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Abstract

We recently reported on a new H/D exchange- and matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry-based technique, termed SUPREX, that removes several important limitations associated
with measuring the thermodynamic stability of proteins. In contrast to conventional spectroscopy-based
techniques for characterizing the equilibrium unfolding behavior of proteins, SUPREX is amenable to the
thermodynamic analysis of both purified and unpurified proteins using mg to ng quantities of material. Here
we report on the application of SUPREX to the analysis of multimeric protein systems. Included in this work
are the SUPREX results we obtained in studies on six model multimeric proteins including the GCN4p1
dimer, the coil-VaLd trimer, the 4-oxalocrotonate tautomerase (4-OT) hexamer, the Trp repressor (TrpR)
dimer, the Arc repressor (ArcR) dimer, and an ArcR mutant (the (DOA20)ArcR) dimer which contained two
destabilizing mutations including an Asp to Ala mutation at position 20 and an amide to ester bond mutation
between amino acid (aa) residues 19 and 20. As part of the work described here, we present a new method
for the analysis of SUPREX data that is generally applicable to both monomeric and multimeric protein
systems. Our results on the model proteins in this study indicate that this new method can be used to
determine folding free energies for proteins with the accuracy and precision of conventional spectroscopy-
based methods.
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Conventional, spectroscopy-based methods for measuring
the thermodynamic stability of proteins have the disadvan-
tage that they require relatively large amounts of pure pro-
tein. This limits the thermodynamic analysis of proteins to
those that can be purified in large quantities. We recently
reported a new H/D exchange- and matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry-based
technique, termed SUPREX, that can be used to quantitate
the thermodynamic stability of proteins (Ghaemmaghami et

al. 2000). In contrast to conventional methods, the SUPREX
technique can be used to quantitate the stability of mg to ng
quantities of both purified and unpurified proteins (Powell
and Fitzgerald 2001). In SUPREX, protein samples are sub-
jected to H/D exchange by dilution into a series of deuter-
ated exchange buffers containing different concentrations of
a chemical denaturant such as guanidinium chloride
(GdmCl). After a specified exchange time, the deuterium
content of each protein sample is determined using MALDI
mass spectrometry. Ultimately, the change in mass relative
to the fully protonated sample is plotted as a function of
[GdmCl] to generate a SUPREX curve.

SUPREX curves can be used to extract accurate thermo-
dynamic parameters for a protein’s folding reaction pro-
vided that the protein’s equilibrium unfolding behavior is
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well modeled by a two-state process (i.e., partially folded
intermediate state(s) are not significantly populated under
equilibrium conditions) and that the protein under study is
under EX2 H/D exchange conditions (i.e., the refolding rate
of the protein is faster than the average H/D exchange rate
for an unprotected amide proton; see Hvidt and Nielsen
1966). Initial reports on SUPREX have included experi-
ments with ribonuclease A, maltose binding protein, and
eight variants of a monomeric � repressor construct
(Ghaemmaghami et al. 2000; Ghaemmaghami and Oas
2001; Powell and Fitzgerald 2001). The data obtained in
these previous reports indicate that the SUPREX technique
can be used to determine folding free energies of mono-
meric proteins with the precision of conventional techniques
(typically < 5%). Moreover, the folding free energies deter-
mined by SUPREX are generally consistent (i.e., within
15%) with those obtained by conventional GdmCl-induced
equilibrium unfolding techniques.

Here we report on the extension of SUPREX to the ther-
modynamic analysis of multimeric protein systems. We in-
vestigated the SUPREX behavior of six model multimeric
protein systems: GCN4p1, coil-VaLd, 4-oxalocrotonate tau-
tomerase (4-OT), Trp repressor (TrpR), Arc repressor
(ArcR), and an ArcR mutant ((DOA20)ArcR) which con-
tained two destabilizing mutations including an Asp to Ala
mutation at position 20 and an amide to ester bond mutation
between aa residues 19 and 20. The GCN4p1, TrpR, and

ArcR proteins are homodimeric proteins that are comprised
of 33-, 107-, and 53-aa polypeptide chains, respectively.
The coil-VaLd construct is a homotrimer of three identical
29 aa-containing polypeptide chains, and 4-OT is a homo-
hexamer of six identical 62 aa-containing polypeptide
chains. The chemical denaturant-induced equilibrium un-
folding properties of the model, multimeric protein systems
above have all been studied using conventional spectros-
copy-based approaches (Bowie and Sauer 1989; Gittleman
and Matthews 1990; Zitzewitz et al. 1995; Boice et al. 1996;
Gloss and Matthews 1997; Silinski et al. 2001; Wales and
Fitzgerald 2001). These studies showed that the chemical
denaturant-induced equilibrium unfolding properties of
these proteins are all well described by two-state (i.e.,
folded oligomers and unfolded monomers) models, a pre-
requisite for quantitative SUPREX analyses.

Results

SUPREX analysis of model multimeric proteins

Shown in Figure 1 are representative data (�Mass versus
[GdmCl] plots) obtained in SUPREX experiments on five
of the model proteins examined. The lines in Figure 1 rep-
resent the best fit of each data set to the conventional
SUPREX equation [equation (7) in Materials and Methods].
Summarized in Table 1 are the thermodynamic parameters

Fig. 1. Typical SUPREX data obtained on the five model multimeric proteins studied in this work. The proteins included: (A) the
GCN4p1 dimer, (B) the ArcR dimer, (C) the (DOA20)ArcR dimer, (D) the coil-VaLd trimer, and (E) the 4-OT hexamer. The protein
concentrations [i.e., (n-mer)] in these experiments were 10 �M (closed circles) and 56 �M (open circles) for GCN4p1, 5 �M (closed
circles) and 18 �M (open circles) for ArcR, 190 �M for (DOA20)ArcR, 12 �M (closed circles) and 28 �M (open circles) for coil-VaLd,
and 1.7 �M for 4-OT. In each case the line represents the best fit of the data to equation (7).
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that we extracted from the SUPREX data in Figure 1 using
equation (7). Our results with GCN4p1, ArcR, and coil-
VaLd indicate that the SUPREX transition midpoints
(C1/2

SUPREX values) and the folding free energies (�Gf val-
ues) determined for these multimeric proteins increased
with increasing protein concentration. This was true for
each protein with the exception of the (DOA20)ArcR con-
struct, which was difficult to analyze using equation (7) as
it was not possible to record a complete SUPREX curve
(i.e., the pretransition region was absent) for this construct
under the conditions of our experiment.

