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ABSTRACT: Many small, single-domain proteins show equilibrium and kinetic folding mechanisms that
appear to be adequately described as two state. The two-state model makes several predictions that can
be tested experimentally. First, the conformational stability determined at or extrapolated to a set of reference
conditions should be independent of the measurement method (thermal or solvent denaturation or hydrogen
exchange). Second, model-independent measures of the cardinal thermodynamic parameters (Tm, ∆H) as
determined from direct calorimetric means should be identical to those determined from the two-state
analysis of thermal unfolding data. Third, the ratio of the kinetic folding and unfolding rate constants
should be equal toKeq determined from an equilibrium measurement under the same conditions. Here,
we show that the wild-type HPr protein fromBacillus subtilisdoes not meet all of these criteria under our
standard conditions. However, if we replace the side chain of Asp69, or add moderate concentrations of
salt, we find excellent two-state behavior in both equilibrium and kinetic folding. Thus, for this protein
and possibly others, very subtle changes in the primary structure or in the solution conditions can
dramatically alter the relative stabilities of the native intermediate, and unfolded ensembles can cause an
observable change in the nature of the folding mechanism.

A hallmark feature of many small monomeric proteins is
that they obey a simple, reversible two-state folding reaction
(1):

where only the folded (F) and unfolded (U) conformations
are populated and no intermediates can be detected at
equilibrium. The two-state mechanism greatly simplifies the
analysis of the folding transition and allows for simple
methods to measure the Gibbs free energy change (∆G) for
the folding reaction, often referred to as the conformational
stability of the protein (2):

Since a protein exists almost exclusively in the folded
conformation under native conditions, a common method to
measure the conformational stability is to perturb the relative
populations of the F and U by alterations in temperature or
solvent composition, measure∆G using eqs 2 and 3 through
the unfolding transition region, and extrapolate∆G to native

conditions. The two traditional methods employed to perturb
the equilibrium, and therefore provide a measure ofKeq, are
thermal and solvent denaturation. The details of both have
been described in detail (2) and are presented briefly below.

An alternative technique used to measure the conforma-
tional stability of a protein is the hydrogen exchange (HX)1

experiment as monitored by NMR. In this experiment, a
protonated protein is placed in D2O, and the amide protons
are allowed to exchange with deteurons from the solvent over
a period of time. The amide exchange rate is dependent upon
the experimental conditions, the intrinsic exchange rate of
the amide, and its environment in the protein. The mechanism
of exchange can be described by

where kop and kcl are the rate constants for the structural
opening and closing reaction andkrc is the rate constant for
exchange from the open state (3-5). Under the EX2
conditions, wherekcl . krc, the rate constant for exchange
is kex ) (kop/kcl)krc ) Kopkrc, whereKop is the equilibrium
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constant for structural opening, and the free energy change
for structural opening,∆GHX, for each measurable amide
group can be given by

This technique can measure∆GHX under fully native
conditions, thus obviating the need for any extrapolations
from high temperature or denaturant concentration. While
the EX2 mechanism is two state at the level of each
exchangeable site (open or closed as described by eq 4), it
makes no assumptions about the nature of the overall
conformational transition of the protein.

The two-state model makes several predictions that can
be tested experimentally (2). First, the unfolding transition
for a given type of denaturation experiment (thermal or
solvent) must be independent of the probe used to monitor
the relative populations of F and U. Second, values of∆G
and the other thermodynamic parameters must also be
independent of the method used to unfold the protein.

Another method to test for the two-state nature of the
folding transition is to compare equilibrium and kinetic∆G
and m values. A number of small, single-domain proteins
appear to fold and unfold in a single step without detectable
intermediates (6). But often, even if the equilibrium transition
is adequately described as two state, the kinetic folding
mechanism shows transient kinetic intermediates (7). By
investigating the denaturant dependence to the observed
kinetic rate constants, the folding and unfolding rate constants
in the absence of denaturant and their associatedm values
can be determined (see below). For a simple two-state
mechanism, the ratio of the extrapolated rate constants,kf

water

andku
water, should equal the equilibrium constant determined

from the stability measurements. In addition, the kineticm
values should add to them value determined from an
equilibrium denaturation experiment.

The focus of the current study is the HPr protein from
Bacillus subtilis, a key protein in the PEP-dependent phos-
photransferase system in bacteria (8). The structure has been
determined by crystallographic (9) and NMR techniques (10).
The fold, which is common for all the HPr proteins studied
to date, is that of a mixedR + â protein (Figure 1). The
HPr proteins have been extensively studied as models for
the protein folding and stability (11-15). Here, we present

a comparison of the equilibrium and kinetic folding for the
HPr protein fromB. subtilisand a key variant, D69A. From
an inspection of all the known HPr structures, Asp69 appears
to participate in a key tertiary interaction that links two
critical loops in the structure (Figure 1). Our preliminary
studies revealed that the side chain of Asp69 is an important
contributor to the overall stability of the HPr protein. We
also observed that∆GHX is substantially larger than∆GU,
as determined by either solvent or thermal denaturation for
the wt HPr protein but not for variants that removed the side
chain of Asp69. To discover the reasons for these observa-
tions, we performed a detailed thermodynamic and kinetic
comparison of the wt HPr protein and the variant, D69A*.
Here, we show that the wild-type (wt) protein in the absence
of salt does not fold by a simple two-state mechanism;
however, removing a single charged side chain (Asp69) or
adding NaCl is enough to convert the folding transition for
HPr back to a simple two-state reaction.

