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Abstract

Hydrophobic interaction chromatography (HIC) purifies proteins based on their
apparent hydrophobicities, making it a valuable tool in downstream purification. However,
interactions between buried hydrophobic residues and HIC surfaces can cause
conformational changes that lead to compromised chromatographic behavior and yield
losses. Recent observations with proias on ion-exchange chromatography (IEC) surfaces
demonstrate that electrostatic interactions may also drive conformational changes.
Unfolding of proteins on HIC and IEC surfaces haarticular implications for multi-mode
chromatography (MMC), which invoVes ligands with both hydrophobic and charged
functionalities. This dissertation extends previousinvestigations of protein unfolding in
chromatography, identifies how protein structure on HIC surfaces change under increasing
denaturing conditions, relates these structuresto solution unfolded states, characterizes
the selfassociation behavior of a therapeutic protein identified in IEC, and investigates
how a model protein unfolds on an IEC and MMC surface

The thermal unfolding of three model multi-domain proteins on HIC surfaces of
differing hydrophobicities was investigated with hydrogenexchange mass spectrometry
(HXMS). The melting temperature of the proteins is lowered by different amounts when
the proteins are adsorbed on the differensurfaces. Further, the structures of the proteins
on the surface share similar characteristicgo proteins partially unfolded thermally and
with chemical denaturantsin solution. This suggestrotein unfolding on HIC surfaces can

be related to how a prdein unfolds in solution.



The utility of HXMS was also demonstrated in identifying the regions involved in the
self-association of a therapeutic protein (Protein X). Protein X displays split peak behavior
during IECwhereas an analogous protein similato Protein X does not HXMS was used to
show that a modified region not present on the analogous protein is involved in the
intermolecular contact between associated molecules. However, a conformational change
was also deteced in a binding pocket of tle unmodified region suggestig selfassociation
may involve insertion of the modified region from one molecule into this binding pocket of
another.

Finally, protein unfolding of a model protein on IEC and MMC surfagewvas
investigated with HXMS. Unfoldig was found to depend on pH and the surface type with
unfolding only occurring on the IEC and MMC surfaces with cationimoieties. Not all
regions of the protein are affected the same way as certain regions unfold more than
others. No evidence of unfolihg was observed on the MMC surfaces under conditions
where electrostatics were minimized, suggestingthe cationic moieties of the ligands and

not the hydrophobic ones are responsible for unfolding
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1. Background and Introduction

The past two decades in the pharmaceutical industry W& seen anew growth
towards therapeutic proteins and antibodies Althoughthe industry is still dominated by
small molecules, companies are increasingly investing resources intothese
biopharmaceuticds (biopharm). Pharmaceutical ppelines are increasingly becoming more
populated with these therapeutic proteins and antibodies.

With this shift towards biopharm, new challenges emerge dr companies in
developing costeffective techniques that can masgroduce therapeutic proteins while
ensuring product quality and safety forpatients. The production of therapeutic proteins
requires expression and growth in bacterialor mammalian cells. While these natural
OAET OAAAOI 006 A tdansdofpduting dédrud targefs Aalakgk Qumber of
byproducts are formed during the production. These byproducts, host cell proteins (HCPSs)
specifically, which are necesssay for cell growth and target protein production, need to be
reduced to the parts permillion level to ensure no immunogenic response when the target
protein is delivered to a patient. In addition, costly and advanced purification methods
with well -defined operational windows are required because HCPs are difficult to separate
from the target protein. Finally, viral clearance and reduction of highmolecular weight
aggregates needo be addressed to further ensure product quality.

Chromatography isthe method of choice for achieving the purification and is often
used in multiple steps. Much of research has been dedicated to optimizing the different

operational windows to achieve target purities and yields at a minimum cost.



Unfortunately, one of the moe proven techniques, hydrophobic interaction
chromatography (HIC), can causehe target protein to irreversibly unfold and lose its
therapeutic function. Much of the researchhas also been dedicated tbetter understand
the phenomenaand to develop modelsfor mobile and stationary properties that affect
unfolding.

It would be ideal if protein unfolding in HIC could be predictedonly from knowledge
of the proteind €blution stability. However, OEA OEUAOT PET AEAEOUSd 1T £ O
alsobeenshown to affect unfolding of the protein In addition there is increasing evidence
that unfolding occurson surfaces other than those used in HICFor example, mexpected
elution profiles have been observedn ion exchange chromatography (IEC)

It is important to isolate solution effects from surface effects to properly determine
the extent to which the surface is responsible for any unexpected elution behavior. The
overall goal of this thesis is to advance the understanding of how protein behavior in
solution and properties of the surface can be related to predicting unfolding in
chromatographic separations.

In Chapter 2 | hypothesizethat the stability of multi-domain proteins in solution is
similar to that on HIC surfaces. Specificallyproteins that unfold via multi-state
mechanisms in solution will have partially unfolded states on HIC surfaces where the
regions less stable in solution are unfoldeavhile those more stable retain native structure.
This hypothesis is tested by monitoring changes in $eent exposure of a set of model
proteins as they unfold. Hydrogerexchange mass spectrometry (HXMS) is used to detect

deuterium uptake levels in solution and on a series of increasingly hydrophobic surfagas

temperature or chemical denaturant concentraion is increased.



In Chapter 3, | hypothesize that HXMS can help characterize unexpected -self
association behavior of a therapeutic protein that has important implications in IEC
separations. In this study, pH, protein concentration, and ionic strengtlare found to have
effects on selfassociation prior to any IEC. Sizexclusion chromatography (SEC) and
isothermal titration calorimetry (ITC) can help determine how each of these variables
affect selfassociation but do not provide information about the regions involved and the
inherent mechanism for association. The hypothesis thaHXMS can provide useful
information in this case is investigated by identifying the residues involved in the
association sites along with any conformational changes relatetb self-association. A
mechanism for the seHassociation of the protein is then proposed.