The protein concentration-dependent results we obtained
in our SUPREX analyses of GCN4p1, ArcR, and coil-VaLd

are consistent with the general behavior of multimeric pro-
teins in conventional GdmCl-induced equilibrium unfolding
studies. Multimeric proteins are more stable to GdmCl de-
naturation at higher protein concentrations due to the law of
mass action; therefore, conventional circular dichroism
(CD) and fluorescence unfolding transitions are shifted to
higher [GdmCl] with increasing protein concentration.
Thus, it is not surprising that the SUPREX transitions re-
corded for the model multimeric proteins in this work were
also shifted to higher [GdmCl] with increasing protein con-
centration. In fact, the SUPREX transitions that we obtained
for the model multimeric proteins in this study were essen-
tially identical to CD transitions recorded under similar so-
lution conditions (i.e., buffer pH, and protein concentration)
with the exception that the SUPREX transition midpoints
were shifted to lower [GdmCl] (see Fig. 2). As we noted in
our earlier studies on monomeric proteins, such shifts are a
function of the exchange time and solution pH; in addition,

they can be predicted by equation (5) below (Ghaem-
maghami et al. 2000).

Significantly, the mapp values we determined for the
GCN4p1 and coil-VaLd constructs using equation (7) did
not vary with protein concentration. This observation is
similar to what is observed in conventional GdmCl-induced
equilibrium unfolding experiments. However, it is notewor-
thy that the mapp values we determined for the five model
proteins in our study using equation (7) were all substan-
tially smaller than m values previously reported for these
proteins in conventional GdmCl-induced equilibrium un-
folding experiments. These discrepancies are due to the fact
that true m values in conventional GdmCl-induced equilib-
rium unfolding experiments are extracted from fraction
folded (Fapp) versus [GdmCl] plots using data analysis pro-
cedures which take into account the total protein concen-
tration and the reaction order of the folding reaction. Such
factors are not accounted for in equation (7), and they
clearly must be taken into consideration to calculate mean-
ingful m and �Gf values for multimeric proteins. It is in-
teresting to note that when the mapp values we determined in
Table 1 using equation (7) are multiplied by a factor cor-
responding to the oligomeric state of each folded protein,
then the values are comparable to m values previously re-
ported for these multimeric proteins (see Table 2 and ref-
erences therein). Based on the data presented in Table 2, this
appears to be a useful way in which to empirically derive
true m values directly from SUPREX data on multimeric
proteins.

The SUPREX data shown in Figure 1 were also analyzed
by a second method to determine folding free energies for

Table 1. Thermodynamic parameters for model multimeric proteins as determined by
conventional SUPREX analysis (Method 1)

Protein
(oligomeric state)

Protein
concentration

(�M)a
C1/2

SUPREX

([GdmCl] M)
mapp

(kcal mol−1 M−1)b
�Gf

(kcal mol−1)b

GCN4pl (Dimer) 10 0.75 1.0 ± 0.2c −2.3 ± 0.2
56 1.14 1.0 ± 0.2c −2.9 ± 0.2

ArcR (Dimer) 5 0.35 1.9d −3.7 ± 0.1
12 0.41 1.9d −3.8 ± 0.2
18 0.67 1.9 ± 0.2c −4.4 ± 0.2
25 0.64 1.9d −4.4 ± 0.1
50 0.76 1.9d −4.6 ± 0.1

(DOA20)ArcR (Dimer) 72 0.13 1.0d −3.4 ± 0.1
72 0.03 1.0d −3.3 ± 0.2
72 0.26 1.0d −3.5 ± 0.1

190 −0.08 1.0 ± 0.2c −3.2 ± 0.1
Coil-VaLd (Trimer) 12 1.02 0.8 ± 0.2c −3.9 ± 0.3

28 1.52 0.9 ± 0.2c −4.6 ± 0.3
4-OT (Hexamer) 1.7 2.16 1.8 ± 0.3c −11.8 ± 0.6

a Protein concentrations are expressed as [n-mer].
b Errors are the standard errors of curve fitting generated by SigmaPlot.
c Value was allowed to vary in non-linear least squares fit of SUPREX data to equation 7.
d Value was fixed in non-linear least squares fit of SUPREX data to equation 7.
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each model protein. In this method, the transition midpoints
of each SUPREX curve, that is, the C1/2

SUPREX values given
in Table 1, were used in equation (8) (see Materials and
Methods) to generate a folding free energy under standard-
state conditions (1 M n-mer). The standard-state folding free
energies, �Gf° values, that we determined for each protein
using equation (8) are summarized in Table 2. Two sets of
�Gf° values, �Gf1° and �Gf2°, are presented in Table 2.
These two �Gf° values were calculated using two slightly
different m values in equation (8): �Gf2° values were cal-
culated using an m value estimated from the number of
amino acids in each protein complex, and �Gf1° values
were calculated using an empirically derived m value from
our SUPREX data. It is important to note that there is little
difference between the �Gf1° values and the �Gf2° values in
Table 2. The �Gf1° and �Gf2° values we calculated for the
model proteins in Table 2 were all within ∼15% of �Gf°
values previously reported for these proteins. We should
also note that the small uncertainties associated with our m

value assignments did not affect the precision of our mea-
surements.

SUPREX analysis of a binary mixture of ArcR analogs

We utilized SUPREX to measure the relative stabilities of
two closely related ArcR constructs, wild-type ArcR and
(DOA20)ArcR, in a binary mixture of the two proteins.
Using conventional CD denaturation techniques, we de-
termined that (DOA20)ArcR is destabilized by 2.0 kcal
mol−1 relative to wild-type ArcR (T. Wales and M. Fitz-
gerald, unpubl.). The molecular weights of ArcR and
(DOA20)ArcR, 6227.3 and 6184.2 respectively, are readily
resolved by MALDI; therefore, it was possible to simulta-
neously record SUPREX curves for the ArcR and
(DOA20)ArcR proteins directly from a binary mixture of
the two constructs. Shown in Figure 3 are the SUPREX
data we obtained on a binary mixture of ArcR and
(DOA20)ArcR. The mixture we analyzed contained equi-
molar concentrations (24 �M each) of the 53-aa polypeptide
chains of ArcR and (DOA20)ArcR. The MALDI mass spec-
trum in Figure 3A is typical in quality (i.e., signal intensity
and resolution) to those that we used to generate the SU-
PREX curves shown in Figure 3B.

