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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 par@metetsds
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 t&eq determined from an equilibrium measurement under the same conditions. Here,
we show that the wild-type HPr protein froBacillus 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 conditions. The two traditional methods employed to perturb
that they obey a simple, reversible two-state folding reaction the equilibrium, and therefore provide a measur&gf are
(2): thermal and solvent denaturation. The details of both have
been described in detaR)and are presented briefly below.
F=U ) An alternative technique used to measure the conforma-
tional stability of a protein is the hydrogen exchange (HX)
Fxperiment as monitored by NMR. In this experiment, a
protonated protein is placed in,©, 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 only the folded (F) and unfolded (U) conformations
are populated and no intermediates can be detected a
equilibrium. The two-state mechanism greatly simplifies the
analysis of the folding transition and allows for simple
methods to measure the Gibbs free energy chan@ for

the folding reaction, often referred to as the conformationa
stability of the protein 2):

Keq= [UVIF] 2)

kop ke
AG=—RTInK,, 3) (N=H--0=C)y = (N=H)py—N-D (4

Since a protein exists almost exclusively in the folded \herek,, and k, are the rate constants for the structural
conformation under native Cond|t|0ns, a common method to Opening and C|Osing reaction ak‘g is the rate constant for
measure the conformational stability is to perturb the relative exchange from the open stat8—). Under the EX2
populations of the F and U by alterations in temperature or conditions, whereky > ke, the rate constant for exchange

solvent composition, measufes using egs 2 and 3 through s I, = (Kyko)kie = Kopgkic, WhereKo, is the equilibrium
the unfolding transition region, and extrapol&& to native
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Ficure 1: Ribbon drawing of the entire HPr protein fraia 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).

constant for structural opening, and the free energy changea comparison of the equilibrium and kinetic folding for the
for structural openingAGuyx, for each measurable amide HPr protein fromB. subtilisand a key variant, D69A. From

group can be given by an inspection of all the known HPr structures, Asp69 appears
to participate in a key tertiary interaction that links two
AGx = —RTIn(ke,/k) (5) critical loops in the structure (Figure 1). Our preliminary

studies revealed that the side chain of Asp69 is an important
This technique can measur&Gux under fully native  contributor to the overall stability of the HPr protein. We
conditions, thus obviating the need for any extrapolations gjso observed thahGyy is substantially larger thanGy,
from high temperature or denaturant concentration. While as determined by either solvent or thermal denaturation for
the EX2 mechanism is two state at the level of each the wt HPr protein but not for variants that removed the side
exchangeable site (open or closed as described by eq 4), ithain of Asp69. To discover the reasons for these observa-
makes no assumptions about the nature of the overalltions, we performed a detailed thermodynamic and kinetic
conformational transition of the protein. comparison of the wt HPr protein and the variant, D69A*.
The two-state model makes several predictions that canHere, we show that the wild-type (wt) protein in the absence
be tested eXpeI’imenta”)ZX. FiI’St, the Unfolding transition of salt does not fold by a Simp|e two-state mechanism;
for a given type of denaturation experiment (thermal or however, removing a single charged side chain (Asp69) or

solvent) must be independent of the probe used to monitor adding NaCl is enough to convert the folding transition for
the relative populations of F and U. Second, valueAGf HPr back to a simple two-state reaction.

and the other thermodynamic parameters must also be
independent of the method used to unfold the protein. MATERIALS AND METHODS

