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ABSTRACT. A new H/D exchange- and MALDI mass spectrometry-based technique, termed SUPREX,
was used to characterize the thermodynamic properties of a series of model-ppejgiitle complexes

of the Abelson tyrosine kinase SH3 domain (abl-SH3) and the S-Protein (S-Pro). The SUPREX technique
was employed to evaluate the folding free energie&;(values) of each model protein in the absence
and in the presence of a series of different peptide ligands. Ultimately, these SUPREX-deBvweadues

were used to calculate dissociation constalitsv@lues) for each of the nine protetpeptide complexes

in this study. As part of this work, we describe a new data collection and analysis method that allows the
accurate and precise determination of protein foldirgalues in the SUPREX experiment. Tinevalues

that we determined for the abl-SH3 domain and the S-Pro system were in good agreement with those
determined by conventional techniques. Our results also indicate that the SUPREX-d#arixaddes for

the protein-peptide complexes in this work were in reasonably good agreement with those determined
by conventional techniques.

Many different areas of biochemical research require the upon ligand binding and that this increase in a protelx%
accurate measurement of protejmeptide binding constants.  value upon ligand binding can be used to evaluate pretein
Such measurements are important for understanding theligand binding constantslp).

many cellular processes that involve protepeptide com- Our recent report on the use of SUPREX for measuring
plexes (—5). They are also often used to understand the protein-ligand binding constants included the analysis of
detailed molecular interactions that mediate protgirotein one protein-peptide complex (i.e., the noncovalent complex
interactions in the cell§—9). Conventional techniques for  formed between the S-Protein (S-Prahd the S-Peptide (S-
characterizing the thermodynamic properties of protein  Pep)). In that report, the SUPREX-derivég value we
peptide complexes typically rely on the use of various optical obtained for the S-Pro/S-Pep complex, 2.4 nM, was in
spectroscopies or the use of calorimetric methods. Thesereasonably good agreement with tg value of 1.1 nM
approaches have been widely used over the years to studyreviously established by conventional methods. Here, we
the thermodynamic properties of many different types of report the SUPREX-derivell values of eight additional
protein-peptide interactions; however, they lack several protein-peptide complexes for whicKy values have been
capabilities. For example, they are not amenable to the previously determined by conventional methods. The model
analysis of small amounts of protein, to the study of proteins protein—peptide complexes in this study include a series of
in complex biological mixtures, or to characterization of protein—peptide complexes involving the 61-amino acid SH3
protein—peptide complexes in a high throughput fashion.  domain from the Abelson tyrosine kinase (abl-SH3) and a
Recently, we introduced a mass spectrometry- and H/D series of proteirrpeptide complexes involving the 104-amino
exchange-based technique that can be used to determine thgcid S-Pro. The abl-SH3 domain is known to bind a variety
thermodynamic stability (i.e AGy) of a protein (0). This of proline-containing peptide$(7), and S-Pro is known to
technique, which we have termed SUPREX (stability of bind a variety of differenti-helical peptides 16—21).
unpurified proteins from rates of H/D exchange), can be used The goal of this study was to assess the accuracy and
to determine theAG; values of a wide variety of proteins precision of the SUPREX technique for measuring the

both in vitro and in vivo with high precision and good  girength of proteirpeptide interactions. As part of this work,
accuracy {0—14). Significantly, the SUPREX technique

requires only a small amount of material, and it is amenable

; [ ; 1 Abbreviations: S-Pro= the S-Protein component of RNase S
to the analysis of proteins in complex mixtures. Re_cently, (residues 21124 of bovine pancreatic ribonuclease A); S-Pep
we have also demonstrated that the SUPREX technique canhe s_peptide component of RNase S (residueaL of bovine

be used to measure the increase in a protekG value pancreatic ribonuclease A); abl-SH3 the Src homology domain 3
from the Abelson tyrosine kinas&G; = protein folding free energy
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we describe a new s_trategy for the vaU_iSition and anaIySiSTable 1: Amino Acid Sequences of the Abl-SH3 Domain and S-Pro
of SUPREX data. This new strategy provides a useful meanspeptide Ligands Used in These Studies

by which to experimentally determine thervalue” (i.e.,

. . . . Peptide Numbe; Peptide Sequence®
SAGi/d[Denaturant]) of a protein folding reaction with good 213 Ligands pree=A
accuracy and precision. The accurate determination of such ] D errron
mrvalues is important for understanding the thermodynamic 2 APTYSPPPPD
properties of proteins and protetpeptide complexes.
S-Pro Ligands
5 ac-YETAAAKFERPHVDS-NH,
EXPERIMENTAL SECTION 6 KETAAAKFERQHADS -NH,
7 ac-YETAAPKFERQHVDS -NH,
. . 8 AAA -
Reagents.Deuterium oxide (RO; 99.9% atom D), deu- 9 EE@mggﬁgﬁﬁggsﬁf}sﬂ

terium chloride (20 wt % in BO, 99.5% atom D), and a peptide 3 is identical to peptide P40 from fetthis is taken to be
sodium deuteroxide (40 wt % inJD, 99.9% atom D) were  the “wild-type” ligand for the abl-SH3 domain. Peptide 9 is the wild-
purchased from Aldrich. Urea was purchased either from type, 20 amino acid S-Pep. Mutations with respect to the wild-type
Mallinckrodt (ACS grade) or ICN Biomedicals (Ultrapure). peptide sequences are shown in boldface. Abbreviations are=ac-

Deuterated ah db ted di | acetylation, -NH = amidation, and X= the unnatural amino acid,
euterated urea (ured) was prepared by repeated dissolu- norleucine. Peptides 5 and 7 were very similar to the Q11P and A6P

tion and |y0ph”izati0n of fully protonated urea mzo Unt"_ peptides, respectively, from réfl. Peptides 6 and 8 were identical to
the calculated deuterium content wa89%. Sinapinic acid  the M13A and M13Nle peptides from refs and 18, respectively.