The lines in Figure 3B represent the best fit of each data
set to equation (7) using a nonlinear least squares analysis.
The �Gf values that we obtained from our analyses of the
SUPREX data shown in Figure 3B and the data obtained in
two additional SUPREX experiments on similar binary mix-
tures of ArcR and (DOA20)ArcR were −4.7, −4.4, and −4.4
kcal mol−1 for ArcR and −3.3, −3.3, and −3.0 kcal mol−1 for
(DOA20)ArcR. These �Gf values calculated using equation
(7) were found to be in reasonably good agreement with the
�Gf values determined above for ArcR and (DOA20)ArcR
when they were each subjected to similar SUPREX analyses
in separate experiments (see Table 1).

The ArcR and (DOA20)ArcR SUPREX curves in Figure
3B were also analyzed using equation (8) to calculate �Gf°
values. The weighted average �Gf° values we obtained
from three replicate measurements on similar binary mix-
tures of ArcR and (DOA20)ArcR are summarized in Table
3. Two sets of �Gf° values are presented in Table 3. The
�Gf1° values were generated using m values of 3.8 and 2.0
kcal mol−1 M−1 for ArcR and (DOA20)ArcR, respectively.
These m values were empirically derived from the mapp

values reported for ArcR and (DOA20)Arc in Table 1. The
�Gf2° values were generated using an estimated m value of
2.8 kcal mol−1 M−1 for both ArcR and (DOA20)ArcR. This
m value was estimated from the size of these dimeric protein
complexes according to the data in Myers et al. (1995). The
average �Gf1° and �Gf2° values we calculated are similar in
magnitude to each other; significantly, they are comparable
to average values we calculated for these same constructs
when they were analyzed individually (see Table 2).

Fig. 2. A comparison of the SUPREX (�M versus [GdmCl]) and CD (Fapp

versus [GdmCl]) unfolding transitions obtained for ArcR and 4-OT. (A)
The SUPREX and CD unfolding transitions (closed and open circles, re-
spectively) for ArcR obtained under similar buffer conditions and protein
concentrations (5 and 18 �M, respectively). (B) The SUPREX and CD
unfolding transitions (closed and open circles, respectively) for 4-OT ob-
tained under similar buffer conditions and enzyme concentrations (2 �M).

Powell et al.

844 Protein Science, vol. 11



SUPREX analysis of Trp repressor

A partially purified sample of TrpR was subjected to
SUPREX analysis in the absence and in the presence of its
cognate ligand, L-tryptophan. The TrpR sample used in
these experiments was isolated from a crude cell lysate of E.
coli cells using SEC chromatography. An RP-HPLC chro-
matogram and a MALDI mass spectrum of the “semipure”
TrpR sample that we isolated are shown in Figure 4A and B,
respectively. The results of our RP-HPLC and MALDI
analyses of the TrpR sample both indicate that other pro-
teins are present in our TrpR sample; however, TrpR does
appear to be the major protein component in the sample.
The SUPREX curves recorded for the TrpR sample in the
absence and in the presence of L-tryptophan (230 �M in the
deuterated exchange buffers) are shown in Figure 4C.

The lines in Figure 4C represent the best fit of each data
set to equation (7) using a nonlinear least squares analysis.
In our nonlinear least squares analysis of each TrpR data set
in Figure 4C, the values we used for t and <kint> were
defined by the parameters of the experiment; the mapp value
was defined as 2.8 kcal mol−1 M−1, and values for �M0,
�M�, and �Gf were allowed to vary. The steep slope of the
transitions in the TrpR SUPREX curves shown in Figure 4C
made it difficult to acquire data points in these regions. This
ultimately made it necessary to define an mapp value in our
analysis of the SUPREX curves in Figure 4C. Myers et al.
showed that m values can be estimated based on a protein’s

size. Using an estimate of 0.026 kcal mol−1 M−1 per residue,
an approximate m value of 5.6 kcal mol−1 M−1 can be cal-
culated for the 214-aa TrpR homodimer. Our SUPREX re-
sults with GCN4p1, ArcR, and (DOA20)ArcR indicated
that the mapp values for these homodimers were approxi-
mately half the value of those expected from the literature
(see Tables 1 and 2). Therefore, the mapp value we employed
in our analysis of the SUPREX curves in Figure 4C was 2.8
kcal mol−1 M−1. Ultimately, our analysis of the data in
Figure 4C using equation (7) yielded �Gf values of 14.0 and
15.6 kcal mol−1 for TrpR in the absence and in the presence
of L-tryptophan ligand, respectively. This corresponds to a
�GBinding value of −1.6 kcal mol−1. Using equation (9), we
calculated a Kd of 82 �M for L-tryptophan binding to TrpR.
This Kd value is somewhat larger than previously reported
Kd values for L-tryptophan binding to TrpR, 15–42 �M
(Joachimiak et al. 1983; Arvidson et al. 1986; Marmorstein
et al. 1987; He and Matthews 1990; Jin et al. 1993).

The SUPREX curves in Figure 4C were also analyzed
using equation (8). It was not possible to determine the
exact concentration of TrpR in the “semipure” samples of
TrpR that were subjected to SUPREX analyses in our ex-
periment. Therefore it was not possible to obtain a specific
�Gf° value for the “semipure” TrpR samples in the presence
and absence of L-tryptophan ligand using equation (8), as
the equation includes a protein concentration term. How-
ever, it is important to note that the TrpR concentration was
constant in our SUPREX analyses of TrpR with and without

Table 2. Thermodynamic parameters for model multimeric proteins as determined by transition midpoint analysis of SUPREX curves
(Method 2)

Protein
(oligomeric state)

Protein
concentration

(�M)a
m1

b

(kcal mol−1 M−1)
m2

c

(kcal mol−1 M−1)
Literature m

(kcal mol−1 M−1)
�Gf1°d

(kcal mol−1)
�Gf2°e

(kcal mol−1)
Literature �Gf°

(kcal mol−1)