Finally in Chapter 4, | investigate the occurrence of protein unfolding on IEC and
multi-modal chromatography (MMC) surfaces. In this chapter, | hypothesize that
electrostatic interactions between charged residues of proteins and the ionic moieties of
these surfacescan lead to protein unfolding on the surface. This hypothesis is tested by
observing the unfolding behavior of a model multdomain protein on different IEC and
MMC surfaceswith HXMS The effect of electrostatic interactions on unfolding is examined
by varying pH and ionic strength.

Through the studies in this thesisthe overall objective of increasing the knowledge
of the relationship between the $ability of a protein in solution and its unfolding behavior
on chromatographic surfaces will be advancedThese studies will helpadvance the goal of
developing the modeling needed for predicting if and how specific proteins will unfold on

chromatographic surfaces with minimal experiments. Ultimately achieving this lofty goal



will require many additional steps. In my conclusions and future works section] will

outline recommendations| believe will be best suited in achieving this.



2. Unfolding Structures of Multi -domain Proteins on a
Series of HIC Qurfaces

2.1. Background and Introduction

Hydrophobic interaction chromatography (HIC) purifies proteins based on their
apparent hydrophobicities, making it a valuable tool in downstream purification(Queiroz
2001; Hjerten 1973; Mccue 2009) HIC stationary phases come in a variety of backbone and
hydrophobic ligand chemistries leading to differing degrees of hydrophobicity and protein
binding capabilities. Industrial applications focus tovard the more hydrophobic HIC resins
due to their ability to effectively bind proteins with lower salt concentration requirements.
However, these same resins can lead to greater protein unfolding and compromised
recoveries(Ingraham et al. 1985; Kato et al. 1984; Fausnaugh et al. 1984)

HIC resns target the hydrophobic amino acids of proteins during the adsorption
process, many of which tend to populate the interior of the protein, or its hydrophobic core.
This interaction can cause a change in protein conformatigrand if significant and
irrev ersible, the protein can lose function, and therapeutic efficacy. Furthermore, yield
losses can also occueven with reversible unfolding, as unfolded molecules will elute
differently from the folded molecules (Wu et al. 1986; Benedek 1988) Designing HIC
processes that optimize selectivity while preventingthe effects ofunfolding remains a
challenge for many proteins especially considerng the many variables that influence
adsorption, including resin, salt type and concentration, pH, and temperatui@agnon et al.
1995). It would be valuable to have predictive approaches capable of identifying proteins

that are too unstable for HIC. This, however, requires knowledge of the relationship



between how proteins unfold in solution and on HIC surfaces. Kwndedge of this
relationship and how it relates tomeasured solution stability data would help screen media
selection for protein purification.

On the other hand protein unfolding has been used to manipulate retention and
selectivity (Lindahl & Vogel 1984) Previous studes have demonstrated that HIC can
separate a single protein with different conformations(Wada et al. 1983; ValliereDouglass
et al. 2008; Deitcher ¢ al. 2009). Recent work at Amgen has demonstrated that HIC can
resolve antibody variants that differ by just 4 kDgValliere-Doudass et al. 2008) Clippings
of the N-or Gterminus provide sufficient conformational differences for separation by HIC
whereas SEC or IEC cannot sufficiently or completely resolve these variants.

Further, HIC can separate protein variants with similamative conformations but
different stabilities. Carefully chosen processing conditions can selectively unfold less
stable protein variants to alter their conformation and retention behavior. Studies with a
disulfide-OAAOAAA OAOE Ada@albimie (BAA) Grbwed that reduction of a
specific disulfide bond alters the retention time and adsorption strength (~68 kJ/mol) of
the variant (Deitcher et al. 2009) These studies suggest that HIC can effectively seqia
variants that do not differ in size or charge but ddaiffer in conformational stability. Thus,
an understanding of protein stability on a HIC surface not onlymight prevent yield losses
but alsocould allow for potential retention and selectivity manipulations amongst variants.

To optimize resin selection it is important to understand why proteins unfold on
certain resins and not others. There is evidence that resins of higher hydrophobicity

destabilize proteins more than lesser onegJungbauer et al. 2005; Deitcher et al. 2010)



However, there is currently no empirical or theoretical framework to identifythe specific
resins that destabilize a protein

In this work, we have tested the hypotheseghat adsorbed protein unfolding
increases as the hydrophobicity of the resin surface increasgand that regions that unfold
are dependent on their relative solution stability. Wehave also hypothesizeal that the
thermodynamic effects of different HIC surfaes on the free energy of unfolding can be
determined. To test these hypotheses, we have examined three protein systems that
undergo multidomain unfolding on a series of increasingly hydrophobic resins over a range
of temperatures andof concentrations ofguanidine hydrochloride. We have demonstrated
that similar conformational changes occurbut to different extents, on different resins. We
have also demonstrated that the quantitative effects of a HIC surface on the free energy of
unfolding can be determned from guanidine denaturation monitored with HXMS. Finally,
we have also been able to relate the partially unfolded statat the surface of

chromatographic media and in solution.



2.2. Materials and Methods

2.2.1. Materials

Human serum transferrin (transferrin) , E O 1 A Fantityypsin (antitrypsin) , and
bovine serum albumin (BSA) were purchased from Sigmaldrich (St. Louis, MO, USA).
Potassium phosphate, ammonium sulfate, calcium chloride, ethylenediaminetetraacetic
acid (EDTA), citric acid, formic aid, trifluoroacetic acid (TFA), and guanidine
hydrochloride (GdnHCI) were purchased from Fisher Scientific (Houston, TX, USA) and
were of HPLCGgrade quality or better. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) was purchased from Thermo ScientifigRockford, IL, USA).

The Tosoh HIC resins used in this study, Phenyl 650M, Butyl 650M, and Hexyl 650C
were purchased from Fisher Scientific (Houston, TX, USA). UltrafreeldC centrifugal filter
units were purchased from Fisher Scientific (Houston, TX, USAQr the separation of

supernatant liquid from resin particles.