(SA) was obtained from either Aldrich or Sigma. Trifluo-
roacetic acid (TFA) was from Halocarbon, and acetonitrile g g mg of the pure lyophilized material in 2@ of water.

(MeCN) and methanol (MeOH) were from Fisher. Bovine  aer the sample was vigorously vortexed, the solution was
pancreatic ribonuclease A (RNase A), subtilisin Carlsberg, centrifuged at 100a9for 5 min to remove the insoluble

and hen egg white lysozyme were all from Sigma. portion of the sample. Ultimately, the supernatant was
General Methods and InstrumentatioMALDI mass removed and stored at*C until needed.
spectra were acquired on either a Voyager DE (Perseptive RNase S was prepared from RNase A by using subtilisin
Biosystems) or a Voyager DE-Pro Biospectrometry Worksta- carlsherg to selectively cleave the peptide bond between
tion (Applied Biosystems). Spectra were collected on both yesidues 20 and 21 of RNase A as previously descripdd (
instruments in the linear mode using a nitrogen laser (337 The two major peptide fragments formed in the proteolysis
nm). SUPREX samples were prepared for MALDI analysis reaction were the S-Pep fragment which included residues
as described below. SA was the matrix in all experiments. 1—20 of RNase A (see peptide 9 in Table 1) and the S-Pro
Positive ion mass spectra were collected either manually Orfragment which included residues 2124 of RNase A.
in the autosampler mode using the following parameters: 25 jtimately, these two fragments were purified from the digest
kV acceleration voltage, 23.25 or 23.5 kV grid voltage for znd from each other by semipreparative RP-HPLC using a
S-Pro and SH3 analyses, respectively, 75 V guide wire 10509 linear gradient of buffer A in B (buffer A= 90%
voltage, and 225 ns delay time. Each mass spectrum obtaineqecnN in water containing 0.09% TFA and buffer=80.1%
was the sum of about 225 laser shots. Raw MALDI  TFA in water) over 30 min. The RP-HPLC fractions that
spectra were processed with an in-house Microsoft Excel cgntained pure S-Pro as judged by ESI mass spectrometry
macro that performed the following operations: a 19-point \yere combined and lyophilized as were the RP-HPLC
floating average smoothing of the data, a two-point mass fractions that contained pure peptide 9. S-Pro was folded by
calibration of the spectra using the protein ion signals from gissolution of the pure, lyophilized product in a 50 mM
the internal mass calibrants, and a center of mass determisgdium acetate buffer (pH 6.0) containing 100 mM NacCl.
nation for the protein’s [M-H]** peak. Table 1 shows the names and amino acid sequences of
A Hewlett-Packard 8452A Diode Array UV/Vis spectro-  the peptides used in this study. Peptidestiwere synthe-
photometer was used for protein concentration determina-sized, purified, and kindly provided as lyophilized solids by
tions. Abl-SH3 concentrations were determined using ab- Professor Wuyuan Lu. Peptide 9 corresponds to the wild-
sorbance measurements at 280 mpgo(= 15470 Mt cm™* type sequence of the S-Pep fragment and was prepared by
(W. Lu, personal communication)). S-Pro concentrations the proteolysis procedure described above. Peptide® 5
were determined using absorbance measurements at 280 niwere synthesized in our laboratory using standard methods
(€280 = 9800 M* cm™) (16). The exact peptide ligand  for manual solid-phase peptide synthesis (SPPS) and in situ
concentrations in this work were established by quantitative neutralization protocols faert-butoxycarbonyl (Boc) chem-
amino acid analysis (AAA Laboratories; Mercer Island, WA) istry as described elsewher@5. We note that all the
after acid hydrolysis. Urea concentrations were determined synthetic peptides in this work were prepared with C-terminal
with a Bausch & Lomb refractometer as describ2g) (pH carboxyl groups and N-terminal amino groups with the
measurements were performed with a Jenco 6072 pH metelexceptions that peptides8 were prepared with C-terminal
equipped with a Futura calomel pH electrode from Beckman amide groups and that peptides 5 and 7 were acetylated at
Instruments. To correct for isotope effects, the measured pHtheir N-termini. Each synthetic peptide in this study (includ-
of each DO solution was converted to pD by adding 0.4to ing those obtained from Professor Lu) was purified by
the measured pH valu3). semipreparative RP-HPLC. The mass of each peptide as
Protein and Peptide Sampleshe abl-SH3 domain was determined by ESI mass spectrometry was within 0.2 Da of
prepared by total chemical synthesis and kindly provided in the theoretical mass.
purified form from by Professor Wuyuan Lu at the University =~ SUPREX Sample Preparation and Data CollectiGon-
of Maryland. The abl-SH3 domain was folded by dissolving centrated stock solutions of S-Pro and of peptide8 @ere
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prepared in 50 mM sodium acetate buffers (pH 6.0) contain- SUPREX Data AnalysisPlots of AMass versus [urea]
ing 100 mM NacCl. Proteirrpeptide complexes involving  were constructed for the S-Pro and abl-SH3 domain in the
S-Pro and peptides-3® were prepared by combining aliquots absence and in the presence of their respective ligands, and
of the S-Pro stock solution with each peptide stock solution the data were fit to the following four-parameter sigmoidal
to yield solutions of each S-Pro/peptide complex in which equation using a nonlinear regression routine in Sigma Plot.
the final S-Pro concentration was 100 and the final
peptide concentration was between 0.8 and 2.0 mM. The AMass= AM. + a (1)
exact concentration of peptide in each solution was deter- © 1 4 o ((Denaturant-CE4PRE/b)
mined as described above. Each S-Pro/peptide stock solution
was allowed to equilibrate for at lealsh atroom temperature  In eq 1, AM, is the change in mass measured before the
before it was cooled to 1€C. globally protected hydrogens in the protein exchanged with
SUPREX analyses on the S-Pro and S-Pro/peptide com-deuterons (i.e., the pretransition baselirg) the amplitude
plexes in this work were initiated by 10-fold dilution of the  of the curve in Da; [Denaturant] is the molar denaturant
above stock solutions of protein or proteipeptide samples  concentration; &, is the [Denaturant] at the transition
into a series of deuterated exchange buffers. The deuterategnidpoint of the curve; anth is a parameter that describes
exchange buffers contained 50 mM sodium acetate bufferthe steepness of the transition. In fitting oAMass vs