GCN4p1 (Dimer) 10 2.0 ± 0.4 1.7 1.9f −9.4 ± 0.6 −9.2 ± 0.5 −10.5f

56 −9.2 ± 0.7 −8.8 ± 0.5

ArcR (Dimer) 5 3.8 ± 0.4 2.8 3.6g −11.4 ± 0.3 −11.0 ± 0.2 −10.6g

12 −11.1 ± 0.5 −10.6 ± 0.3
18 −11.8 ± 0.6 −11.1 ± 0.4
25 −11.5 ± 0.4 −10.9 ± 0.3
50 −11.6 ± 0.5 −10.8 ± 0.3

−11.4 ± 0.2h −10.9 ± 0.1h

(DOA20)ArcR (Dimer) 72 2.0 ± 0.4 2.8 3.0i −8.7 ± 0.2 −8.8 ± 0.3 −8.6i

72 −8.6 ± 0.4 −8.6 ± 0.6
72 −9.0 ± 0.2 −9.2 ± 0.3

190 −7.7 ± 0.2 −7.7 ± 0.3
−8.5 ± 0.1h −8.6 ± 0.2h

Coil-VaLd (Trimer) 12 2.6 ± 0.6 2.3 2.74j −18.2 ± 1.3 −17.9 ± 1.0 −18.4j

28 −18.5 ± 1.5 −18.0 ± 1.1

4-OT (Hexamer) 1.7 11.1 ± 1.8 9.7 11.7k −66.8 ± 6.6 −63.7 ± 5.1 −61.7k

a Protein concentrations are expressed as [n-mer]. bm1 � mapp (from Table 1) × # subunits; reported with standard error. cm2 � # residues in n-mer × 0.026
kcal mol−1 M−1 residue−1 (Myers et al. 1995). dCalculated using m1 with equation 8; reported with standard error. eCalculated using m2 with equation 8;
reported with standard error assuming a 10% error in m2. fZitzewitz et al. 1995. gWales and Fitzgerald 2001. hWeighted mean and standard error. iWales
and Fitzgerald, unpublished results. j Boice et al. 1996. kSilinski et al. 2001
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ligand. This made it possible to extract a meaningful free
energy value for the binding reaction (i.e., a ��Gf° or
�GBinding value), as the protein concentration term in equa-
tion (8) is eliminated in calculations of ��Gf° values if the
protein concentration is constant. Ultimately, our analysis of
the data in Figure 4C using equation (8) yielded a �GBinding

value of −3.2 kcal mol−1. Using this �GBinding value, we
calculated a Kd of 17 �M for L-tryptophan binding to TrpR

using equation (9). This Kd value is comparable to those
previously reported for TrpR and L-tryptophan binding (15–
42 �M).

Discussion

SUPREX analysis of multimeric proteins

The �Mass versus [GdmCl] plots in Figure 1 show that it is
possible to record SUPREX curves for multimeric proteins.
However, the data in Table 1 reveal that the conventional
SUPREX equation [equation (7)] cannot be directly used to
extract meaningful m and �Gf values from SUPREX data
obtained on multimeric proteins. The inability of equation
(7) to adequately describe the SUPREX behavior of multi-
meric proteins is due to the lack of appropriate terms that

Table 3. SUPREX results from the analysis of binary mixtures
of ArcR and (DOA20)ArcR

Protein
�Gf1°a,c

(kcal mol−1)
�Gf2°b,c

(kcal mol−1)

ArcR −11.8 ± 0.2 −11.1 ± 0.2
(DOA20)ArcR −9.1 ± 0.1 −9.1 ± 0.2

a Calculated using m1 (Table 2) and equation 8.
b Calculated using m2 (Table 2) and equation 8.
c The weighted mean from three replicate determinations is reported with
the standard error.

Fig. 3. Results from the SUPREX analysis of a binary mixture of ArcR
and (DOA20)ArcR. (A) Representative MALDI mass spectrum acquired in
the SUPREX analysis of the binary mixture. (B) Typical SUPREX data
obtained for ArcR (open circles) and (DOA20)ArcR (closed circles) when
a binary mixture of the two proteins was analyzed. The concentration of
each protein was 24 �M. The lines represent the best fit of the data to
equation (7).

Fig. 4. Results from the SUPREX analysis of TrpR. (A) RP-HPLC chro-
matogram of “semipure” TrpR sample using an acetonitrile gradient (20–
80% buffer B over 30 min). (B) Representative MALDI mass spectrum
acquired in the SUPREX analysis of the “semipure” TrpR sample in the
absence of L-tryptophan. The peaks labeled with an * are attributed to
protein impurities in the sample. The peaks labeled with a # are attributed
to SA matrix adducts. (C) SUPREX data obtained on TrpR in the absence
(closed circles) and presence (open circles) of L-tryptophan. The lines
represent the best fit of the data to equation (7).
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account for the protein concentration and the reaction order
in the folding reactions of multimeric proteins.

In theory, a protein concentration term could be incorpo-
rated into the conventional SUPREX equation, and the re-
action order of the folding reaction could be accounted for
in SUPREX analyses. As described by Ghaemmaghami et
al. (2000) the conventional SUPREX equation was derived
from the following first-order rate equation:

�Mass = �M� + ��M0 − �M��e−kext (1)

where �Mass is the increase in mass of the protein due to
H/D exchange, �M� is the �Mass measured after complete
exchange, �M0 is �Mass measured before global exchange,
kex is the observed exchange rate for each amide hydrogen,
and t is the time of H/D exchange. Under EX2 conditions,
the following expression can be obtained for kex:

kex = Fappkintt (2)

where Fapp is the apparent fraction of unfolded protein, and
kint is the intrinsic exchange rate of an unprotected amide
proton. For a two-state unfolding reaction, the following
relationship can be derived for Fapp and Kopen:

Kopen =
nFapp

n �Ptot�M
�n−1�

1 − Fapp
(3)

where [Ptot]M is the total protein concentration in monomer
equivalents and n is the number of subunits. In the case of
a monomeric protein, n � 1 and equation (3) reduces to:

Fapp =
Kopen

Kopen + 1
(4)

Substitution of equations (2) and (4) into equation (1) ulti-
mately yields the conventional SUPREX equation if Kopen is
defined as 1/Kfold [see equation (7) in Materials and Meth-
ods]. In cases where n � 2, a unique expression for Fapp in
terms of [Ptot]M and Kopen can also be derived from equation
(3); in addition, this expression can in turn be used to gen-
erate a modified SUPREX equation. Unfortunately, it is
difficult to derive such an expression for Fapp in terms of
[Ptot]M and Kopen when n > 2, due to the high order of equa-
tion (3) in these cases. This ultimately complicates the direct
application of the conventional SUPREX equation to higher
order, multimeric proteins.