Another method to test for the two-state nature of the
folding transition is to compare equilibrium and kineAG Design and Production of B. subtilis HPr Varianta.this
and m values. A number of small, single-domain proteins Study, we employed two variants of the HPr protein derived
appear to fold and unfold in a single step without detectable from B. subtilis The proteins were produced in &scheri-
intermediates®). But often, even if the equilibrium transition ~ chia coli strain lacking the endogenoés coli HPr protein
is adequately described as two state, the kinetic folding (PtsH™), and the expression was under the control of the
mechanism shows transient kinetic intermediaf&s By naturalptsHpromotor. The expressed proteins lack the first
investigating the denaturant dependence to the observedVet residue of the naturd. subtilusHPr protein. The G49E
kinetic rate constants, the folding and unfolding rate constantsvariant is a stabilized version of the HPr protels); similar
in the absence of denaturant and their associatedlues  to the K49E variant of th&. coli HPr protein (7). Asp69
can be determined (see below). For a simple two-stateiS involved in a key hydrogen bond network that is critical
mechanism, the ratio of the extrapolated rate constettsr  to the stability of the HPr proteinl@). The D69A+ G49E
andk,"ae" should equal the equilibrium constant determined double mutant, which we call D69A*, removes this key side
from the stability measurements. In addition, the kinetic ~ chain in the background of the stabilizing variant, G49E.
values should add to then value determined from an  The identity of all of the proteins was confirmed by high-
equilibrium denaturation experiment. resolution mass spectrometry.

The focus of the current study is the HPr protein from  The *N-labeled wt protein was prepared as described
Bacillus subtilis a key protein in the PEP-dependent phos- previously (6). For the D69A* variant, theE. coli cells
photransferase system in bacteBa [The structure has been harboring the plasmid for HPr were grown in the same
determined by crystallographi®)(and NMR techniquesl). manner as wt except that the large-scale growth was
The fold, which is common for all the HPr proteins studied performed at 42C. The higher temperature was used to
to date, is that of a mixed + S protein (Figure 1). The  promote inclusion body formation. After overnight growth,
HPr proteins have been extensively studied as models forthe cells were harvested and combined into one pellet by
the protein folding and stabilityl(—15). Here, we present  centrifugation and washed with 10 mM Tris and 1 mM
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EDTA, pH 8.0. The cells were lysed and centrifuged, and of NaCl. Dialyzed protein and buffer were used for the

the pellet was resuspendad2 M GdnHCI to resolubilize sample and reference cells, respectively. Experimental data

the protein and centrifuged again to remove any remaining were corrected for small inconsistencies between the two

insoluble material. The supernatant was dialyzed against threecells by subtracting the buffetbuffer baseline scan prior to

4 L changes of 10 mM Tris and 1 mM EDTA, pH 8.0, buffer, data analysis. After normalizing for protein concentration,

and any insoluble material was removed by centrifugation. the progress curves were analyzed by a two-state fit model

The remaining supernatant was desalted with a G-50 columnusing the Origin software package.

equilibrated with 50 mM ammonium bicarbonate. Kinetic Folding StudiesThe stopped-flow CD measure-
Urea and GdnHCI Denaturation StudieBhe conforma- ments at 222 nm were performed on an Aviv 202 SF CD at

tional stability of the HPr variants was determined using urea 25 °C. HPr (=3 mg/mL) in denaturant was rapidly mixed to

or GdnHCI denaturation as monitored by circular dichroism give an 11-fold dilution in 10 mM potassium phosphate at

spectroscopy with an Aviv 62DS or Aviv SF 202 spectropo- pH 7.0. Unfolding kinetic reactions were the average of 10

larimeter. In some cases, the urea (Nacalai Tesque) was20 reactions and fit by either a single or double exponential

deuterated by several cycles of lyophilization frosCD The function using KaleidaGraph. The folding reactions were

stock solutions of urea were prepared fresh daily. Protein performed by diluting HPr£3 mg/mL) in buffered urea 11-

stock solutions were prepared in,® or D,O in 50 mM fold into 10 mM potassium phosphate, pH 7.0, to initiate

sodium phosphate at pH 7.0. For experiments with GdnHCI, refolding. Kinetic measurements were performed-20

the same stock solution was used for all experiments. Ureatimes under identical conditions, averaged, and fit by

and GdnHCI concentrations were determined using refractive

index measurementsl9). A thorough explanation of the Ink,, =

methods used to analyze the solvent denaturation curves has water , water

been previously describe®,(12). Briefly, the unfolding Infks exp(- m{DVRT) +k, exp,[DVRT)] (8)

curves were fit by an equation derived from the linear

extrapolation method (LEM)Z 20): Kinetic Data Analysistor a two-state folding mechanism,
eq 8 was fit to the observed rate constants as a function of
040s={([0\] + ay[D]) + ([6,] + ay[D]) exp[m([D] — urea to resolve them values and rate constants for the