(pD 6.0), 100 mM NaCl, and concentrations of uthahat  [Denaturant] data sets to eq 1 all of the parameters in the
varied between 0 and 7 M. After a specific exchange time equation were typically allowed to “float.”

(see below), a 1uL aliquot of each protein-containing The G2, values we obtained using eq 1 were then
exchange buffer was combined with& of an ice-cold, used in eq 2 to determin@ and AG; values. In eq 2R is
MALDI matrix solution which also included an internal mass

standard. The matrix solution consisted of a saturated, (&, @

aqueous solution of SA containing 45% MeCN and 0.1% 0.693 1 W

TFA (pH ~3.0). The low temperature and low pH of the —RT|In=————7| = MCg{jprex+ AG; (2)
matrix solution effectively quenched the H/D exchange (n_[p]”l)

reaction. Subsequently, ZL of the quenched exchange on—1

solution was spotted on a stainless steel MALDI plate and
the solvent was evaporated under a gentle flow of air. A the gas constant, is the temperature in Kelvirikix[is the
total of 10 replicate spectra were collected from various average intrinsic exchange rate of an amide protasthe
regions of the crystalline MALDI sample spot to determine H/D exchange timen is the number of subunits in the protein
the average mass change (relative to a fully protonated(for the proteins in this workn = 1), [P] is the protein
sample) at each concentration of urea. Ultimately, the massconcentration expressed iamer equivalentsm is defined
change relative to a fully protonated sample (i&Mass) asoAG¢/d[Denaturant], and\G is the free energy of folding
was plotted as a function of [Denaturant]. in the absence of denaturant. We note that eq 2 is valid only
Concentrated stock solutions of the abl-SH3 domain and for cases in which the producki(f is greater than 0.693
of peptides 4 were prepared in 10 mM sodium phosphate and for finite values oft such that GJpgey values are
buffers (pH 7.4) containing 10 mM dithiothreitol. Protein greater than or equabtO0 M denaturant. Equation 2 also
peptide complexes involving the abl-SH3 domain and requires that the protein under study be under so-called EX2
peptides +4 were prepared by combining aliquots of the exchange conditions and that the chemical denaturant-
abl-SH3 domain stock solution with each peptide stock induced equilibrium unfolding properties of the protein be
solution to yield solutions of each abl-SH3/peptide complex well modeled by a two-state process. A derivation of eq 2 is
in which the final abl-SH3 concentration was 20 and included in the appendix.
the final peptide concentration was about 2.0 mM. The exact We have previously reported on the use of eq 2 to calculate
concentration of peptide in each solution was determined asa protein’sAG; value from SUPREX datal@). However,
described above. Each abl-SH3/peptide stock solution wasin these earlier studies the only experimentally determined
allowed to equilibrate for at lead h before it was cooled  parameter in eq 2 wasrex All the other parameters
to 20 °C. were either predefined (as in the caseRyfT, andt) or
SUPREX analyses on the abl-SH3 domain and abl-SH3 estimated (as in the case ldf,.Candm). Of particular note
domain/peptide complexes in this work were performed using in our earlier work was that thervalues employed in our
a protocol that was essentially identical to that described calculations ofAG; values using eq 2 were estimated using
above for the S-Pro system with the exceptions thatl1,0 an empirically derived relationship between the number of
C, ZipTip pipet tips (Millipore) were employed for optimum  amino acid residues in a protein and the magnitude of a
sample economy and that a 12-channel pipettor was used tgrotein’sm-value @6).
reduce the amount of time required for the pipetting steps In the work described here, attvalues were experimen-
in our analyses. The LZipTip pipet tips in this work were  tally determined from SUPREX data. This was accomplished
specifically used to concentrate and desalt the protein sampledy generating a series of SUPREX curves using different
in the deuterated exchange buffers. This was accomplishedH/D exchange times (i.et values in eq 2). SUPREX curves
exactly as described in ref2. We note that the series of for the abl-SH3 domain proteirpeptide systems and the
deuterated exchange buffers used in the abl-SH3 domainS-Pro protein-peptide systems were collected using ex-
experiments contained 10 mM sodium phosphate (pD 7.4) change times between 5 and 72 min and between 10 and
and concentrations of ureh-that varied between 0 and 5 4575 min, respectively. Increasing the H/D exchange time
M. in a SUPREX experiment has the effect of shifting the
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observed &2, value of a protein's SUPREX curve to Fapp= (S— (S~ ) (5)