Here we describe a simplified approach for analyzing
SUPREX data on multimeric proteins. The approach, which
is based on a transition midpoint analysis, employs equation
(8) for the quantitative analysis of SUPREX curves. The
approach is analogous to the transition midpoint analysis
technique that has been described in the literature for the

analysis of conventional equilibrium unfolding data on mul-
timeric proteins (Backmann et al. 1998). Equation (8) is a
combination of equations (5) and (6), below.

Cden
1�2 = CSUPREX

1�2 + �RT

m �ln��kint� t

0.693
− 1� (5)

�Gf° = −mCden
1�2 + RT ln� nn

2n−1 �P�n−1� (6)

In equations (5) and (6), C1/2
den and C1/2

SUPREX are the
[GdmCl] values at the transition midpoints of a conven-
tional denaturation curve and a SUPREX curve, respec-
tively; m is defined as ��Gf°/�[GdmCl], R is the gas con-
stant, T is the temperature in Kelvin, <kint> is the average
intrinsic exchange rate of an amide proton, t is the H/D
exchange time, �Gf° is the standard-state folding free en-
ergy in the absence of chemical denaturant, n is the number
of subunits in the protein, and [P] is the protein concentra-
tion expressed in n-mer equivalents. Equation (5) was de-
rived by Ghaemmaghami et al. (2000) for monomeric pro-
teins to describe the relationship between the denaturation
midpoint of a SUPREX denaturation curve and a traditional
denaturation curve. Equation (6), which is taken from Back-
mann et al. (1998) relates the midpoint of a conventional
denaturation curve to �Gf°. Therefore, equation (8) effec-
tively converts a SUPREX denaturation midpoint to a con-
ventional denaturation midpoint and then converts that con-
ventional denaturation midpoint into the free energy of un-
folding in the absence of denaturant.

Our results indicate that equation (8) accurately predicts
the protein concentration-dependent, transition midpoint
shifts we observed in our SUPREX analysis of the model
multimeric proteins in this study. This is evidenced by the
protein concentration-independent �Gf° values that we ob-
tained for each model protein using this method of analysis.
Our results also indicate that the �Gf° values we calculated
by SUPREX for all five of the model proteins in this study
using equation (8) are all within ∼15% of �Gf° values pre-
viously reported for these proteins in conventional studies
(Table 2). Moreover, we should add that equation (8) is also
applicable to the analysis of monomeric proteins. When the
SUPREX data on the monomeric proteins reported on by
Ghaemmaghami et al. (2000) were reanalyzed using equa-
tion (8), the �Gf values obtained were identical to those
determined in that work using the conventional SUPREX
equation (data not shown).

The quantitative analysis of SUPREX data using equation
(8) requires that the protein of interest is under EX2 ex-
change conditions. The tendency of some proteins to enter
the EX1 exchange regime at high denaturant concentrations
and/or pH can preclude the accurate determination of �Gf°
values from SUPREX data using equation (8). Under EX1
conditions, the observed H/D exchange rate becomes a
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function of the unfolding rate rather than the folding equi-
librium constant (Hvidt and Nielson 1966; Clarke and Fer-
sht 1996; Loh et al. 1996; Yi et al. 1997). Therefore, it is
important that the experimental conditions for SUPREX ex-
periments on multimeric proteins (i.e., buffer pH, protein
concentration, and exchange time) be chosen such that the
SUPREX transition be at a sufficiently low [GdmCl] that
EX2 conditions prevail. We have found that the EX1 ex-
change behavior of proteins in SUPREX buffers is easily
detected by the presence of two distinct ion signals in the
MALDI analysis step of SUPREX. This behavior is diag-
nostic of the EX1 exchange regime in H/D exchange ex-
periments using a mass spectrometric readout (Miranker et
al. 1993; Smith et al. 1997; Arrington et al. 1999). We note
that such EX1 exchange behavior was detected for the coil-
VaLd construct in SUPREX buffers containing as low as 1.5
M GdmCl at pD 6.0. Therefore, as noted in the Materials
and Methods section, it was necessary to lower the buffer
pD and increase the exchange time so that the SUPREX
transition was shifted to a [GdmCl] < 1.5 M. Under these
conditions, only one protein ion signal was detected for the
coil-VaLd construct at each [GdmCl] in the SUPREX curve,
suggesting EX2 exchange conditions.

Mixture analysis with SUPREX

Thermodynamic stability measurements on individual spe-
cies in a multicomponent mixture are difficult to acquire
using traditional spectroscopy-based equilibrium unfolding
techniques. This is because optical spectroscopies, such as
those involving CD and fluorescence measurements, only
record the bulk properties of a sample. The SUPREX tech-
nique is based on a mass spectrometric readout; therefore,
provided the molecular masses of different components in a
mixture are resolvable by MALDI mass spectrometry, one
can utilize SUPREX to directly investigate the thermody-
namic properties of individual components in a mixture
(Ghaemmaghami et al. 2000; Ghaemmaghami and Oas
2001).

Our results with the “semipure” TrpR samples and the
binary mixtures of ArcR constructs in this work indicate
that multimeric proteins are amenable to analysis in multi-
component mixtures. The accuracy of our thermodynamic
stability measurements on the TrpR system was not com-
promised by the low purity of the sample. However, we
should note that the accurate calculation of �Gf° values
from SUPREX data on proteins in complex mixtures re-
quires that there is no appreciable interaction between the
protein of interest and other mixture components. Our re-
sults with the binary mixtures of ArcR and (DOA20)Arc
also indicate that SUPREX can be used to accurately rank
the stability of two closely related multimeric protein ana-
logs in a multicomponent mixture. The weighted average
�Gf2° values we determined for ArcR and (DOA20)Arc in

the binary mixture (−11.1 ± 0.2 and −9.1 ± 0.2 kcal mol−1,
respectively) were essentially identical to those we deter-
mined by SUPREX for each protein individually,
−10.9 ± 0.1 and −8.6 ± 0.2 kcal mol−1 (respectively).