2.2.2. Temperature studies

For no-surface control experiments5 g L of 20 mg/mL protein solution were mixed
with 45 g L of deuterated buffer at room temperature and at 10 degree incrementsn
temperature up to 82°C and equilibrated for 2 hours The protein solutions and labeling
buffers were prepared at pH 7.0, 25 mM potassium phosphate, athcbM ammonium sulfate
(working buffer). Labeling times of 10, 20, 30, 40, and 60 minutes were exangd. After

labeling, 5g L of quench buffer (150 mM potassium phosphate, pH 1.5) kept in an ice bath

was added, bringing the final solution pH to 2.6, near the pH minimum of the hydrogen

deuterium exchange reaction. Samples were kept at room temperature for 40 seconds



before 147 g L of desorption buffer was added to the solution. The desorption buffer

contained 100 mM citric acid, 8M GdnHCI, 100 mM TCEP, and 27 mM EDTA 0 Ht pH
2.6. After addition of desorption buffer, the sample waplaced onice for 2 minutes before
being put at room temperature for 40 seconds.Then, 600t L of 95% HO, 5% acetonitrile,
0.1% formic acid, and 0.01% trifluoroacetic acid was added to dilute the protein and
GdnHCI concentration. Solution phase samples were placed at room temperature for 40
secands to replicate the time between sample quenching and introduction into the MS for
the adsorbed phase experimentghat involved two additional centrifugation steps (40

seconds each).
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For adsorbed phase experiments, 35L of 5 mg/mL protein solution in working
buffer was added to 65t L of resin slurry (50:50 dry resin:working buffer) in the inner
vessel of anUltrafree®-MC centrifugal filter unit (see Figure 2.1) The samples were
allowed to equilibrate overnight to ensure adsorpton equilibrium. Prior to labeling, the
sample was centrifuged at 780 rcf for 30 seconds toform afiltrate . To initiate labeling, 90
i L of deuterated buffer and 10 L of non-deuterated buffer were added tothe inner vessel

at room temperature and at 10degree increments in temperature to 82C. Labeling times
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of 10, 20, 30, 40, and 60 minutes were examined. After labeling, {0 of quench buffer was
added to theinner vesseland thefilter unit was immediately centrifuged at 740 rcf for 30
seconds. Tk inner vesselwas transferred to a newempty filter unit on ice and 200t L of
desorption buffer was added. The sample waplaced on ice for 2 minutes and then
centrifuged at 7400 rcf for 30 seconds.Finally, 600 t L of 95% deionized, distilled (dd)HO,
5% acetonitrile, 0.05% formic acid, and 0.01% trifluoroacetic acid solution (sample pump

solution) were addedto the filtrate upon completion.

2.2.3. Guanidine studies

Solution and adsorbed phase experiments for the guanidine studiegere done with
similar protocols to the temperature studies In these studies the temperature was held
constant at 22C while the concentration of GInHCI in the protein, proteinresin samples,
and deuterated buffer varied from 0 to 4.5M in increments of 0.5M. Samples were
equilibrated overnight prior to labeling. Datawere collected in increments of 0.1M @nHCI
for the concentration range in which the transition from folded to unfoldedstructure

occured

2.2.4. HPLGMS

A schematic of the valve and column setup used to delivearsples to the MS is
shown in Figure 2.2. Samples were injected into a 20Q L stainless steel sample loop using
a 500t L glass syringe. A sample pump (LabAlliangg Series 1) pumped sample pump

solution and the injected sample at 100y L/min through the sample loop and into an

immobilized pepsin column (2.1 mm inner diameter by & mm length) where proteolytic
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digestion took place. Pepsin preferentially cleaves at thet€rminal side of Phenylalanine,
Leucine, Tryptophan, Tyrosine, Alanine, Glutamic Acid, and Glutamine allowing consistent
peptide fragments to be generated for di#frent runs. Peptides exiting the column were
trapped, desalted, and concentrated on ag&@esalting column (TR1/25109/02, 1 mm inner
diameter by 8 mm length, Michrom Bioresources, Incshown as "C8" in Figure 2)2 After
this desalting step (6 minutes), iow was switched from the sample pump to the Surveyor
MS HPLC pump OET x1T AO O( 0, ®eélutethe ppitles®idOthe ecaumig An
XBridge Gs column (186003563, 2.1 inner diameter by 50 mm length, 3.5 m pore size,
Waters, Ing shown as "@8" in Figure 2.2 downstream of the @ column was used for

improved resolution for the large number of peptides.
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Figure 2.2. Schematic of valve and column setup used to deliver sample to MS. (1) Sample is
injected manually with glass syringe into a 200 pL sample loop. (2) Sample is digested with
Porcine pepsin, resulting peptides are trapped on a C8 column, and salt is removed. (3) Flow
path in valve changes so that HPLC (high-performance liquid chromatography) elutes
peptides off C8 column to deliver to C18 column for further resolution before delivery to the
MS. Blue lines and arrows depict manual sample injection. Green lines and arrows depict
flowpath of sample/pe ptides through each step. Red lines and arrows depict inactive flow at
each step. Dashed box depicts temperature controlled region of 1.0°C.
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For the solution and adsorbed phase studies, a short gradient run was employed to
minimize back-exchange but stil effectively resolve peptides. The treatment for peptide
desorption was a 17 minute gradient of 70% solvent A (ddtD, 0.1% formic acid, 0.01%
TFA) and 30% solvent B (acetonitrile, 0.8% formic acid) to 40% solvent A, followed by a 2
minute gradient from 40% solvent A to 10% solvent A, followed by 4 minutes at 10%
solvent A.