lower concentrations of denaturant. Our experimental de-

termination ofm-values in this work involved generating a whereSwas the fluorescence signal when the protein was

plot in which the term on the left side of eq 2 was plotted as equilibrated at a given urea concentration, &adand S,

a function of the observedi.c, value. In evaluating the ~ Were the respective signals of the folded and unfolded forms

term on the left side of eq 2, values fik,Jwere obtained of the protein at each urea concentration. In our experiments,

by using the program SPHEREY 28). The SPHERE  Swas linearly dependent on the urea concentration in both

program calculates the intrinsic H/D exchange rate @@), the folded and unfolded baseline regions; therefore, linear

of each individual backbone amide proton ina protein based extrap0|ati0ns from these baselines were used to calculate

on exchange data from model dipeptide studies (see ref 28).5 and & values. Ultimately Fapp values in the transition

Thesekiy values are averaged to obtain fiig.Ovalue in eq region of the unfolding curve were converted{G,,,values

2. Ultimately, a linear least-squares analysis of the data in using eq 6 22):

these plots yielded the equation of a line in which the slope .

andy-intercept corresponded ta and AGs, respectively. AGypp= _RTln[Fapr! - FapQ] (6)
Kg¢ Value DeterminationsDissociation constantskKy

values, for the proteinpeptide complexes studied in this

work were calculated using eq 29).

where AG,, is the apparent free energy of unfolding at a
each urea concentration. The5,,, values were then used
to generate AG,ypVs. [urea] plot. The data in this plot were
AAG/NRT fit to eq 7 using a linear least-squares analysis to yield an
Kg=[L)(e ™77 = 1) 3) mvalue andAG; (22).

AG,,,= m[Denaturant}- AG; (7

In eq 3, [L] is the concentration of free peptidejs the
number of independent binding sites, aXG; is the change RESULTS
in folding free energy upon peptide binding. For the model
protein systems in this study, it has been previously The abl-SH3 domain and the S-protein were subjected to
established that there is a single peptide binding sites ( multiple SUPREX analyses in the absence and in the
1). In our binding experiments with the abl-SH3 domain, presence of a series of different peptide ligands (see Table
there was a large excess of ligand, therefore [L] was taken 1). In these multiple SUPREX analyses of each protein and
as the total concentration of peptide in solution. In our protein—peptide complex, the H/D exchange time was varied.
binding experiments with S-Pro, the peptide ligands were Shown in Figures 1 and 2 are typical SUPREX curves
present in less than a 10-fold excess over the proteinobtained for the abl-SH3 domain and for S-Pro with and
concentration; therefore eq 4 was used together with eq 3 towithout a peptide ligand. The solid lines in Figures 1 and 2
calculateKy values 80). In eq 4,Lal IS the total concentra-  represent the best fit of the data to eq 1 using a nonlinear

least-squares analysis. We note that the error associated with

[L] =L — our AMass measurements was typically 2 Da, consistent
> with the mass accuracy of MALDI-TOF mass spectrometry.
Protal T Liota + Ky — \/ (Proai + Liotar + K9)” — 4Pioalioar The fits were used to extract alpey value for each
2 curve. As predicted by eq 2, thelGrex Values observed
(4) for each protein and proteirpeptide complex were shifted

to lower denaturant concentrations when longer H/D ex-

tion of peptide;Pwta is the total concentration of S-Pro; and  change times were used in the SUPREX experiment.
Kg is the dissociation constant for the complex. The pretransition baselines of the SUPREX curves in

Corventional Equilibrium Unfolding Study of S-Protein.  Figures 1 and 2 were shifted to high&Mass values when
A 10 uM stock solution of folded S-Pro in 50 mM sodium  longer H/D exchange times were employed in the SUPREX
acetate buffer (pH 6.0) containing 100 mM NaCl was experiment. These shifts in the pretransition baselines of our
combined with a 1M stock solution of unfolded S-Proin  S-Pro and SH3 domain SUPREX curves are likely due to
a 50 mM sodium acetate buffer (pH 6.0) containing 100 mM H/D exchange reactions that occur as a result of local
NaCl and 8.9 M urea to create a series of S-Pro solutionsunfolding events in these proteins. However, it is important
that varied only in urea concentration. These solutions wereto note that such H/D exchange reactions are not expected
allowed to equilibrate at room temperature for at least 2 h to impact our SUPREX analyses. The H/D exhange rates
before they were cooled to 18 in a water bath. The that are measured in our SUPREX experiment are the H/D
fluorescence intensity of each solution was recorded 10 timesexchange rates of amide protons which exchange when the
using a Fluorolog-3 fluorimeter (Jobin Yvon-SPEX). In these protein globally unfolds. It is the H/D exchange rates of these
experiments, the excitation wavelength was 278 nm, the globally protected amide protons that are highly denaturant
emission wavelength was 308 nm, the excitation slit width dependent and ultimately define the transition region of our
was 10 nm, the emission slit width was 5 nm, and the SUPREX curves.
integration time was 0.2 s. The cuvette was maintained at For each protein and proteiipeptide complex we gener-
10 °C during fluorescence measurements. ated a plot of—RT In([k1/0.693-1) versus the observed