_ unfolding and folding reactions in the absence of denaturant.
Cr)/RT}AL + expim([D] — C)/RT} (6) 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-
reaction, [D] is the molar denaturant concentratianand tions of the intermediate in the folding mechanism. Thus,

a‘_Dir?treerégetg%rf'atl;[]lgar:;jZﬁzndfsqg(zl}]ﬁ:g)ﬁnga[ggﬂir?erg trees eC_the stability associated with this evett@y), as represented
Y P pre- P - esp by the change in amplitude with urea concentration, can be
tively. The parametem is a measure of the dependence of

. . A determined using eq 6. The observed kinetic phase was fit
the AG on denatgrant concentration, aGg |s.the m|dpq|r1t . by eq 8 to afford a measure of the stability of the second
of the denaturation curve. The conformational stability in

) ; o refolding phase AG).
water (AGupc or AGgpc) is obtained by multiplying th€, Hydrogen Exchange (HX) by NMR Experime@amples
and them values. for the HX experiments consisted of 420 mg of 1°N-
Thermal Denaturation Studie¥hermal denaturation was

S ; . a
also monitored by CD, as described for the solvent dena- labeled protein in BO with sodium acetatd, (pH_ .5'5) as

. . . ) the buffer. To prepare the samples, the lyophilized protein
turation experiments. The resulting data were fit by a

modified version of the van't Hoff equation: was first dissolved in KD with the same salt and buffer
’ composition as the desired NMR sample. The protein was
AH, (1 1 then .rapidly Fransferred to @ using a small .spin column
(Ng + ayT) + (Dy + apT)* exp R (T T) ]I equilibrated in deuterated buffers as Qescrlbed prevpusly
g (21). The exchange process was monitored by recording a
AH,/1 1 series of two-dimensionaH—'°N HSQC spectra at regular
1+ ex;{ RT (T_ - f) Q) intervals over the course of the exchange process. These were
g acquired on a Varian Unity Plus or Varian Inova NMR
d- Spectrometer operating at 500 or 600 MHz proton frequen-

ing reactionay andap represent the unfolding dependence cies. All spectrlasl were obtaine_d usingta spectral Width of
of the pre- and posttransition baselines, aacandD are 0410 Hz, the™N spectral width was 1800 Hz, with a

the values of the folded and unfolded baselines@0rhe ~ decoupler offset of 1043 Hz, and the HSQC data sets
fit also resolves the thermal midpoifi, of the unfolding contained 192 1K complex points. Pulsed field gradients

process and the associated van't Hoff enthalpy chahie. were gsed for water suppression in these' ex'periments. HSQC
Differential Scanning CalorimetnAll measurements were experiments were processed, and peak_ picking was pe_rfor_med

performed with a Microcal VP-DSC calorimeter. The usual USing the nmrPipe/nmrDraw processing and visualization

scan rate was 60C/h over a temperature range of 500 software ¢2).

°C, but no scan rate dependence was observed from 30 tcﬁESULTS

90 °C/h. Two consecutive scans were performed to assess

reversibility. HPr solutions, ranging from 25 to 168, were Thermal and Selent Denaturation StudieS.he far-UV

dialyzed overnight at 4C against buffer containing 10 mM  circular dichroism (CD) spectra for the folded conformations

potassium phosphate, pH 7.0, and the specified concentratiorof the wt and D69A* protein are identical and show typical

where 0.5 is the spectroscopic signal of the unfolding

eobs -

wheref,sis the spectroscopic signal monitoring the unfol
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Table 1: Thermodynamic Parameters for the Stability of the HPr