Peptides were eluted directly to a LTQ linear ion trap mass spectrometer (Thermo
Finnigan, San Jose, CA, USA). Data were collected in a positive ion, profile mode with an ESI
voltage of4.3 kV, a capillary temperature of 250°C, and sheath gas flow rate of 15 units.
The peptides identified in MS/MS experiments are shown in the supporting information

(Tables A1, A2, and A3

2.2.5. Size exclusion chromatography

Size exclusion chromatgraphy (SEC) was performed to evaluate aggregate
formation on the surface. Protein samples at 5 mg/mL in working buffer were equilibrated
for 1 hour on the three different HIC media in a Ultrafree@MC centrifugal filter unit within
a 1.5 mL microcentrifuge tube and at temperatures fom 22 to 82°C in increments of 10C.
The sample was then centrifuged at 7400 rcf for 1 minute to remove supernatant. The
filter unit was transferred to a new microcentrifuge tube on ice and 20Q L of desorption
buffer was added. The sample waplaced on ice for 10 minutes and then centrifuged at
7400 rcf for 1 minute. The flowthrough was immediately collected, diluted with 50Q L of

working buffer and injected into a 500t L sample loop of an AKTAXxplorer.
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A TSK gel G3000SWL column (TOSOH Bioscience, 7.8mm ID * 30cm, t | @ xAO
equilibrated with 5 column volumes V9 of working buffer at 0.5 mL/min prior to sample
loading on the column. Sample loading was done at 0.5 mL/min with working buffer and
continued until all monomer and oligomer peaks (where applicable) were detected and the

215 nm signal returned to baseline.
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2.3. Theory

2.3.1 Isotopic (Deuterium) Labeling
The exchange of a buried amide hydrogen, H, for a deuterium, D, can be modeled by

the following (Zhang & Smith 1993)

N(H)a—s U(H)—— UD)e=— N(D)

' ‘ (2.1)
where kuy, k, and kint, are the unfolding, folding, and intrinsic exchange rate and N and U
represent the amide in its native and unfolded state, respectively. For very stable regions

of tertiary structure
K, >>K, (2.2)
and the overall first order rate constant for exchangekons, IS
Kas = K, ¥Kiny (2.3)
This limiting regime of exchange kinetics is commonly referred to as the EX2 limit.

For very unstable regions of tertiary structure

K <<Ki, (2.4)
and the overall rate constant for exchange is

Koos = K, (2.5)

This limiting regime of exchange kinetics is commonly referredat as the EX1 limit.
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2.3.2. Measuring and Calculating Fractions of Labeled Peptide

The extent to which a peptide has been labeled with deuterium is determined by

(Zhang & Smith 1993)

D_m-m
N

Migo = My (2.6)
where D is the number of deuterated amides andN is the total number of exchange
competent residues in a peptide. Alsay: is the mass of a peptide after a given labeling
time, mo is the non-deuterated mass of that peptide, ananioois the fully-deuterated mass
of that peptide. nyis determined from the first moment analysis of a peptide mass
spectrum. In this study, HDExanmer (Sierra Analytics, Modesto, CA) was used to
determine m; for all peptides.

In the present cases, exchangeompetent refers to all peptide residues except
Proline, which does not have amide hydrogen and the -Mrminal residue of the peptide,
which does not have a backbone amide. Ba@xchange of deuterium for hydrogen occurs
when the deuterated protein molecules are introduced back into #O-solvents used in high
performance liquid chromatography (HPLC) to resolve peptides. Thus, the residue
immediately after the N-terminal residue of a peptide is also not counted; the baek
exchange of this residue is unusually higfBai et al. 1993) Equation @.6) also accounts for

back-exchange experienced during the time Td2-16 minutes, in-between sample

guenching and introduction into the M§Zhang & Smith 1993)
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2.3.3. Unfolding Free Energies and Rates

Solution unfolding free energies and rates can be determined from experimental
GdnHCI denaturation curves monitored by HXM@owell & Fitzgerald 2003; Tang et al.
2007; West et al. 2008) It is proposed the same can be done for proteins addmd on
surfaces. Typically, destabilization of protein folding equilibria leads to an increase in the
population of fully (or partially) unfolded molecules relative to native ones. An overview of
the analysis required to relate this shift in population 6 unfolding free energies and rates is
shown in Figure 2.3. First, mass spectra are interpreted to generate the denaturation
curves (Figure 2.3a).For apparent EX1 behavior, the refolding rate is slow compared to the
labeling rate, and molecules that urdid have time to completely label before they become
protected again. For this situation, the observed decrease /N protein is limited by the

unfolding rate, ky
dN
——=-k[N 2.
pm k.[N] (2.7)

where [N] is the concentration or fraction of native peptide at a given labelingrie. In the
mass spectrum, the molecular mass of this peak|n, is representative of the unlabeled
mass plus 1 Da for each residue that is exchange competent under native conditions (e.g.

located on surface of protein).
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Figure 2.3. Determination of ky, m, and A G,ofor a reporter peptide. (a) My and My are
measured along with their peak intensities from the mass spectrum to calculate Mnu and
D/N. (b)D/N (diamonds) vs. GdnHCI concentration is plotted and fitted to a four -parameter
(Nom, Uoiv, Gz, and m) sigmoidal equation (Equation 2.9). (c) [ N] (circles) is calculated at
various labeling times and GdnHCI concentrations from the sigmoidal equation. (d) For each
GdnHCI concentration, [ N] is regressed vs. labeling time (Equation 2.11). Slope of regressed
line is zky and y-ET O A O A AGb(€quake€) . js A @ issregressed vs. GdnHCI concentration
(Equation 2.13). Slope of regressed line is m and y-ET OA OA A@LO 95Cconfidence
intervals of all regressed parameters are propogatedto mA T AG, &
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Under the EX1limit and at concentrations of GdnHCI where the protein molecules
transition from all native to a mixture of native and unfolded, a second peak appears at
high molecular mass, representative of unfolded molecules. The molecular mass of this
unfolded pe&k, My, also stays constant but grows in area with labeling time at the expense
of the native peak until no native peak remains. The weighted mass (centroid) of the two
peaks in the transition region,Mnu, can then be used to determine\] from

[N]:l- MNU' MN
Mu' MN

(2.8)
In the limit where Mnu=Mu, [N] is O and in the limit where Mnu=Mn, [N] is 1. In this work,
experimental D/N valueshave been measuredor different concentrations of GdnHCI using
Equation 2.6and m=Mnuto generate the denaturation curves.