MATERIALS AND METHODS

Design and Production of B. subtilis HPr Variants.In this
study, we employed two variants of the HPr protein derived
from B. subtilis. The proteins were produced in anEscheri-
chia coli strain lacking the endogenousE. coli HPr protein
(ptsH-), and the expression was under the control of the
naturalptsHpromotor. The expressed proteins lack the first
Met residue of the naturalB. subtilusHPr protein. The G49E
variant is a stabilized version of the HPr protein (16), similar
to the K49E variant of theE. coli HPr protein (17). Asp69
is involved in a key hydrogen bond network that is critical
to the stability of the HPr protein (18). The D69A+ G49E
double mutant, which we call D69A*, removes this key side
chain in the background of the stabilizing variant, G49E.
The identity of all of the proteins was confirmed by high-
resolution mass spectrometry.

The 15N-labeled wt protein was prepared as described
previously (16). For the D69A* variant, theE. coli cells
harboring the plasmid for HPr were grown in the same
manner as wt except that the large-scale growth was
performed at 42°C. The higher temperature was used to
promote inclusion body formation. After overnight growth,
the cells were harvested and combined into one pellet by
centrifugation and washed with 10 mM Tris and 1 mM

FIGURE 1: Ribbon drawing of the entire HPr protein fromB. subtilus(left panel) and detailed view of the hydrogen bond network associated
with Asp69 (right panel). Asp69 links the loops shown on the left-hand side of the right panel. The figures were made with MOLSCRIPT
(40).

∆GHX ) -RT ln(kex/krc) (5)
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EDTA, pH 8.0. The cells were lysed and centrifuged, and
the pellet was resuspended in 2 M GdnHCl to resolubilize
the protein and centrifuged again to remove any remaining
insoluble material. The supernatant was dialyzed against three
4 L changes of 10 mM Tris and 1 mM EDTA, pH 8.0, buffer,
and any insoluble material was removed by centrifugation.
The remaining supernatant was desalted with a G-50 column
equilibrated with 50 mM ammonium bicarbonate.

Urea and GdnHCl Denaturation Studies.The conforma-
tional stability of the HPr variants was determined using urea
or GdnHCl denaturation as monitored by circular dichroism
spectroscopy with an Aviv 62DS or Aviv SF 202 spectropo-
larimeter. In some cases, the urea (Nacalai Tesque) was
deuterated by several cycles of lyophilization from D2O. The
stock solutions of urea were prepared fresh daily. Protein
stock solutions were prepared in H2O or D2O in 50 mM
sodium phosphate at pH 7.0. For experiments with GdnHCl,
the same stock solution was used for all experiments. Urea
and GdnHCl concentrations were determined using refractive
index measurements (19). A thorough explanation of the
methods used to analyze the solvent denaturation curves has
been previously described (2, 12). Briefly, the unfolding
curves were fit by an equation derived from the linear
extrapolation method (LEM) (2, 20):

where θobs is the spectroscopic signal of the unfolding
reaction, [D] is the molar denaturant concentration,aN and
aD are the denaturant dependence, and [θN] and [θD] are the
y-intercepts of the pre- and posttransition baselines, respec-
tively. The parameterm is a measure of the dependence of
the∆G on denaturant concentration, andCm is the midpoint
of the denaturation curve. The conformational stability in
water (∆GUDC or ∆GGDC) is obtained by multiplying theCm

and them values.
Thermal Denaturation Studies. Thermal denaturation was

also monitored by CD, as described for the solvent dena-
turation experiments. The resulting data were fit by a
modified version of the van’t Hoff equation:

whereθobs is the spectroscopic signal monitoring the unfold-
ing reaction,aN andaD represent the unfolding dependence
of the pre- and posttransition baselines, andN0 andD0 are
the values of the folded and unfolded baselines at 0°C. The
fit also resolves the thermal midpointTg of the unfolding
process and the associated van’t Hoff enthalpy change,∆HvH.