The average fluorescence intensity of each solution was Caiprey Values. The plots we generated for the abl-SH3
plotted as a function of [urea]; and the data were normalized domain and for S-Pro are shown in Figures 3 and 4,
to an apparent fraction of unfolded proteffyfy) according respectively. Also shown in Figures 3 and 4 are the plots
to eq 5 @2): we obtained when the abl-SH3 domain was bound to peptide
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FiIGURE 1. (A) Representative SUPREX curves for the abl-SH3 Figure2: (A) Representative SUPREX curves for S-Pro M)
domain (2uM) in the absence of peptide ligand. H/D exchange in the absence of peptide ligand. H/D exchange times of 10 (circles),
tlmeszof 5 (circles), 7.5 (triangles), and 13.5 min (squares) resulted 5 (triangles), and 30 min (squares) resulted ﬁ;ﬁ;ExvalueS of

in CgprexVvalues of 2.04, 1.44, and 1.06 M urea, respectively. (B) 2.08, 1.76, and 1.49 M urea, respectively. (B) Representative
Representative SUPREX curves for the abl-SH3 domainNg SUPREX curves for S-Pro (10M) in the presence of peptide 7

in the presence of peptide 3 (18M). H/D exchange t'm?S of 10 (67 uM). H/D exchange times of 25 (circles), 85 (triangles), and
(circles), 20 (triangles), and 65 min (squares) resulteddfoGex 312 min (squares) resulted ik rex values of 2.28, 1.73, and
values of 2.62, 2.19, and 1.21 M urea, respectively. The solid lines 1 12 M urea, respectively. The solid lines represent the best fit of
represent the best fit of each SUPREX curve to eq 1. The dotted 5., SUPREX curve to eq 1. The dotted lines mark t&épgﬁx

lines mark the &2ogex values. values.

3 (Figure 3) and the S-Pro was bound to peptide 7 (Figure =

4). The lines in each plot represent the best fit of the data to - 4

a straight line. According to eq 2, the slope arihtercept S~ °

of each line correspond to tinevalue andAG (respectively) < E 5 2%

of each protein and proteirpeptide complex. Then and $§

AGs values we obtained from the data in Figures 3 and 4 —< 6

are summarized in Table 2. Also included in Table 2 are the E

m and AGs values that we obtained in similar analyses on [

the abl-SH3 domain and S-Pro when they were complexed —— :
with several additional peptide ligands (data not shown). The 00 05 10 15 20 25 30 35
AG; values we calculated in Table 2 were used to calculate C%uprex (M Urea)

AAG; values for each prote%rpepti_de complex. UItimathy, FIGURE 3: The —RT In((ky[0.693 — 1) versus Glprex plot
these AAG; values were used in eq 3 to determine a obtained for the abl-SH3 domain in the absence (circles) and in

SUPREX-derivedK, value for each proteinpeptide com- the presence (triangles) of peptide 3. Filled symbols indicate the
plex. data points from the SUPREX curves shown in Figure 1. The open

. . symbols indicate the data points from additional SUPREX curves
The calculation ofAG; values from SUPREX data using  (data not shown). The solid lines are the results of linear least-

eq 2 requires that the protein under study exhibit so-called squares fitting of the data to eq 2.

EX2 (and not EX1) exchange behavior. In the EX2 exchange

limit, only one population of deuterated protein molecules exchange (i.e., only one population of deuterated protein
is typically detected by mass spectrometry during the time molecules was detected). We note that intermediate H/D
course of H/D exchange. This is in contrast to what is exchange behavior between the EX1 and EX2 limits (i.e.,
observed under so-called EX1 exchange conditions when awhen ki = K[) can be difficult to resolve by mass
protein’s refolding ratek;) is much slower thaf[J In the spectrometry. However, it has been shown that such H/D
EX1 exchange limit, two distinct populations of deuterated exchange behavior only leads to small errord\i@; value
protein molecules, one in which all of the globally protected calculations 84).

H’s have exchanged and one in which none of the globally The urea-induced equilibrium unfolding data that we
protected H's have exchanged, are typically detected by massbtained for S-Pro is shown in Figure 5. The pre- and post-
spectrometry during the time course of excharige-33). transition baselines used in the normalization of the raw data
All the protein mass spectra we collected to generate theare denoted by the dotted lines in Figure 5A. The normalized
SUPREX curves in this work were consistent with EX2 data are shown in Figure 5B. The inset in Figure 5B shows
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Table 2: Thermodynamic Parameters for the Proteins and the Pr@&eptide Complexes in this Study

complex m? (kcal molt M—1) AG{ (kcal mol) rb SUPREXK, literatureKgy
abl SH3 0.5A 0.12 —5.81+£0.16 0.867

+1 0.67+0.10 —6.53+ 0.20 0.977 5# 25uM 118 uM¢
+2 0.70+ 0.04 —6.98+ 0.07 0.997 28t 8 uM 28.8uM¢
+3 0.74+ 0.06 —7.04+0.12 0.993 25+ 8 uM 24.1uMmd
+4 0.87+0.12 —7.88+0.30 0.983 5.2 2.4uM 5.6 uM¢
S-Protein 1.06+ 0.06 —5.17+0.10 0.989