Next, the deraturation curves are fitted to a sigmoidal equation to allow generation
of additional data points by interpolation in the transition region (Figure 2.3b).D/N values
at different GdnHCI concentrations and a fixed labeling time are fitted with LSQCURVEFIT,

a nonlinear least squares solver, from MATLAB® to a fouparameter sigmoidal equation

D _ U,,- N
N Ny + 1+ e%'\(lledanll-'\‘cm (2.9)

where Npn is the D/N value of the native peakUp is the D/N value of the unfolded peakp
is a parameter describing the slope of the unfolding transition,rad G2 is the midpoint
concentration of the denaturation curve.

Next, fitted D/N values generated in MATLAB® from Equation 2.9 can be used to
calculate Mnu at given GdnHCI concentrations with rearrangement of Equation 2.6 and

mt=Mnu
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D
My =2 (mgo- my)+m (2.10)
N

which canthen be used to calculateN]] using Equation 2.8 (Figure 2.3c). This analysis is
repeated for each labeling time studied.

Next, generated values ofN] at different labeling times and GdnHCI concentrations
can be used to calculate unfolding free energieend rates. Equation 2.7 is integrated and
solved to obtain

IN[N]=-kt+In[N,] (2.11)
where [No] is the fraction of native reporter peptide at zero labeling time Regression of
Equation 2.11 with [N] measured at different labeling timesyields ky and [No] (Figure 2.3d).

Assuming ideal solution, bhe standard stateunfolding free energy,A G, for a givenreporter

peptide of a protein can then be determined from

[N]

DG, =- RTIn
- [N,]

(2.12)

vC)'_aPBQJO
-|-CO0O

where Ris the gas constant, and is temperature.

Finally, assuming linear variation of unfolding free energy with guanidine
concentration (Aune & Tanford 1968), the walues of A G, calculatedat different GdnHCI
concentrations can be regressedto determine the unfolding free energy in the absence of
guanidine,A G0, (Figure 2e) from

DG, =m GdnHCI]+ DG, (2.13)
where m is the coefficient for the effect of denaturant on stability (Greene &Pace 1974)
Regressed values ok G,oin solution, A G, so, and on the surfaceik Gy ads can be compared

to determine the thermodynamiceffect,3 &, the surface has on the protein from
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D 5, =DG DG (2.14)

u,ads ~ u,sol

Regressed values dfyin solution, kyso, and on the surfacekuads can also be compared the
EET AOE A, theBdEfde Ods onsthe protein from

Dk, =k, .- K (2.15)

u,ads - Mu,sol

The different values calculated from Equations (2.10) to (2.15) originate from the

fitting of experimental data with Equation (2.9).
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2.4. Results and Discussion

2.4.1. Unfolding effects of chromatographic surface chemistry and
temperature on transferrin

The effects of HIC surface type and temperature on the unfolding of transferrin were
studied with HXMS. MS spectra were collected and compared for transferrin labeled in
solution and while adsorbed on Phenyl 650M, Butyl 650M, and Hexyl 650C at different
temperatures. A large amount of precipitation at temperatures above 32 prevented
analysis of higher tempeature conditions. The mass spectra foB2 reporter peptides were
converted to D/N values using Equation 2.6). A total of 33% sequence coverage was
obtained for the 679 residues of transferrin.Figure 2.4 shows the native structure of
transferrin and its two domains (left) and the locatilm of the reporter peptides and
Cysteines of transferrin (right). Many of the areas with missing sequese coverage are
populated with Cysteines involved in disulfide bridges, which can impact proteolytic
digestion. Althowgh reporter peptides are available for both domains, the most coverage is

obtained in the Nterminal domain, 40%, while it is lower in the CGterminal domain, 24%.
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Figure 2.4. Left: Native structure of transferrin (PDB ID 2HAV) highlighting the N -terminal
domain (blue) and C -terminal domain Il (green). Right: Location of reporter peptides
(highlighted according to domain) obtained in this study. Orange depicts Cysteines of
transferrin. Grey depicts missing sequence coverage.

In general, the eporter peptides of transferrin that unfold on the surfaces follow a
similar pattern. Unfolding in solution is minimal and occurs at the highest temperatuie
while on the chromatographic surfaces unfolding occurs at lower temperatue Of the
three surfaces, unfolding on Butyl 650M occurs at the lowest temperature range and
reaches the highestD/N values. The unfolding on Pherly650M and Hexyl 650C occur at
higher temperatures and of these two, higherD/N values were observed for Hexyl 650C.
All reporter peptides follow this general pattern with variations only in the degree of

unfolding. There was only one exception to this pattern that will be discussed later.
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The D/N values for a reporter peptide representative of the general pattern in
solution and on the three surfacesare shown in Figure2.5a. Residues 6781, shown in
panel (a), are representative of the unfolding pattern of all but 1 reporter peptide for
transferrin. In solution, no large increases in soknt exposure are observed for these
residues overthe temperature ranged studied. The largest increase is between 42 and
52°C from 0.37 to 0.43D/N. This is consistent with studies that report transferrin starts to
unfold in solution only at temperatures above 60C (Shen et al. 1992) In contrast, m
Phenyl 650M,alarge increase in solvent exposurérom 0.41 to 0.59 was observed between
32 and 4°C indicating significant unfolding. On Hexyl 650C the largest solvent exposure
increase also occurs between 32 and 4€, from 0.58 to 0.78. As observed for this peptide,
other reporter peptides also labeled more completely on Hexyl 650C than on Phenyl 650M.
Finally, on Butyl 650M, a significant portion of these residues are already labeled at°22
The labeling of this reporter peptide along with 19, 1, and 1 reporter peptides spanning
residues 202310, 386-392, and 424435, respectively demonstrate that all three
chromatographic surfaces induced significant unfolding at lower temperatures than in
solution. Further, the extent of unfolding variesamongthe three surfaces, but the ordering
of their impact is consistent. The locatios of these residuesare shown in red on the native
structure of transferrin in Figure 2.5 on the right.