Differential Scanning Calorimetry. All measurements were
performed with a Microcal VP-DSC calorimeter. The usual
scan rate was 60°C/h over a temperature range of 5-100
°C, but no scan rate dependence was observed from 30 to
90 °C/h. Two consecutive scans were performed to assess
reversibility. HPr solutions, ranging from 25 to 150µM, were
dialyzed overnight at 4°C against buffer containing 10 mM
potassium phosphate, pH 7.0, and the specified concentration

of NaCl. Dialyzed protein and buffer were used for the
sample and reference cells, respectively. Experimental data
were corrected for small inconsistencies between the two
cells by subtracting the buffer-buffer baseline scan prior to
data analysis. After normalizing for protein concentration,
the progress curves were analyzed by a two-state fit model
using the Origin software package.

Kinetic Folding Studies.The stopped-flow CD measure-
ments at 222 nm were performed on an Aviv 202 SF CD at
25 °C. HPr (≈3 mg/mL) in denaturant was rapidly mixed to
give an 11-fold dilution in 10 mM potassium phosphate at
pH 7.0. Unfolding kinetic reactions were the average of 10-
20 reactions and fit by either a single or double exponential
function using KaleidaGraph. The folding reactions were
performed by diluting HPr (≈3 mg/mL) in buffered urea 11-
fold into 10 mM potassium phosphate, pH 7.0, to initiate
refolding. Kinetic measurements were performed 10-20
times under identical conditions, averaged, and fit by

Kinetic Data Analysis.For a two-state folding mechanism,
eq 8 was fit to the observed rate constants as a function of
urea to resolve them values and rate constants for the
unfolding and folding reactions in the absence of denaturant.
For those reactions that exhibited a substantial burst phase
in the refolding reaction, we assumed a preequilibrium where
the amplitudes of the refolding phase represent the popula-
tions of the intermediate in the folding mechanism. Thus,
the stability associated with this event (∆GUI), as represented
by the change in amplitude with urea concentration, can be
determined using eq 6. The observed kinetic phase was fit
by eq 8 to afford a measure of the stability of the second
refolding phase (∆GIN).

Hydrogen Exchange (HX) by NMR Experiments.Samples
for the HX experiments consisted of 10-20 mg of 15N-
labeled protein in D2O with sodium acetate-d3 (pH* 5.5) as
the buffer. To prepare the samples, the lyophilized protein
was first dissolved in H2O with the same salt and buffer
composition as the desired NMR sample. The protein was
then rapidly transferred to D2O using a small spin column
equilibrated in deuterated buffers as described previously
(21). The exchange process was monitored by recording a
series of two-dimensional1H-15N HSQC spectra at regular
intervals over the course of the exchange process. These were
acquired on a Varian Unity Plus or Varian Inova NMR
spectrometer operating at 500 or 600 MHz proton frequen-
cies. All spectra were obtained using a1H spectral width of
6410 Hz, the15N spectral width was 1800 Hz, with a
decoupler offset of 1043 Hz, and the HSQC data sets
contained 192× 1K complex points. Pulsed field gradients
were used for water suppression in these experiments. HSQC
experiments were processed, and peak picking was performed
using the nmrPipe/nmrDraw processing and visualization
software (22).

RESULTS

Thermal and SolVent Denaturation Studies.The far-UV
circular dichroism (CD) spectra for the folded conformations
of the wt and D69A* protein are identical and show typical

θobs) {([θN] + aN[D]) + ([θD] + aD[D]) exp[m([D] -
Cm)/RT]}/{1 + exp[m([D] - Cm)/RT]} (6)

θobs) [(N0 + aNT) + (D0 + aDT)* exp(∆HvH

R ( 1
Tg

- 1
T))]/

[1 + exp(∆HvH

RT ( 1
Tg

- 1
T))] (7)

ln kobs)

ln[kf
waterexp(- mf[D]/RT) + ku

waterexp(mu[D]/RT)] (8)
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R + â secondary structure features with minima at 222 and
206 nm (data not shown). Figure 2 shows typical thermal
unfolding curves, as monitored by CD, for wt HPr and the
D69A* variant. The curves show a single unfolding transition
that appears very sigmoidal and cooperative, consistent with
a two-state unfolding transition. One interesting feature is
the pronounced slope in the pretransition baseline for the
wt HPr protein, whereas for D69A*, it is very nearly flat.
The cardinal thermodynamic parameters derived from the
CD-monitored thermal unfolding curves for the proteins are
shown in Table 1.

As we have shown previously (11, 12, 16, 17), the urea
denaturation curves of HPr and variants show a single
unfolding transition and appear two state and cooperative.
We also used GdnHCl as a denaturant (data not shown), and
the resultingCm, m, and∆GGDC values are also given in Table
1. For the wt protein, the∆G values determined from
GdnHCl denaturation do not agree with the values deter-
mined using urea as the denaturant. This is not unexpected
because GdnHCl is a salt, and often∆G values from urea
and GdnHCl denaturation experiments do not agree (2, 23).
Interestingly, the∆G values determined from GdnHCl and
urea denaturation studies agree for D69A* (Table 1).

