subunit available to orient itself with the other
monomer of the next dimer subunit. The proposed oligomer will hopefully help us to understand
the fascinating role CCL5 plays in vivo and in development of drug targets.

The difficulties presented by CCL5-ligand project forced us to explore different
analytical techniques to answer questions about CCL5. Investigating CCL5 has exposed me to
various analytical techniques, for example, NMR, dynamic light scattering and electron
microscopy imaging. If the project is going to continue using HRF, homogeneous heparin
hexamers might be a better GAG sample to use because CCL5 has a much higher binding
affinity for heparin than for chondroitin sulfate. There are also other chemical labeling
techniques that may better serve the examination of ligand binding; directly labeling the
arginines and lysines in CCL5 will give a better picture of the ligand interaction if the previous
heparin binding residues are still involved. It would be worthwhile in pursuing the EM imaging
of lower concentration WT CCLS5 in the presence of the ARIXTRA-like heptamer; it would be
very interesting to visualize the oligomerization of CCLS5 in the presence of a ligand to see if it
forms similar bundles to those made in the absence of ligand, and to see any differences in
oligomerization formation.

The binding site for heparin has been mapped on a CCL5 dimer. More information about

how CCL5 works in vivo could be determined from binding site information of other GAGs in
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the presence of higher order oligomers of CCL5. NMR has already shown that a CCL5 tetramer
can be investigated, and ligand interactions with a CCLS5 tetramer might produce different results
from that of ligand binding to the dimer. The preliminary molecular modeling experiments
docking CS4,4,4 onto a CCL5 dimer show a large variation in the top five positions of CS4,4,4
hexamer within the binding pocket of the dimer; the various positions suggest that the CS4,4,4
ligand is highly flexible in the presence of a dimer. The degree of flexibility could suggest that
CS ligand binding to a tetramer or higher order oligomers might better constrict the GAG
movement within the protein binding pocket allowing a defined binding region to be identified.
The presented work gives us the knowledge that new strategies for investigating CCL5-ligand

binding need to be explored.
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