Residues 125131, shown in Figure 2(b), are from the one reporter peptide that
behaved somewhat differently. Like all of the other reporter peptides, the
chromatographic surfaces indee more labeling than solution alone, and the ordering of the
effects was the same as the other reporter peptides. However, for Residues 1P%l, there

were two distinguishing aspects to the labeling behavior. First, no labeling is observed at
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22°C in soldion or on any of the three surfaces. The complete burial of these residues in
the native state suggests that for their exposure to occur stronger denaturing conditions
are needed compared to the other reporter peptides of transferrin. Seconde labeling of
transferrin on Butyl 650M displayed a maximum vs. temperature andlecreasel between
42 and 52Cto sub-32°C levels as shown in Figure 3(b). Although the labeling of several
reporter peptides from the general trend also decreased between 42 and 32 on Butyl
650M, none of those decreased to suB2°C labeling as with Residues 12331.

Intermolecular interactions or aggregation may be responsible for thisasdiscussed later.
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Figure 2.5. Left: Thermal unfolding of different reporter pep tides of transferrin in solution
(blue, diamonds), on Phenyl 650M (red, squares), on Butyl 650M (purple, Xs), and on Hexyl
650C (green, triangles) in 25mM PO 4, 1.5M (NH4).SQ, pH 7.0 buffer at 22 to 52 °C. Samples
were labeled with deuterated buffer for 10 minutes. TheD/N for Residues 67-81 is shown in
panel (a). The D/N for Residues 125-131 is shown in panel (b). Right: Location of residues
67-81 and the other residues that follow the general unfolding pattern are shown in red on

the native structure ( PDB ID 2HAV). The exception to the general unfolding pattern,
Residues 125-131, is shown in blue. Error bars represent sample 95% confidence intervals

of triplicate data points collected on Phenyl 650M at 22 °C.
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The apparent melting curves shown in Figure 25b demonstrate that adsorption to
all three surfaces lowers the melting temperature relative to solution for this reporter
peptide of transferrin. However, the amount it is lowered depends on the type of surfacé.
OET O1' A AA 11 OAA AGEOAA OBE A GO AGEIT AMIAOXIEQDE (8- 3
thermal denaturation curves. In thermal denaturation measured by other spectroscopic
techniques such aircular dichroism or fluorescence, the unfolding curves of a protein will
depend on its stablity and heat capacity. With HXMS there is an added time element where
the curves will be affected by the labeling time and intrinsic labeling rate. HXMS
denaturation curves are shifted to the left due to this effect. A more detailed explanation of
this effect on denaturation curvesfor the case of EX2 exchanges available elsewhere
(Ghaemmaghami et al. 2000)

The degree of unfolding of human serum transferrin on the surfacedoes not
completely follow their reported relative hydrophobicities. Tosoh uses dynamic binding
capacites (DBC) for lysozymeas a hydrophobicity measure (See Table 2.1). One appealing
aspect to this measure is the high stability of lysozyme as a probe protein; thus, we would
not expect unfoldingto influence the measurementGradient elution experimentsat low
protein loadings were performed in this study with human serum transferrin as a simple
alternative hydrophobicity measure. Figure 2.6 shows how the gradient elution time
varied on the three different media. Table2.1 comparesthe two hydrophobicity measures
with unfolding rank of eachsurface measured by the increase inD/N for the reporter
peptides of transferrin. The hydrophobicity rank of the resinsbased both on DBC and

retention volume is as follows: Hexyl 650C > Butyl 650M > Phenyl 650M. Thgtent of

AOR
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transferrin unfolding, however, follows the order: Butyl 650M > Hexyl 650C > Phenyl

650M.
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Figure 2.6. Gradient elution of transferrin on Phenyl 650M (blue), Butyl 650M (red), and
Hexyl 650C (green). 500 t g of sample were loaded onto 0.5 mL columns at a flow rate of 1
mL/min with 1.5M (NH .).SQ, 25mM PQ: (high salt) at pH 7.0 and room temperature.
Columns were washed with 2 CVs of high salt and protein was eluted with a 25 CV gradient
from high salt to 25 mM PO, at pH 7.0 and room temperature.

Table 2.1. DBC and retention volume comparison on Tosoh HIC media

Phenyl 650M Butyl 650M Hexyl 650C
DBC [mg/mL]* 27.5 32.2 33.2
Retention Volume [mL] 8.8 9.9 14.6
Hydrophobicity Rank 3 2 1
Unfolding Rank 1 3 1 2

*DBC as reported by Tosoh
1Based on increase iD/N for the reporter peptides of transferrin
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A similar discrepancy between adsorption and unfolding ordethas been observed
previously in a study with bovine J -lactalbumin unfolding on Phenyl Sepharose 6FF and
Butyl Sepharose 4FKFogle et al. 2006) In that study, more unfolding was observel on
Butyl Sepharose 4FF despitdigher retention factors for bovine J -lactalbumin on Phenyl
Sepharose 6FF. The authors hypothesized that differences in binding orientation or ligand
density between the two resins may also influence unfolding-he different ligand densities
could influence whether a protein molecule inter&ts with one or multiple ligands on the
surface. Different binding orientations might also occur as has been demonstrated for
lysozyme on ion exchange surfaces of differing ligand densitiéBismer & Hubbuch 2007)
Sinceligand densities are not provided by Tosohit is unknown if the variations follow

ligand densities or not.

2.4.2. Unfolding effects of chromatographic surface chemistry and
temperature on antitrypsin

As a second protein system, the effects of HIC surface type and temperature on the
unfolding of antitrypsin were also studied with HXMSMS spectra were collected and
compared for antitrypsin labeled in solution and while adsorbed on Phenyl 650M, Butyl
650M, and Hexyl 650C at different temperaturesUnlike transferrin, samples were capable
of incubation up to 92Cwithout precipitation. The mass spectra fo28 reporter peptides
were converted toD/N values using Equation 2.6). A total of 53% sequence coverage was
obtained for the 392 residues of antitrypsin.Figure 2.7 shows the native structure of

antitrypsin and the location of the reporter peptides. Unlike transferrin, antitrypsin does
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not contain any disulfide bridges which may explain the greater sequence coverage

compared to transferrin.