To compare∆G values determined from thermal and
solvent denaturation experiments and to provide an estimate
of ∆Cp, the method of Pace and Laurents (24) was used to
construct the stability curves (25) for the HPr variants (11,
12) by combining the CD-monitored thermal unfolding
curves and the urea denaturation curves at various temper-
atures (Figure 3). The combined data sets were fit by a
modified Gibbs-Helmholtz equation, assuming a tempera-
ture-independent∆Cp:

The thermodynamic parameters resolved from this fit are
shown in Table 1, and the stability curves in Figure 3 are
constructed from these parameters. The fit is very good,
suggesting that CD-monitored thermal and urea denaturation
experiments are providing identical measures for∆G under
a wide variety of solution conditions, consistent with a two-
state folding/unfolding reaction.

Equilibrium Hydrogen Exchange (HX) Experiments.As
discussed above, an alternative method to measure the

FIGURE 2: Thermal unfolding curves, as monitored by CD at 222
nm, for wt (0) and D69A* (b). The curves through the data
represent the fit of eq 7 to the data, and the parameters from the
fits are given in Table 1.

∆G(T) ) ∆Hg(1 - T/Tg) - ∆Cp[(Tg - T) + T ln(T/Tg)]
(9)

Table 1: Thermodynamic Parameters for the Stability of the HPr
Proteinsa

wt D69A*
wt +
salt

wt
(D2O)

D69A*
(D2O)

wt +
salt

(D2O)

TDCb

Tg (°C) 74.2 69.7 68.5
∆HvH (kcal mol-1) 73.5 71.2 62.0
∆Cp (kcal mol-1 K-1) 1.45 1.59 ND
∆G(25 °C)

(kcal mol-1)
5.1 4.4 ND

UDCc

m (kcal mol-1 M-1) 1.0 1.1 1.1 1.0 1.1 1.1
Cm (M) 4.9 3.9 3.4 4.9 3.9 3.4
∆GUDC (kcal mol-1) 4.9 4.2 3.8 4.8 4.2 3.7

GDCd

m (kcal mol-1 M-1)) 2.4 2.4 ND
Cm (M) 1.3 1.8 ND
∆GGDC (kcal mol-1) 3.2 4.3 ND

DSCe

Tg (°C) 74.9 70.0 68.5
∆Hcal (kcal mol-1) 52.7g 71.5 63.3
∆HvH/∆Hcal 1.39 1.00 0.98

HXf

∆GHX (kcal mol-1) 6.8 4.9 3.7
kinetic datag

∆GUI (kcal mol-1) 2.0 2.0
∆GIN (kcal mol-1) 4.9 5.0
∆GUN (kcal mol-1) 6.9 4.6 3.9 7.0 4.7 ND

a The errors on theTm values are(0.2 °C, ∆H values(2.5 kcal
mol-1, ∆Cp (0.1 kcal mol-1 K-1, m values(0.1 kcal mol-1 M-1, and
∆G (0.1-0.2 kcal mol-1. b From the analysis of thermal denaturation
curves (Figure 2), as monitored by CD at pH 7.0. The∆Cp and∆G(25
°C) values are from the fit of eq 9 to the combined data from thermal
and urea unfolding studies as shown in Figure 3.b From the analysis
of urea denaturation curves, as monitored by CD at 25°C, pH 7.0.
The values in D2O were collected at pH* 5.5 to match the conditions
used in the HX experiment.c From the analysis of GdnHCl denaturation
curves, as monitored by CD at 25°C, pH 7.0.d Results from the
differential scanning calorimetry studies on the HPr proteins at pH 7.0
(Figure 5).e Results from the HX data collected at 25°C, pH* 5.5 in
D2O. The values were obtained by averaging the three largest residue-
specific∆GHX values.f Derived from the kinetic data shown in Table
2 at 25°C, pH 7.0.g This represents only the major transition observed
in the DSC endotherm in Figure 5 and does not include any aspect of
the pretransition region at low temperature.

FIGURE 3: Stability curves for the wt (0) and D69A* (b) HPr
proteins. The data points at the lower temperatures are derived from
urea denaturation curves while the higher temperature points are
from thermal unfolding experiments. The curves through the data
are a fit of eq 8 to the data, and the parameters derived from the fit
are shown in Table 1.
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conformational stability of a protein is the HX experiment
(see ref21 and references cited therein). For the wt protein,
we were able to measure the exchange rates for 32 non-
overlapping amide protons by following their peak intensities
in 1H-15N HSQC spectra over time. Figure 4A shows the
∆GHX values for the amide protons calculated from eq 5.
The horizontal solid line at 4.8 kcal mol-1 is the∆GUDC value
from urea denaturation in D2O under the same conditions
employed in the HX experiment. There are a number of
residues that have stabilities greater than the∆GUDC value.
Since the correction for Xaa-Pro isomerization (21, 26) is
very small for HPr (≈0.1 kcal mol-1), our results show a
substantial amount of “super protection”. When the same
HX experiment is performed on the D69A* variant (Figure
4B) or on the wt protein in the presence of 0.25 M NaCl
(Figure 4C), we find good agreement between∆GHX and
∆GUDC. Our results show that the addition of salt or the
replacement of the side chain of Asp69 abolishes super
protection.