+5 0.70+ 0.03 —4.67+ 0.06 0.996 > ~1mMe ~20 mMf
+6 0.9440.10 ~5.54+0.14 0.983 250 110uM 16 uM9
+7 1.18+ 0.08 —6.26+ 0.14 0.993 9.& 3.0uM ~7 uMf
+8 1.15+ 0.01 —8.07+ 0.04 0.999 40Q@: 70 nM 41 nM
+9 1.28+ 0.07 —9.39+ 0.22 0.996 34t 12 nM 6.3 nM

aThe m and AGs values were taken from the slopes apthtercepts (respectively) of the RT In(ln[{0.693 — 1) versus @SPREX plots
generated above. Errors are the standard errors of fitting generated by SigrhdRbtcorrelation coefficient obtained from the linear least-
squares analysis of eaetRTIn(Kin{/0.693— 1) versus @SPREXpIot. ¢Values are reported with standard error (i.e., the errors associated with the
AGs values in column 3 were propagated through edf Brofessor Wuyuan Lu, personal communication (University of Marylah8timated
upper limit of K4 based on our conditiony could not be calculated outright for the reasons stated in theftiéxestimated from the data in refs
17, 20, and21. 9 From refl7. " From refl8. | The K4 of the S15 peptide of ref7 extrapolated to 10C using their ITC data at higher temperatures
with their eq 6. We should note that the S15 peptide fromiligis a C-terminally truncated version of our peptide 9; it has been shown that this
5-amino acid truncation does not have a major effecKgif37).
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FIGURE 4: The —RT In([K[/0.693 — 1) versus G prex plot for 101B 0’0 °°%o0o0
S-Pro in the absence (circles) and in the presence (triangles) of 0°° oo
peptide 7. Filled symbols indicate the data points from the SUPREX 0.8 0° 3
curves shown in Figure 2. The open symbols indicate the data points 06 z,
from additional SUPREX curves (data not shown). The solid lines g ° £
are the results of linear least-squares fitting of the data to eq 2. Y 0.4 R o
g-1
0.2 o° g -2
the plot of AGg,p vs [urea] that was used to calculate the 0.0¢ o S0 2 3 4
mrvalue andAG; of S-Pro’s unfolding reaction. The slope ' Urea (M) _
of this plot, 1.274+ 0.05 kcal mof* M~1, was equivalent to o 1 2 3 4 5 6 7
the mvalue, and the-intercept,—2.08 + 0.10 kcal mot?, Urea (M)

was equivalent ta\G;. FiIGURE5: (A) Urea-induced equilibrium unfolding curve for S-Pro

monitored by fluorescence. The dotted lines represent the urea
dependence of the fluorescence intensity of the folded and unfolded
forms of S-Pro. (B) The normalized urea-induced equilibrium
unfolding curve for S-Pro monitored by fluorescence. The inset

m-values. An important part of this work was the shows theAG,, versus [urea] data for the points in the transition
I i app
development of a new method to experimentally determine region; the solid line is the result of a linear least-squares fit of the

m-values in SUPREX analyses. In this new method, a seriesgata.

of different SUPREX curves are collected for a given protein

sample. Different H/D exchange times (i.evalues in eq  precision is typical of that in conventional methods to
2) are used to create each SUPREX curve in the series, andieterminem-values.

a plot of —RT In(K[0.693-1) versus G preyis gener- The mrvalues obtained from our plots ofRT In([&n
ated. Equation 2 predicts that such a plot will be linear and 0.693-1) versus ¢;prex are expected to be equivalent to
that the slope of the resulting line will correspond to the those obtained by conventional methods as eq 2 relies on
mrvalue of the protein under study. Th&RT In([Kin[H/0.693- the relationship in eq 7 (see Appendix). Indeed, the SU-
1) versus &2, ., plots that we generated for the two PREX-derivedn-value we obtained for the abl-SH3 domain,
proteins and nine protein/peptide complexes in this work 0.57 &= 0.12 kcal mot! M~, is in good agreement with a
were in fact linear, and it was possible to extract precise previously reported value of 0.55 kcal méM ! that was
m-values from the data (see Table 2). We note that the calculated using conventional fluorescence denaturation data
relative standard error associated with eaglhialue deter- (35). The SUPREX-derivedtvalue we obtained for S-Pro,
mination in Table 2 was generally less than 10%. This 1.06 + 0.06 kcal mol* M~%, is also in reasonably good

DISCUSSION
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agreement with thervalue of 1.27+ 0.05 kcal mott M1 The average deviation of replicate measurements is typi-
calculated using the conventional fluorescence denaturationcally a good esitmate of the precision of a technique.
data in this work (see Figure 5). We note that thealues ReplicateKy values can be calculated from the multiple
associated with the protein/peptide complexes in this work SUPREX curves that we collected for each protein and
have not been calculated by conventional techniques. How-protein—peptide complex. If then-values from Table 2 are
ever, the SUPREX-derivetvalues for these complexes used in eq 2 to calculatAGy values from the individual
appear to be reasonably accurate since their use in theSUPREX curves we recorded at different exchange times
calculation of the SUPREX-derively values in this work  for each protein-peptide complex, then at least four inde-
lead to reasonably accurate numbers (see below). pendent calculations oAGs values can be made for each