Figure 2.7. Native structure of transferrin (PDB ID 2QUG) and location of reporter peptides
obtained in this study (highlighted in green). Grey depicts missing sequence coverage.

The labeling trends of antitrypsin are similar to those of transferrin but differences
exist. As with tansferrin, contact with the hydrophobic chromatographic surface enhances
labeling for most but not all reporter peptides. Also, Phenyl 650M results in equal or less
labeling enhancement than the other two surfaces for most reporter peptides of
antitrypsin.. However, for antitrypsin, the different denaturing effects of Butyl 650M and
Hexyl 650C are not as apparent as they are for transferrin. Hexyl 650C resulted in more
labeling than Butyl 650M for many reporter peptides although it was statistically
significant for only 6 groups of residues: 787, 98108, 110-119, 278288, and 304317.
The other difference in labeling patterns between antitrypsin and transferrin is that most

antitrypsin reporter peptides are observed with statistically equal enhanced laeling on all
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3 surfaces: 151166, 185189, 238241, 252-270, 318343, and 353375. Two peptides
showing this general set of trends are shown in Figure . Four groups of residues: 2482,

88-92, 131-142, and 197207, were not observed with enhanced lagling on the surfaces.
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Figure 2.8. Left: Labeling patterns of different reporter peptides of antitrypsin in solution
(blue, diamonds), on Phenyl 650M (red, squares), on Butyl 650M (purple, Xs), and on Hexyl
650C (green, triangles) in 26mM POy, 1.5M (NH4).SQ, pH 7.0 buffer at 22 to 92 °C. Samples
were labeled with deuterated buffer for 10 minutes . TheD/N for Residues 185-189 is shown
in panel (a). The D/N for Residues 266-273 is shown in panel ( b). Right: Location of residues
185-189 and the other residues that unfold more on Butyl 650M and Hexyl 650C than on
Phenyl 650M are shown in blue on the native structure (PDB ID 2QUG). Resides 266 -273 and
the other residues that unfold to statistically equal extents on all three surfaces are sho  wn in
red. Residues that were not observed with enhance labeling on the surfaces are show in
green. Error bars represent sample 95% confidence intervals of triplicate data points
collected on Phenyl 650M at 22 °C.
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For antitrypsin, the extent of unfoldingfor residues on the surfacecorrelates more
directly with increasing resin hydrophobicity (see Table2.1). In the cases (25% of
antitrypsin coverage) where there are statistically significant differences in reporter
peptide labeling between all 3 surface (as determined by Student-test with Bonferroni
AT OOAAOAA JEnsnmeqh 11T OA T AAATETC EO T AOGAOOAA
then Phenyl 650M. It is not clear why these reporter peptides ofantitrypsin follows this
trend and transferrin doesnot.

Many reporter peptides (44% of antitrypsin coverage) that unfold when adsorbed
do so to statistically equal extents on all three surfaces. Ignoring statistics however, the
D/N for these residues is consistently the highest on Hexyl 650C, followeg Butyl 650M,
and then Phenyl 650M. Regardless, the different denaturing ability of the three surfaces is
more apparent for the reporter peptides where there are statistically significant differences
in labeling between the three surfaces.

The varying degree of unfolding observed for antitrypsin and the presence of an
exception to the general unfolding pattern of transferrinsuggests thatlocal stability is
important in determining how different groups of residues or domains of a protein will
unfold on asurface. The knowledge and use of a transferrin and antitrypsin local stability

in solution to explain unfolding trends on the surfaces is presented in the next section.
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2.4.3. Relating partially unfolded states in solution and on
chromatographic s urfaces

Partial unfolding of proteins can occurfrom changes of different conditions Partial
unfolding in solution has been observedfrom increased temperature from adding
denaturants such as urea or GdnHCI, arat extremes in pH(Santra et al. 2005; Ahmad &
Khan 2005). In addition to the presentwork, partially unfolded states have been observed
on HIC surfaces(Mcnay & Fernandez 1999; Engel et al. 2004; Gospodarek et al. 2011)
Chemical denaturationand the mechanism of surface unfolding araot as well understood
as thermal or pHinduced denaturation. Recent molecular simulations of urea-induced
unfolding provide some insight into the complexity of this mechanism (Horinek & Netz
2011). However, it is not known how similar are the partially unfolded structures from
different denaturation mechanisms.
Transferrin was chosen for this study because it is known to unfold via a mulsitate
mechanism in solution. Although the structural transition las not beenfully characterized,
it is known that the N-terminal domain is less stable than the @erminal domain and
unfolds first as denaturantconcentration is increased(Tang et al. 2007; Shen et al. 1992)
Figure 2.9 shows the effect each chromatographic surface has on the unfolding of f#etwo
domains. The dfference in DIN AAOx AAT O1 1 OOEI(O/N), AdprAsen Ghe A A A h
average reporter peptide unfolding for each domain weighted by the number of residues in
AAAE DADPOEAAS ) (D/IN)QAlled ard pokitiveAnditating @dsofptioh 3
increases solvent exposte. Within the uncertainties, at every temperature and for every
AEOT I AOI COAPEEA OO0 MM A bbseAvedifor BeANteBniindl BEEIO A =

peptides compared tothe Gterminal domain peptides. The greater adsorptioAnduced
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unfolding in the N-terminal domain is consistent with solution stability studies where the
N-terminal domain unfolds at milder chemical denaturing conditions (Tang et al. 2007;

Shen et al. 1992)
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Figure 2.9. Difference in D/Nh DAN, between human serum transferrin adsorbed on media
(Phenyl 650M z blue, Hexyl 650C z green, Butyl 650M z red) and in solution in 25mM PO 4,
1.5M (NHs).SGh DB ( x 8 n DANDvEKES Gepresentathe average reporter peptide
unfolding for each domain weighted by the number of residues in each peptide. Data is
averaged and weighted for all reporter peptides in the N -terminal domain (left) and C -
terminal domain (right). Error bars represent sample  propagated 95% confidence intervals
for 3D/N from triplicate data points collected on Phenyl 650M at 22 °C.