SUPREX analysis of protein–ligand binding
interactions in multimeric protein systems

Trp repressor (TrpR) from E. coli is a homodimeric DNA-
binding protein involved in the L-tryptophan biosynthetic
pathway. For high-affinity binding to its operator DNA,
TrpR must bind two molecules of L-tryptophan (He and
Matthews 1990). As part of the work described here, we
found that the Kd value for L-tryptophan binding to TrpR
can be accurately determined from SUPREX measurements
on TrpR in the absence and in the presence of L-tryptophan.
Moreover, our results indicate that pure samples of TrpR are
not required for such an analysis.

One of the major advantages of the SUPREX technique
over conventional spectroscopy-based methods is that un-
purified protein solutions can be analyzed. In the SUPREX
analysis of multimeric proteins, the use of impure samples
precludes an accurate determination of �Gf° because such a
calculation requires that the protein concentration be accu-
rately known. Typically, it is difficult to determine the exact
concentration of a specific protein in a multicomponent pro-
tein mixture. However, our results with the TrpR system
indicate that accurate ��Gf° values for unpurified multi-
meric protein samples can be obtained by SUPREX as long
as the protein concentration is held constant.

Materials and methods

Reagents

Deuterium oxide (99.9 atom %D), sodium deuteroxide, deuterium
chloride, L-tryptophan, and �-cyano-4-hydroxy cinnamic acid
(4HCCA) were purchased from Aldrich (Milwaukee, WI). Deu-
terated phosphoric acid was obtained from Cambridge Isotope
Laboratories (Andover, MA), and GdmCl (OmniPur) was from
EM Science (Gibbstown, NJ). Sinapinic acid (SA) was either from
Acros Organics (Pittsburgh, PA) or from Aldrich. Trifluoroacetic
acid (TFA) was obtained from Halocarbon (River Edge, NJ), and
acetonitrile (MeCN) was from Fisher (Pittsburgh, PA). The protein
mass standards (bovine insulin, bovine ubiquitin, and hen egg
lysozyme), the isopropyl �-D-thiogalactopyranoside (IPTG), and
the phenylmethylsulfonyl fluoride (PMSF) were purchased from
Sigma (St. Louis, MO).

General methods and instrumentation

MALDI mass spectra were acquired on a Voyager DE Biospec-
trometry Workstation (PerSeptive Biosystems, Framingham, MA)
in the linear mode using a nitrogen laser (337 nm). SUPREX
samples were prepared for MALDI analysis as described below. In
our experiments with coil-VaLd we used 4HCCA as the MALDI
matrix; all other experiments were performed using SA as the
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matrix. MALDI mass spectra for coil-VaLd experiments were col-
lected in the negative ion mode, while spectra for all other proteins
were collected in the positive ion mode. All experiments utilized
an acceleration voltage of 25 kV, a grid voltage between 23 and 24
kV, a guide wire voltage of 75 V, and a delay time of 225 ns. Each
spectrum obtained was the sum of between 16 and 32 laser shots.
The raw intensity versus time data in each mass spectrum was
smoothed using a Savitsky-Golay smoothing routine prior to mass
calibration using internal standards.

UV/Vis absorbance measurements for protein concentration de-
terminations were recorded on a Hewlett Packard 8452A Diode
Array UV/Vis Spectrophotometer. All GdmCl concentrations were
determined using a Bausch & Lomb (Rochester, NY) refractom-
eter by the method of Nozaki (1972). All pH measurements were
recorded using a Jenco 6072 pH meter (San Diego, CA) equipped
with a Futura calomel pH electrode from Beckman Instruments
(Fullerton, CA). Deuterated exchange buffer pD values were de-
termined from pH measurements by adding 0.4 to the measured pH
(Glasoe and Long 1960).

The CD denaturation curve for 4-OT was recorded by monitor-
ing the far UV-CD signal of the enzyme in 50 mM phosphate
buffers (pH 7.4) containing different amounts of GdmCl using a
Jasco J-710 Spectropolarimeter as described previously (Silinski et
al. 2001). The concentration of enzyme in this experiment was 1.7
�M (based on hexamer equivalents). The CD denaturation curve
for ArcR was recorded in buffer containing 50 mM Tris-HCl (pH
7.5), 100 mM KCl, 0.2 mM EDTA, and varying amounts of
GdmCl using an Aviv Circular Dichroism Spectrometer (Model
202) as described (Wales and Fitzgerald 2001). The concentration
of ArcR was 5 �M (based on dimer equivalents).

Our RP-HPLC system included two Rainin Dynamax SD-200
pumps and a Rainin Dynamix UV-C absorbance detector (Wo-
burn, MA). Analytical RP-HPLC was performed using either a
Vydac (Hysperia, CA) C18 column (5 �m particle size, 4.6 × 150
mm) or a Vydac C4 column (5 �m particle size, 4.6 × 150 mm) at
a flow rate of 1 mL min−1. Semipreparative RP-HPLC was per-
formed using an Alltech (Deerfield, IL) C18 column (10 �m par-
ticle size, 10 × 250 mm) at a flow rate of 3 mL min−1. Analytical
and semipreparative RP-HPLC separations were performed using
linear gradients of buffer B in A (buffer A � 0.1% TFA in water,
buffer B � 90% acetonitrile in water containing 0.09% TFA).
Detection was at 214 nm for analytical separations and at 230 nm
for semipreparative separations. The size exclusion chromatogra-
phy (SEC) system consisted of a Rainin Dynamax SD-200 pump,
a Superdex 75 HR 10/30 size exclusion column from Pharmacia
Biotech (Piscataway, NJ), and a Rainin Dynamix UV/Vis absor-
bance detector. Electrospray ionization (ESI) mass spectra were
acquired on a PE Sciex API 150EX (Foster City, CA).

Protein samples

GCN4p1 was obtained by total chemical synthesis using standard
solid-phase peptide synthesis (SPSS) protocols for Boc chemistry.
The sequence of our GCN4p1 construct (Ac-RMKQLEDKVEE
LLSKNYHLENEVARLKKLVGER-CONH2) was identical to
that reported by Zitzewitz et al. (1995). The crude synthetic prod-
uct we obtained after 33 cycles of SPPS was purified by RP-HPLC
under the following conditions: 3 mL/min−1 flow rate, and 30–
50% linear gradient of B in A over 30 min. Pure fractions (as
judged by ESI mass spectrometry) were pooled, frozen, and ly-
ophilized to a dry white solid. The pure, lyophilized protein prod-
uct was folded by dissolution of the sample (∼5 mg/mL) in a
folding buffer that contained 20 mM sodium phosphate (pH 6.0)

and 200 mM KCl. The concentration of GCN4p1 peptide was
ultimately determined spectrophotometrically in a 6 M GdmCl
solution using its molar extinction coefficient of 1500 M−1 cm−1 at
280 nm (Edelhoch 1967).