Differential Scanning Calorimetry.To further test the
validity of the two-state mechanism for HPr, differential
scanning calorimetry (DSC) was used to analyze the thermal
unfolding of the HPr proteins (Figure 5). The results were
compared to the model-dependent values measured by the
CD unfolding curves. A feature that is apparent in the DSC
endotherms for the wt protein in the absence of salt is the
slope in the pretransition region. This slope is absent in the
D69A*, reminiscent of the similar behavior observed in the
CD-monitored thermal unfolding curves. This result is
independent of the protein concentration (data not shown),
indicating it is not likely the result of protein aggregation.
The analysis of the DSC endotherms provides estimates of
∆Hcal andTg, and the data are shown in Table 1. The∆HvH

values from the CD thermal denaturations curves are
compared with the∆Hcal values to assess the validity of the
two-state model for these proteins. For the wt protein,∆HvH/
∆Hcal ) 1.4 in the absence of salt and 0.98 in 0.25 M NaCl.
In contrast, D69A* shows perfect agreement between∆HvH

and∆Hcal. The thermal denaturation of HPr in the absence
of salt does not appear to follow a two-state folding
mechanism, but by adding 0.25 M salt or removing the side
chain of Asp69, the thermal unfolding of HPr appears to
fold by a two-state folding mechanism.

Folding Kinetics.Stopped-flow CD was used to follow
the kinetics of the folding and unfolding of the HPr variants,
wt and D69A*, at 222 nm, 25°C. The refolding of the wt
protein shows a large decrease in the CD signal within the
dead time of the instrument (≈5 ms) (data not shown). This
burst phase is followed by a slower reaction that fits well to
a single exponential (kobs ) 19 s-1 at [urea]final of 0.6 M),
indicating that wt HPr refolding is at least a biphasic process
such as

Such biphasic kinetics suggests that a kinetic intermediate
(I) is populated early in the refolding of the wt HPr protein.
(Two alternative mechanisms, parallel folding and one in
which there is an off-pathway intermediate, are discussed
below.) On the other hand, D69A* refolds and fits well to a
single exponential process. The observed refolding phase of
D69A* accounts forg90% of the total amplitude, suggesting
that it follows a two-state folding mechanism.

The burst phase intermediate for the wt protein forms
within the dead time of the instrument (≈5 ms), indicating
that the apparent rate constant for the formation of the burst

FIGURE 4: Residue-specific stabilities (∆GHX) as determined from hydrogen exchange experiments for (A) wt, (B) D69A*, and (C) wt in
0.25 M NaCl. The∆GHX values were determined from the observed rates of exchange as described in the text. The horizontal lines represent
the global stability as determined from urea denaturation curves performed in D2O to match the conditions used in the hydrogen exchange
experiment.

FIGURE 5: Representative differential scanning calorimetry (DSC)
traces for wt (0), D69A* (b), and wt in 0.25 M NaCl (9) at pH
7.0 recorded as described in the text. The parameters that describe
these traces are shown in Table 1.

U
kUI

S
kIU

I
kIN

S
kNI

N (10)
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phase must be>200 s-1. Since thekobs of the slow,
observable phase (19 s-1 at 0.6 M urea) is an order of
magnitude slower than the burst phase, we can treat the burst
phase as a preequilibrium between the unfolded and inter-
mediate states (27, 28). The change in the population of the
intermediate, as reflected in the amplitude of the burst phase
as a function of the final urea concentration, can therefore
be used to estimate the stability of the intermediate (Figure
6). Assuming a two-state transition between the U and I
states, the thermodynamic stability of the folding intermediate
can be determined using eq 6. The conformational stability
of the U to I is∆GUI ) 2.0 kcal mol-1 (Cm ) 2.0 M; m )
1.0 kcal mol-1 M-1; see Table 1). The stability of the kinetic
intermediate is modest but makes an important contribution
to the overall stability of the wt HPr protein.

The kinetics of refolding/unfolding was examined over a
wide range of urea concentrations for both wt and the D69A*
variant. As noted above, the refolding of the wt protein shows
a burst phase intermediate; however, D69A* does not. All
of the unfolding experiments for both proteins can be fit well
by a single exponential function, indicating the lack of
intermediates in the unfolding reaction. Figure 7 shows the
combined kinetic data for the observable phases for the wt
protein, the D69A* variant, and wt in 0.25 M NaCl. The
dependence of lnkobson the urea concentration has the typical
“chevron” shape, with the left arm of the curve dominated
by the refolding rate constant and the right arm of the curve
dominated by the unfolding rate constant. Thekobsdata were
fit using a simple two-state model (eq 8) that describes the
transition from I to N for wt and U to N for D69A* (Table
2). We also measured the folding and unfolding kinetics in
D2O to directly compare the kinetics to the HX results. The
D2O results are also shown in Tables 1 and 2.