In most cases, thervalue for each protein complexed protein—peptide complex. The resultilyG; values can be
with a peptide was larger than thevalue measured for the  used to calculate at least four independ&niG; values, and
protein alone. The largetrvalues of each proteinpeptide the resultingAAG; values can ultimately be used to calculate
complex can in part be attributed to the reduction of solvent at least four independeKt; values for each proteirpeptide
accessible surface area in each protein upon peptide bindingcomplex. Treatment of our data in this fashion results in
It has been shown that the amount of solvent accessibleaverageKy values that are essentially the same as those
surface area buried upon protein folding is directly propor- reported in Table 2. The average deviations ofuvalues
tional to them-value of a protein folding reaction and that calculated in this fashion ranged from 2.5 to 24%, and they
the mvalue of a protein folding reaction can be estimated were typically on the order 0f10%.

by t[]le nylmber of amino acids in a protein (i.e., 0.013 kcal |, theory, the SUPREX technique described here for
mol™* M™* per amino acid residuep). According to such  measuring thekq values of proteirpeptide complexes
an estimate, ther-values of the protein-peptide compleixes should be amenable to an unbounded rang&o¥alues.

In f["s work should be increased by0.1-0.2 kcal mof The technique relies on detecting the increase in a protein’s
M~ over what they would be for th_e protein alone. The AG; value upon ligand binding (i.e., measuringAGy). In
_changes we obgeryed were generally in thI.S range. Our result§pe case of tightly bound proteirpeptide complexes, such

in Table 2 also indicate that for each protepeptlde system 45 the S-Pro/peptide 9 complex with a reportedof 6.3
there was a reasonably good correlation between thenM’ large AAG values are expected upon peptide binding.
magnitude of the measurexdvalue and the strength of the However, in the case of weakly bound complexes, such as

protein—pe_ptide binding interaction. The_ largestvalues the S-Pro/peptide 5 complex with an estimakaaf 20 mM,
were obtained when the abl-SH3 domain and S-Pro werey,e measured\AG; values can be small and difficult to

complexed with the tightest binding peptide ligands. This meaqure. According to eq 3, it is possible to increase the
apparent increase in cooperativity of the S-Pro and abI—SHSAAGf value for a given proteinpeptide complex by
domgin folding reactions in the presence of t'gh_t binding increasing the amount of free ligand in the assay. However,
peptides may be due to the more efficient packing of the {he high peptide concentrations required to produce a
amino acid side chains at the proteipeptide interfaces in measurablAAG value (i.e. AAG; > ~0.5 kcal mot?) can
these complexes. ) ) still be difficult to achieve experimentally. For example, in
The m-value we determined for the S-Pro/peptide 5 he case of the S-Pro/peptide 5 complex withgof 20

complex was unexpectedly low. No binding was detected )\ 4 30 mM peptide concentration is required to produce
in our experiments on this complex (see below). However, a AAG value on the order of 0.5 kcal mdl Such a high

we expected thervalue for this complex to be equivalent  jenride concentration was not accessible in our experiments.

to the mvalue determined for the S-Pro alone. It appears . .
that the presence of peptide 5 decreased the cooperativity 11 SUPREX-deriveKq values for the S-Pro/peptide 6

of S-Pro’s folding reaction. The reason for this is unknown; 2nd the S-Pro/peptide 8 complexes were only within about

however, this behavior appears to be unique to the S-Pro/a" order of magnitude of previously reporte values. If
peptide 5 complex. the reported, values for the S-Pro complexes of peptide 6

. d peptide 8 are accurate then ihesalues we determined
Kq¢ Values.The SUPREX technique accurately ranked the an .
relative binding affinities of all the different peptides in both for _these_((j:omplexes by fSUPRCIIEX gre %r%uably hlgh.ITheI
of the protein systems studied here, and the SUPREX-derived@ N0 acld sequences of peptides 6 and 8 are very closely

Kq values we obtained for six of the nine complexes in this _related_to amino aﬁid EquzrlgclgE(;(f dpe_p:,zde E: and it is
study were in excellent agreement (i.e., within 5-fold) of Nteresting to note that the -deriviéglvalues we

previously reported values. For two of the nine protein measured for these three pepitde ligands were all between

; ; ; ; 5- and 20-fold high. An important assumption in this work
peptide complexes in this study the SUPREX-deri%ed , LI ,
values obtained were withirn 10-fold of the reported values, is that the peptide ligands do not bind the denatured state of

and for one complex, the S-Pro/peptide 5 complex, onl a the .protein. Significant denatured state binding and/or
lower limit for tr?e Kq value cmﬂdpbe establisphed. Th)(/a nonlinear effects atzlow [Denaturant] in ouRT In([Kin ¥
uncertainties presented with the SUPRExXvalues in Table ~ 0-693— 1) versus GprexPlots (see Figures 3 and 4) could

2 were obtained by the propagation of the linear least-squareg®otentially account for the largé, values determined in our
fitting error from AG; (column 3, Table 2) through eq 3. SUPREX experiments on the S-Pro and peptides 6, 8, and
These errors ranged from 17 to 46% and were generally on9- Such nonlinear effects at low [urea] have been noted in
the order of 30%. The magnitude of this error is close to Previous peptide binding studies with S-Pa®)

that of conventional techniques. For example, the errors The accuracy of the SUPREX-derivéq values in this
associated with the literatutg; values in Table 2 are in the  work was not dependent on the accuracy of the SUPREX-
range of~5—25% (18, 21). derivedAGs values in this work. The SUPREX-derivéds;
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values we obtained for the abl-SH3 domain and S-Pro were KopKint
—5.81+ 0.16 and—5.17 + 0.10 kcal mot? (respectively). Kex = (T ETS )
TheseAGy values are approximately-23 kcal mof™ larger P ! nt

than AG; values for these proteins obtained using conven- For folded proteins at the EX2 limit of H/D exchandg,>

tional techniques. The discrepancy may be due tokh€] k., andky > ki, and eq 9 reduces to eq 10K, is defined
values used in our SUPREX analyses. In our calculation of K
_ Popint