Purified coil-VaLd was a gift from Dr. William F. DeGrado’s
laboratory at the University of Pennsylvania (Boice et al. 1996).
The lyophilized peptide was refolded in water. Coil-VaLd protein
concentrations were ultimately determined by the Waddell method
(Waddell 1956; Wolf 1983).

A pET24a plasmid containing the wild-type 4-OT gene within
the SalI and NdeI restriction sites was kindly provided by Profes-
sor Christian P. Whitman (University of Texas–Austin). The pro-
tein was overexpressed and purified as described elsewhere (Si-
linski et al. 2001).

ArcR was obtained by total chemical synthesis using highly
optimized SPPS protocols for Boc chemistry as described else-
where (Wales and Fitzgerald 2001). The (DOA20)ArcR analog
was also prepared by SPPS protocols for Boc chemistry. The pro-
tocols employed for the SPPS preparation of the (DOA20)ArcR
analog which contains an Asp to Ala and amide to ester bond
mutation at position 20 in Arc repressor’s 53-aa polypeptide chain
were similar to those employed for wild-type ArcR except that
L-lactic acid was coupled in place of Asp-20. The procedure used
to couple the L-lactic acid to the growing peptide chain was similar
to that described by Lu et al. (1997). Subsequent coupling of
Leu-19 was also performed according to the procedure described
by Lu et al. The products from our ArcR and (DOA20)ArcR
syntheses were purified by RP-HPLC, as described (Wales and
Fitzgerald 2001). Pure RP-HPLC fractions, as judged by ESI-MS,
were pooled, frozen, and lyophilized. This pure, lyophilized pro-
tein product was reconstituted in a folding buffer containing 50
mM Tris, 100 mM KCl, 0.2 mM EDTA (pH 7.5) prior to SUPREX
analyses. The binary mixture of ArcR and (DOA20)ArcR was
prepared by first equilibrating an equimolar solution of the two
proteins in ice-cold folding buffer for 30 min, then lyophilizing the
sample to a dry white solid, and ultimately reconstituting the pro-
teins in water. ArcR and (DOA20)ArcR concentrations were de-
termined spectrophotometrically using a molar extinction coeffi-
cient of 6756 M−1 cm−1 at 280 nm (Brown et al. 1990).

TrpR was obtained by recombinant DNA methods. A plasmid
containing the Trp repressor gene was kindly provided by Dr.
C. Robert Matthews (University of Massachusetts, Worcester).
The plasmid was transformed into Epicurian Coli� BL21-
Gold(DE3)pLysS cells (Stratagene) following the manufacturer’s
instructions, and colonies were grown on LB/Amp plates (ampi-
cillin � 50 �g mL−1 in this and all further procedures) at 37°C.
A single colony was used to inoculate 5 mL of LB/Amp broth
which was that shaken at 37°C overnight. The overnight growth
was used to inoculate 1 L of LB/Amp broth in a 2 L Erlenmeyer
flask which was that shaken at 37°C. When the A600 reached about
0.6, IPTG was added to a final concentration of 0.5 mM,
and protein expression was allowed to continue for 4 h. At that
time, the cells were centrifuged for 10 min at about 4700 g at 4°C.
The cell pellets were resuspended in a 100 mM Tris, 20 mM
MgCl2 (pH 7.6) buffer and lysed by sonication. The lysed cells
were centrifuged at 10,000 g for 10 min to remove cellular debris,
and PMSF was added to the supernatant to a final concentration of
2 mM. The cell lysate was fractionated by SEC using 20 mM
sodium phosphate buffer (pH 7.4). TrpR eluted in a broad peak
with many other cellular components (data not shown). Semipure
SEC fractions containing TrpR (as detected by MALDI) were
pooled. The TrpR protein in this sample pool was concentrated
using Microcon YM-3 Centrifugal Filter Devices (Millipore, Bed-
ford, MA), and analyzed by SUPREX without any further purifi-
cation.
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SUPREX data collection

The protocols used to generate the SUPREX curves in this work
were similar to those described (Ghaemmaghami et al. 2000).
Briefly, H/D exchange reactions were initiated by combining 1-�L
aliquots of a protein stock solution (fully protonated) with 9-�L
volumes of several deuterated exchange buffers containing con-
centrations of GdmCl that varied from 0 to 6 M. The exchange
buffer constituents (i.e., salts and pD) differed slightly for different
proteins, and are discussed in detail below. After a specified ex-
change time (see below for exact exchange times), a 1-�L aliquot
of each exchange reaction was combined with at least 9 �L of a
MALDI matrix solution. The MALDI matrix solution consisted of
an ice-cold, saturated, aqueous solution of either SA or 4HCCA
containing 45% MeCN and 0.1% TFA (pH 3.0). The MALDI
matrix solution effectively quenched the H/D exchange reaction
and prepared the sample for MALDI analysis. The matrix solution
also included proteins of known mass that were used as internal
mass standards. Ultimately, 1 �L of the quenched exchange reac-
tion was spotted on a stainless steel MALDI sample stage at room
temperature. The solvent was evaporated (typically in less than 1
min) using a gentle flow of air.

Five to ten replicate MALDI mass spectra were collected and
analyzed to determine an average change in mass relative to the
fully protonated sample (�Mass) at each [GdmCl]. These spectra
were generated by sampling different regions of a single MALDI
sample preparation. The mass of the deuterated protein of interest
was determined with a two-point calibration utilizing proteins of
known mass as internal standards. It should be noted that no cor-
rection for back exchange in the matrix solution or for back ex-
change in the matrix crystals was necessary, because the samples
were prepared and analyzed such that the elapsed time for each
stage of the experiment was exactly the same. Furthermore, typi-
cally only about 5 min elapsed between spotting the sample on the
MALDI plate and the completion of data acquisition for each data
point. The number of deuterons that back exchanged during this
short time was minimal.