The conformational stability, as determined by the kinetic
rate constants, can be compared to the∆G values determined
from equilibrium measurements (Table 1). For D69A*, there
is excellent agreement between the kinetic and equilibrium
∆G values. For wt, the observed kinetic rate constants (I to
N) also agree with the CD-monitored equilibrium measure-
ments of∆G when the stability of the burst phase intermedi-
ate is not included. A further test is provided by a comparison
of the kinetic and equilibriumm values. For D69A*, the
kinetic and equilibriumm values agree (Tables 1 and 2),

but for wt, agreement is only seen when the burst phase is
ignored.

The compactness of the transition state, relative to the
folded state, can be represented by theâT value (âT ) mf/
meq). This value reflects the placement of the transition state
on the folding reaction coordinate based upon compactness,
where âT ) 0 represents a transition state with the same
solvent-accessible surface area as the unfolded state whereas
a âT ) 1 represents a transition state which is as compact as
the native state. TheâT value is 0.72 for wt HPr and 0.80
for D69A*, suggesting that the transition state is highly
compact in both variants.

Characterization of the Kinetic Intermediate in Wild-Type
HPr. For the wt HPr protein, there is good agreement
between the equilibrium and kinetically determined∆G and
m values only when the burst phase is ignored, suggesting
that the burst phase might be an artifact of the stopped-flow
experiment caused by either aggregation or solvent reorga-
nization (29, 30). Previous studies have shown that transient
protein aggregation can cause deviations from linearity in
the plot of logarithm of refolding versus denaturant concen-
tration as well as the appearance of a burst phase (29, 30).

FIGURE 6: Urea dependence to the final amplitudes from the kinetic folding experiments for (A) wt HPr, (B) D69A*, and (C) wt HPr in
0.25 M NaCl. The crosses (+) represent the initial signals of the observable kinetic phase and the filled squares (9) represent the final
signals. The open circles depict the equilibrium urea denaturation curve. The insert to (A) shows the urea dependence to the initial burst
phase signal at three different protein concentrations (20, 30, and 40µM). The curves through the data represent fits of eq 6, and the
resolved parameters are given in Table 1.

FIGURE 7: Urea dependence of the kinetic folding and unfolding
rate constants for the wt HPr protein in no salt (0) and in 0.25 M
NaCl (9) and for the D69A* (b) variant. The curves through the
data represent a fit of eq 8 to the data, and the parameters describing
the fit are shown in Table 2.
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Therefore, we investigated the dependence of protein con-
centration on the folding kinetics for wt HPr. As seen in the
insert to Figure 6A, there is no change in the urea dependence
to the amplitude of the burst phase as the protein concentra-
tion is varied. Also, we did not observe a change in any of
the observable rate constants, suggesting that protein ag-
gregation is not occurring, at least over the concentration
range investigated here.

To further investigate the nature of the burst phase
intermediate, we reconstructed the CD spectrum from the
burst phase amplitudes measured at different wavelengths
(Figure 8). The large CD signal and spectral properties
indicate that this early intermediate has a significant amount
of secondary structure. Furthermore, the spectrum of this
intermediate appears to be very similar to that of the fully
native state. The combined amplitudes for the burst and
observable phases are also shown in Figure 8 and are
identical to the spectrum for the native protein. As expected
for a protein that shows a two-state folding mechanism, the
spectrum for the D69A* variant reconstructed from the final

amplitudes of the observable kinetic traces is identical to
the spectrum of the fully folded form (data not shown).

Salt Effects on the Stability and Folding of HPr. The∆G
calculated from GdnHCl equilibrium denaturation (∆GGDC)
of wt HPr are not equivalent to∆GUDC calculated from urea
denaturations (see Table 1). The∆G calculated from urea
and GdmCl are equivalent, however, for D69A*. We
explored this further by monitoring the effects of NaCl on
equilibrium stability for wt and D69A* (Figure 9). There is
a large decrease in the stability for the wt HPr protein
between 0 and 0.25 M NaCl followed by a gradual increase
in stability up to 1.5 M NaCl. D69A* does not show,
however, a decrease in stability at low concentrations of salt,
but rather a gradual increase, matching the stability change
in the wt protein. Similarly in the HX experiment, as noted
above, the presence of 0.25 M NaCl abolishes the super
protection in the wt protein (Figure 4). We also performed
a kinetic folding study on wt HPr in 0.25 M NaCl to
determine if the presence or stability of the kinetic intermedi-
ate observed in the refolding of the wt protein is altered as
we add salt. In the presence of salt, the burst phase
intermediate is not observed, and the kinetics adhere to a
simple two-state mechanism. Thus, we have two ways to
induce wt HPr to obey two-state folding: adding salt and
removing the side chain of Asp69.