AGs values using eq 2, the intrinsic exchange rates of all
the globally protected amide protons in each protein and Kex ky
protein—peptide complex were estimated k[ using

SPHERE, a program based on the model peptide data of Baias the equilibrium constant for the opening reaction, then
et al. 8). Our estimatedki[values may be wrong for two  kop/ke in eq 10 can be rewritten in the form of eq 11. In the
reasons. One reason is related to the fact that akithealues

of all the amide protons in each protein are factored into Kex = KOPkint (11)
our [k Ovalue estimates. Clearly, only a subset of these
amide protons are “globally” protected. The most accurate
ki(Cvalues would be obtained if only thg; values of these
globally protected amide protons in each protein were Kopkint

factored into oufk.[value estimates. Unfortunatley, in our kex = 11 (12)
SUPREX experiment it is not possible to determine which op

amide protons are globally protected and which are not. A For amide protons that exchange through a global unfolding
second reason that our estimatkgvalues may be wrong  mechanism, K, or K, (i.e., the equilibrium constant for

is that thekin values calculated from the SPHERE program  the closing reaction) is equal t, the equilibrium constant

are based on amide exchange occurring in a completelyfor the global folding reaction of the protein in question.
random coil-like structure. The chemically denatured states sypstitution ofKp = 1/K; into eq 12 yields eq 13. Solving

of the proteins in this work may not be well modeled by a

random coil-like structure. K, = Kint
Clearly, the accuracy of our SUPREX-deriva@; values K+ 1

is dependent on thé&[value used in our calculations. . o )

However, it is important to note that theAG; values used ~ €4 13 forKs yields eq 14, which is an expression for the

to generateKq values of the proteinpeptide complexes in equilibrium constant for a protein’s folding reaction in terms

this work are not sensitive to errorslig,J This is because ~ Of Kt andkes

(10)

case of a folded proteio, < 1, and eq 11 can be rewritten
in the following form:

(13)

the k[values for the proteins in this study are not expected K
to change upon ligand binding. Therefore, thgterm in K= nt_ (14)
eq 2 is canceled out when the equation is used to calculate Kex

AAG; values. This is confirmed by the good agreement
between our SUPREX-derived; values in Table 2 and those
reported in the literature.

At the transition midpoint of a SUPREX curve (i.e., at
Cy2.ren, the HID exchange reaction has progressed to one
half-life. Therefore, eq 15 can be used to describe the
APPENDIX relationship between the H/D exchange tinbeand Kex.

The SUPREX technique relies on the hydrogen/deuterium kex = 0.693t (15)
(H/D) exchange reaction of globally protected amide protons g pstitution of eq 15 into eq 14 yields eq 16 if tag values

in proteins. For proteins with equilibrium unfolding behavior ¢, g globally exchanging hydrogens are approximated by
that is well-modeled by a two state process (i.e., no partially (R[]

folded intermediate states are populated) the H/D exchange

reaction can be described by eq¥®,(34, 38, 39): B (K, [
. ) Ki=0693 * (16)
=5 pH
PE: " P';p ng (8) One of the most common methods for the analysis of

traditional solvent-induced, equilibrium denaturation curves
In eq 8 P is a closed, H/D exchange incompetent form of IS the linear extrapolation method (LEM}3). The LEM is
the protein, B, is an open, H/D exchange competent form based on eq 17.

of the protein before H/D exchange has occurreﬁj,i?an —RTInK; = m[Denaturantt- AG; (17)
open, H/D exchange competent form of the protein after H/D
exchange has occurrekl, andk are the rate constants for In eq 17,R is the gas constant, is the temperature in

the opening and closing reactions of the protein (respec-Kelvin, K is the apparent equilibrium folding constantjs
tively), andkix is the intrinsic, chemical exchange rate for dAGy/d[Denaturant], [Denaturant] is the molar denaturant
an amide proton. Note that there is no reverse arrow in eq 8concentration, and\G; is the folding free energy of the
since the reaction is performed in@. The observed H/D  protein in the absence of denaturant. Equation 17 is generally
exchange rate constalt,, can be written in the form of eq  valid for proteins that exhibit two-state equilibrium unfolding
9. behavior.
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Equations 16 and 17 can be combined to yield eq 18 if
[Denaturant] is replaced with€ore, Which is simply the
[Denaturant] at the midpoint of the SUPREX transition (note
that Cy2prex iS NOt equal to the midpoint of a traditional
denaturation curve; see refsO and 13). Equation 18

Koll

—RTln(o_ 693 (18)

/
1) = mCéSPREX+ AG

describes the SUPREX behavior of monomeric proteins such
as the ones in this study. Note that eq 2, presented in
Materials and Methods, is a more general form of eq 18 as
it includes terms for multimeric state and protein concentra-
tion (40, 41). Equation 2 is generally applicable to the

SUPREX analysis of both monomeric and multimeric

proteins provided that the two main assumptions inherent in

the

above derivation hold true (i.e., that the protein under

study is under EX2 exchange conditions and that the protein
is a two-state folder).
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