Antitrypsin was also chosen for this tudy because it is also known to unfold via a
multi -state mechanism in solution. In the presence of low concentrations of GdnHCI,
antitrypsin  has a wellcharacterized unfolding intermediate structure. At low
AT 1T AAT OOAOQCETT O 1T £ ' AsheettOOOAT A O FAdixAuRiGA Thiy
remaining regions stay folded until higher concentrations of GdnHCWhere the protein
molecule is fully unfolded (Krishnan & Gierasch 2011) This partially unfolded
intermediate is critical for antitrypsin biological function and exists as a small, but

significant, subpopulation under physiologicalconditions (Yamasaki et al. 2010)
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The folded regions of antitrypsinof the solution intermediate are similar to those
observed on the HIC surface®f this work as shown in Figure 2.10. Theresidues that
remain in their native structure in the solution intermediate anddo not unfold on the HIC
surfaces are shown in green. Three reporter peptides identified as unfolding more on
Hexyl 650C than on Butyl 650M and Phenyl 650M (highlighted blue in Figure&}.only
have statisically significant (as determined by Student #est with Bonferroni corrected
| Em8 e qdldbélirglon Aekyl 650C compared to solutioriThese reporter peptides
with lower stability that unfold only on Hexyl 650C are shown in yellow. The regionfor
which no sequence coveragevas obtainedare shown in white. The blue arrows identify 6
regions that remain folded in the solution intermediate as well aswhen adsorbed on
Phenyl 650M or Butyl 650M. Of these 6, 3 also do not unfold on Hexyl 650@his suggests
that there is a correspondence between stability in solution and during adsorptian
domains of greater local stability in folding intermediates appear to be among the most

resistant to unfolding on a denaturing hydrophobic chromatographic surface.
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Figure 2.10. Folded regions of antitrypsin in the guanidine denatured intermediate (left)

and when adsorbed on Phenyl 650M, Butyl 650M, and Hexyl 650C in 26mM PO 4 1.5M
(NH4)2SQ, pH 7.0 buffer at 22°C (right). Green represents those regions folde d in the
solution intermediate (left) and on all media (right). Yellow represents those regions that
unfold on Hexyl 650C only. Blue arrows designate regions that show similar stability
between the two cases.

The unfolded regions of antitrypsinin the solution intermediate are also similar to
the reporter peptides whose D/N are not affected by adsorptionon the HIC surfacesas
shown in Figure 2.11. The regions that unfold in the solution intermediate andare more
solvent-exposedon all HIC media areshown in red. Thereporter peptides that are more
solvent-exposedon Butyl 650M and Hexyl 650Gnd to a lesser extenbn Phenyl 650M are

shown in orange. The regiongor which no sequence coveragavas obtainedare shown in
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white. The blue arrows identify 5 regions that unfold in the solution intermediate and also
unfold when adsorbed on Butyl 650M and Hexyl 650C. Of these 5, 3 also do not unfold on

Phenyl 650M.

Figure 2.11. Unfolded regions of antitrypsin in the guanidine denatured intermedia  te (left)
and when adsorbed on Phenyl 650M, Butyl 650M, and Hexyl 650C in 26mM PO 4 1.5M
(NH4)2SG, pH 7.0 buffer at 22°C (right). Red represents those regions unfolded in the
solution intermediate (left) and on all media (right). Orange represents those regions that
unfold on Butyl 650M and Hexyl 650C to a greater extent than on Phenyl 650M. Blue arrows
designate regions that show similar stability between the two cases.

The combined results of HDX mapping for both of these two domain protein
systemssupport the idea that the domains of a protein which are more stable in solution

will also be more stable on hydrophobic surfacesA relation between solution unfolding
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and adsomption unfolding should be consideredimportant for developing methods to
predict protein unfolding on HIC surface. The similarity between the folded and unfolded
residues of antitrypsin between the solution intermediate and on the HIC surfaces
supports the hypothesis that a protein will have similar conformational states under
different denaturing conditions. Further, the consistency othe transferrin N-terminal

domain having lower stability in solution and on the surface supports the hypothesis that
individual domain stability in solution is also significant in anticipating what groups of

residues or domainswill be most affected by achromatographic surface.

2.4.4 Unfolding effects of surface and GdnHCI

Although the above results show that (1) the most stable domain of a two domain
protein tends to be the more stable domia when adsorbed on a hydrophobic surface, and
(2) more hydrophobic surfaces tend to be more denaturing. Howevenp to now, there is
no simple theory which canpredict whether a protein will unfold .

Knowledge of the thermodynamic effectof a chromatographic surface on the free
energy of unfoldindh Gy, andits kinetic effect, 3k, together with knowledgeof 3G, and k,
of asolution protein could theoretically be used to determine if that protein will unfold on
the surface.Here, we attempt to determine these parameters with HXMS for transferrin
labeled in solution and while adsorbed on Hexyl 650C in increasing concentrations of
GdnHCI. This method has been us@deviously to determine the 3G, of the two domains of
transferrin in solution (Tang et al. 2007)

The sequence coverage, 33%, is the same as the temperature studies with

transferrin. Many of the reporter peptides, however, do not have large increases VN
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over the concentration range of GdnHiGstudied. Thislack of changeresults from reporter
peptides that are already mostly solventexposed in solution and/or on the surface in the
absence of GdnHCIO/N values greater than 0.8).The transition conditions for these
peptides are more difficultto discern, assolvent exposure cannoincrease very muchmore.
Nine peptides with well-defined transition regions were chosen for analysisfour from the
N-terminal domain and five from the Gterminal domain. Of thesenine, the peptides with
lowest 3G, from the two domains are presented in detailbelow. The lowest (smallest
positive value) 3G, were chosen as they best represent the slowest exchanging residues
which have been previously identified as the best measure of the global unfolding reaction
(Bai et al. 1995)

The first reporter peptide presented here illustrates how the surface affects labeling
of the Nterminal domain of transferrin i