DISCUSSION

It has long been suggested that the HX technique can be
used to determine the conformational stability of a protein
(31-33), and recently it has been shown that conformational
stability determined by HX (∆GHX) is identical to the values
measured by more conventional equilibrium unfolding stud-
ies (∆GU) using either thermal or solvent denaturation,
provided the differences in Xaa-Pro isomerization and
solvent (H2O vs D2O) are included (21, 34). This conclusion
supports the notion that, for some residues, the protein must
globally unfold for exchange to occur.

In a previous analysis, Huyghues-Despointes et al. (34)
concluded that, with one exception, the corrected∆GHX )
∆GU within the limits of the error on the two measurements
(defined such that∆GHX - ∆GU < 1 kcal mol-1). There
was one protein where∆GHX was substantially larger than

Table 2: Kinetic Parameters for the HPr Proteinsa

wt D69A*
wt +
salt

wt
(D2O)

D69A*
(D2O)

kf (s-1) 42 140 90 79 84
ku (s-1) 0.0099 0.055 0.12 0.016 0.031
mf (kcal mol-1 M-1) 0.79 0.96 0.85 0.76 0.85
mu (kcal mol-1 M-1) 0.31 0.24 0.20 0.25 0.32
m (kcal mol-1 M-1) 1.10 1.20 1.05 1.01 1.17
Cm (M) 4.4 3.8 3.8 4.9 4.0
∆GUI (kcal mol-1) 2.0 2.0
∆GIN (kcal mol-1) 4.9 5.0
∆GUN (kcal mol-1) 6.9 4.6 3.9 7.0 4.7

a The kinetic rate constants and the associatedmu andmf values are
from a fit of eq 8 to the urea dependence of the observed rate constants
as shown in Figure 7. Them value is the sum of the resolved kinetic
m values, and theCm represents the urea concentration wherekf ) ku.
The ∆GUI values for wt were determined from a fit of eq 6 to the
amplitudes of the burst phase (Figure 6), and the∆GIN values are
determined from the observed rate constants for folding and unfolding.
The ∆GUN values for wt in H2O and D2O are the sums of the∆GUI

and ∆GIN values while the∆GUN for D69A* is calculated from the
observed rate constants. The errors on each parameter are approximately
kf (3, ku (0.003,mf (0.04,mu (0.06,Cm (0.07,m (0.06, and∆G
(0.2.

FIGURE 8: Reconstruction of the CD spectra for the burst phase
(9) and final amplitudes (b) derived from the kinetic folding
experiments compared with the spectrum for the folded wt protein
(0). All of the experiments were performed at 25°C, pH 7.0.

FIGURE 9: NaCl dependence to the conformational stability of the
wt (0) and D69A* (b) HPr proteins. The∆GUDC values were
determined from the analysis of urea denaturation curves performed
at pH 7.0, 25°C, in the indicated concentration of NaCl. The curves
through the data have no theoretical significance.
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∆GU; the src SH3 domain (35) showed a 1.4 kcal mol-1

difference (6.1 vs 4.7 kcal mol-1, respectively, for∆GHX

and ∆GU). This so-called super protection, which we also
define as∆GHX - ∆GU > 1 kcal mol-1, has now also been
observed in two other recent studies (36, 37) on the prion
proteins (PrP), where∆GHX is larger than∆GU by ≈1.5-3
kcal mol-1, respectively, for the Syrian hamster and mouse
forms of the PrP protein.

There are several reasons why∆GHX might be larger than
∆GU even after the correction for the differences in thecis/
trans isomerization of Xaa-Pro bonds has been applied and
the measurements of∆GHX and∆GU have been obtained in
identical solvents (H2O vs D2O) as described previously (34).
For example, in the determination of∆GU, there are several
criteria that must be met: (1) The equilibrium unfolding
refolding must be reversible and exhibit two-state (or a finite
number of states) behavior. (2) In the analysis of solvent
denaturation studies, one assumes that the linear extrapolation
method (LEM) applies, and likewise for thermal unfolding
experiments, one must have accurate values for∆Cp in order
to extrapolate stability measurements from higher to ambient
temperatures. In the analysis of HX measurements, there are
additional considerations: (1) Does the EX2 mechanism
adequately describe the exchange process such that eq 5 can
be used to determine∆GHX? (2) Do the peptide-based values
for krc apply to the unfolded (i.e., exchange competent) form
of the protein?