All of the deuterated exchange buffers contained 20 mM sodium
phosphate; however, the exact composition of the deuterated ex-
change buffers varied slightly for the different proteins we ana-
lyzed. The phosphate exchange buffers used in the GCN4p1 ex-
periments were adjusted to pD 6.0 and contained 200 mM KCl.
The phosphate exchange buffers used in the coil-VaLd experiments
were adjusted to pD 4.8. At higher pDs, our MALDI analyses of
coil-VaLd indicated that this protein exhibited EX1 exchange be-
havior (i.e., the refolding rate was slower than the intrinsic H/D
exchange rate of the amide protons in the protein’s polypeptide
backbone) (Miranker et al. 1993; Smith et al. 1997; Arrington et al.
1999). As we previously noted, EX1 exchange conditions compli-
cate the quantitative analysis of SUPREX data (Ghaemmaghami et
al. 2000). Under such conditions, the measured H/D exchange rate
becomes a function of the unfolding rate rather than the folding
equilibrium constant (Loh et al. 1996). At pH 4.8, where the rate
of H/D exchange is relatively slow, our MALDI analyses of coil-
VaLd were consistent with the protein being under EX2 conditions.
The phosphate exchange buffers used in the 4-OT and TrpR ex-
periments were adjusted to pD 7.4. ArcR and (DOA20)ArcR were
subjected to SUPREX analyses using phosphate exchange buffers
at pD 6.0 with either 200 mM or 1 M KCl. Our MALDI analyses
of 4-OT, TrpR, and ArcR indicated that EX2 conditions prevailed
for these proteins under the above conditions.

The exchange times used in our SUPREX experiments on
GCN4p1, coil-VaLd, 4-OT, both ArcR constructs, and TrpR were
5, 150, 1000, 5, and 45 min, respectively. Proteins can enter the
EX1 exchange regime at high concentrations of denaturant. As

noted above, this can complicate the quantitative analysis of
SUPREX data. Therefore, the exchange times employed in the
experiments described here generally corresponded to those at
which C1/2

SUPREX values were at relatively low [GdmCl] (typi-
cally about 1 M GdmCl). In our SUPREX analyses of the 4-OT
enzyme and the ArcR constructs in this study, our choices of
exchange times (1000 and 5 min, respectively) were especially
critical. When long exchange times (> 5 min) were used for the
SUPREX analysis of the ArcR constructs, it was not possible to
record SUPREX curves, as even at 0 M GdmCl, H/D exchange
was complete (i.e., �Mass was equivalent to �M�). In the case of
4-OT, we found that the exchange time had to be relatively long
compared to the 60 to 120 min it took the enzyme to equilibrate in
the SUPREX buffers.

SUPREX data analysis

Method 1

A nonlinear least squares analysis routine in Sigma Plot was used
to fit the data in our SUPREX curves to equation (7), below:

�Mass = �M� + ��M0 − �M��e−��kint���1+Kfold��t (7)

where Kfold � e−(�Gf+mapp[GdmCl])/RT, �M0 is �Mass measured be-
fore global exchange, �M� is �Mass measured after complete
exchange, t is the time of exchange, <kint> is the average intrinsic
H/D exchange rate for an amide proton determined using the pro-
gram SPHERE (Zhang 1995; Bai et al. 1993), �Gf is the folding
free energy in the absence of GdmCl, [GdmCl] is the GdmCl
concentration, mapp is the apparent ��Gf/�[GdmCl], R is the gas
constant, and T is the temperature in Kelvin.

In our analyses of the SUPREX data sets in this work using
equation (7) values for <kint>, t, and T were fixed according to the
specific parameters of each SUPREX experiment; and values for
mapp, �M0, �M�, and �Gf were typically allowed to vary. How-
ever, in the case of the (DOA20)ArcR curve (Fig. 1E), �M0 was
also fixed, as the beginning baseline region of the SUPREX curve
generated for this analog was not defined under the conditions of
our experiment (i.e., protein concentration, exchange time, and
buffer pD). However, we reasoned that the beginning baseline
regions of the ArcR and (DOA20)ArcR SUPREX curves should be
the same for these closely related analogs. Therefore, the �M0

value that we determined for ArcR, 20.6 Da, was used in our
analysis of the (DOA20)ArcR data in Figure 1E.

Method 2

Equation (8) was used to determine folding free energy values
under standard-state conditions (1 M n-mer) from our SUPREX
data.

−�Gf
o = mCSUPREX

1�2 + RT� ln
��kint�t

0.693
− 1�

� nn

2n−1 �P�n−1�� (8)

In Equation (8), m is defined as ��Gf°/�[GdmCl], C1/2
SUPREX is

the [GdmCl] at the SUPREX transition midpoint, R is the gas
constant, T is the temperature in Kelvin, <kint> is the average
intrinsic exchange rate of an amide proton, t is the H/D exchange
time, n is the number of subunits in the protein, and [P] is the
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protein concentration expressed in n-mer equivalents. Equation (8)
is valid for finite values of t such that C1/2

SUPREX values are
greater than or equal to 0 M GdmCl. In our application of equation
(8) to the SUPREX data in this work, the values we used for <kint>
and t were defined by the parameters of the experiment, n was
defined by the multimeric state of the protein under study, and T
was 298 K (283 K for GCN4p1). Typically, C1/2

SUPREX values
were extracted from our �Mass versus [GdmCl] plots by fitting the
data to a sigmoidal function such as equation (7). The m values
used in our calculation of �Gf° values using equation (8) were
estimated either by using a value of 0.026 kcal mol−1 M−1 per
amino acid residue as the data in Myers et al. (1995) suggests, or
by using an empirically derived value from our SUPREX data.
Empirically derived values from our SUPREX data were deter-
mined by multiplying mapp values by a factor corresponding to the
multimeric state of the protein (i.e., 2 for dimeric proteins, 3 for
trimeric proteins, etc.). The mapp values were derived from SU-
PREX data using equation (7) as described above.

Kd determinations

Dissociation constants, that is, the Kd values, were calculated from
��Gf values (i.e., �GBinding values) using equation (9) (Schellman
1975):

�GBinding = �nRT ln �1 + �L�Kd�� (9)

In Equation (9), n is the number of independent binding sites, L is
the molar concentration of ligand, R is the gas constant, and T is
the temperature in Kelvin. Equation (9) is valid when excess ligand
is used in the binding reaction. This was the case in all of the
protein–ligand binding studies in this work.
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