One of the primary motivations for this study was to
explore why∆GHX was substantially larger than∆GU, as
determined by either solvent or thermal denaturation, for the
wt HPr protein fromB. subtilis. To discover the origin of
this super protection, we performed a detailed thermody-
namic and kinetic comparison of the wt HPr protein and a
key variant, D69A*. Since the D69A mutation is very
destabilizing, we constructed the D69A variant in the
background of the stabilizing variant G49E (16). The double
mutant D69A* thus shows very nearly the same stability as
the wt HPr protein using thermal and urea denaturation
(Figure 3 and Table 1).

The principal result in this study is that the folding of the
wt HPr protein does not adhere to a two-state mechanism in
the absence of salt, and thus the equilibrium thermal or
solvent denaturation curves underestimate the true confor-
mational stability. The HX data, on the other hand, do report
on the overall conformational stability. The full analysis of
the kinetic data also agrees with the HX data and thus
represents the true conformational stability of HPr. Further-
more, the lack of agreement of the enthalpy change deter-
mined from DSC (∆Hcal) with the model-dependent∆HvH

from TDC suggests that the two-state model is invalid. In
retrospect, we had a hint of some potential deviation from
two-state behavior from an inspection of the pretransition
baselines in the thermal unfolding curves (Figure 2) and the
DSC endotherms (Figure 5) for wt HPr; however, the origins
of slopes in the baselines of thermal unfolding curves are
not known and difficult to predict and interpret (2).

The kinetic data provide the most convincing evidence
for non-two-state behavior. The refolding data for the wt
HPr protein show two phases: a burst phase followed by a
slower phase that can be measured by conventional stopped-
flow techniques. The rate constants for the slower observable
phase change in the typical fashion, providing the chevron

behavior for the folding and unfolding reactions (Figure 7).
It should be noted that while curved chevron plots are often
observed for proteins that fold via intermediates, the absence
of detectable “rollover” does not mean that intermediates
are not present. Rollover in the refolding limb of the chevron
plot can be seen when the rate constant for the observable
refolding phase is approximately the same as the rate constant
of the unfolding event for the phase that cannot be observed
directly. Since the observable rate constants for HPr folding
are small for proteins of this size (6), it is quite possible
that the extrapolated rate constant for the missing phase is
much larger, and thus we do not observe rollover even though
an intermediate is present. In our case,∆G calculated from
the extrapolated rate constants agrees with that determined
from equilibrium urea or thermal unfolding (Table 1). In
addition, the kineticmvalues also agree with the equilibrium
mvalue determined from the urea denaturation measurements
(Table 2). Together, these results suggest that the same
conformational transition is being monitored by the equi-
librium denaturation experiments and the observable folding
and unfolding reactions in the kinetic experiments.

The refolding reaction of the wt HPr protein also shows a
very fast “burst” phase which occurs within the dead time
of our instrument (≈5 ms). We have elected to model the
three-state character with a model that places the intermediate
“on pathway”, but the alternative “off pathway” or “parallel
pathway” mechanisms could also work (7). Since we cannot
measure the rate constants associated with this first transition
in refolding, we are not able to distinguish between the
potential models. Under these circumstances, these funda-
mentally distinct mechanisms become indistinguishable, and
we are forced to treat this first transition with a model that
depicts a preequilibrium between U and I (eq 10). Although
we cannot measure the kinetic constants for this fast refolding
phase, we can measure the amplitude of the phase as a
function of the final urea concentration. These amplitudes
change in the expected sigmoidal fashion as a function of
the urea concentration (Figure 6), and therefore we can
calculate the difference in free energy for this transition
(Table 1). The resulting∆G, 2 kcal mol-1, accounts for the
super protection observed when comparing the HX and
equilibrium urea denaturation experiments (Table 1). There-
fore, we conclude that the full kinetic data, including the
burst phase, and the HX data represent the true conforma-
tional stability of the wt HPr protein in the absence of added
salt.

In contrast, all of the available evidence suggests that the
D69A* variant and the wt HPr protein in the presence of
moderate concentrations of NaCl adhere to a two-state
folding mechanism. There is no super protection in the HX
experiment, the ratio of∆HvH to ∆Hcal is unity, and there is
not a detectable burst phase intermediate in the refolding
reaction. Furthermore, all of the estimates of∆G and the
measurements of them values agree, as expected for a two-
state folding mechanism.

The related HPr protein fromE. coli has been shown to
follow a two-state kinetic folding mechanism using GdnHCl
as the denaturant (13), although recent studies on Trp variants
of the E. coli HPr protein suggest deviations from a strict
two-state mechanism (14, 15). We are in the process of
providing a full description of the folding mechanism of the
E. coli HPr protein and key variants to compare with theB.
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subtilis HPr results here. Further studies will also be
necessary to determine if the D69A mutation itself is
responsible for the change in folding mechanism and/or the
change in the relative stabilities of intermediates or if any
destabilized variant can cause a switch from three- to two-
state folding, as has been found for other proteins including
ubiquitin (38) and protein G (39).
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