Proteing
-6000
R wt +
‘-._ wt+ wt D69A* salt
g -s000 wt  DB9A* salt (D,0) (D,0) (D,0)
~ TDCh
5 10000 | T,(°C) 742 697 685
> - AHw (kcalmol) 735  71.2  62.0
= [ AC, (kcal moF1K—) 1.45 159 ND
& ~12000 AG(25°C) 51 44 ND
5 (kcal mol2)
-14000 - upce _
m(kcalmoF*™M-3) 10 1.1 11 1.0 11 1.1
Cm (M) 49 39 34 49 39 34

-16000

AGupc (kcal molt) 4.9 42 38 4.8 42 3.7
DC

m (kcal mori1M~—D) 2.4 2.4 ND
Cm (M) 1.3 1.8 ND
Ficure 2: Thermal unfolding curves, as monitored by CD at 222 AGgpc (kcalmol?) 3.2 43 ND
nm, for wt @) and D69A* @). The curves through the data DSC

T (°C)

represent the fit of eq 7 to the data, and the parameters from the T, (°C) 749 70.0 685
fits are given in Table 1. AHca (kcal mol?) 528 715 633

AHyn/AHca 139 1.00 0.98

. .. HXf

o + 3 secondary structure features with minima at 222 and AGrx (kal mol ) 6.8 49 37
206 nm (data not shown). Figure 2 shows typical thermal jnetic data
unfolding curves, as monitored by CD, for wt HPr and the  AGy (kcal mot?) 2.0 2.0
D69A* variant. The curves show a single unfolding transition ~ AG (kcal mol) 4.9 5.0

. . . . . 1
that appears very sigmoidal and cooperative, consistent with__2Cuwkealmor) 6.9 46 39 70 47 ND

a two-state unfolding transition. One interesting feature is  The errors on th&y values are+0.2 °C, AH values+2.5 kcal

. P . mol~, AC, £0.1 kcal mot* K~1, mvalues+0.1 kcal mof* M~%, and
the pronounced slope in the pretransition baseline for the AG £0.1-0.2 kcal mof™. ® From the analysis of thermal denaturation

wt HPr p(otein, whereas for D69A*, it is very nearly flat. ¢ rves (Figure 2), as monitored by CD at pH 7.0. &, and AG(25
The cardinal thermodynamic parameters derived from the °C) values are from the fit of eq 9 to the combined data from thermal

CD-monitored thermal unfolding curves for the proteins are and urea unfolding studies as shown in Figur@ Brom the analysis
shown in Table 1. of urea denaturation curves, as monitored by CD af@5pH 7.0.

. The values in RO were collected at pH* 5.5 to match the conditions
As we have shown previousil{, 12, 16, 17), the urea used in the HX experiment.From the analysis of GAnHCI denaturation

denatqration curves of HPr and variants show a single curves, as monitored by CD at 2&, pH 7.0.¢ Results from the
unfolding transition and appear two state and cooperative. differential scanning calorimetry studies on the HPr proteins at pH 7.0
We also used GdnHCI as a denaturant (data not shown), andFigure 5).¢ Results from the HX data collected at 26, pH* 5.5 in

the resultin “m, andAGepc values are also given in Table DZO._The values were obt_ained by averaging the three Iargf_sst residue-
L cbc g specific AGux values.’ Derived from the kinetic data shown in Table

1. For the wt prqtem, theAG Values_determmed from 2 at 25°C, pH 7.0.9 This represents only the major transition observed
GdnHCI denaturation do not agree with the values deter- jn the DSC endotherm in Figure 5 and does not include any aspect of
mined using urea as the denaturant. This is not unexpectedhe pretransition region at low temperature.
because GdnHCI is a salt, and oftA values from urea

and GdnHCI denaturation experiments do not agee23). 6 . . . .
Interestingly, theAG values determined from GdnHCI and s
urea denaturation studies agree for D69A* (Table 1).

To compareAG values determined from thermal and 4
solvent denaturation experiments and to provide an estimate
of AC,, the method of Pace and Lauren®lywas used to
construct the stability curve2%) for the HPr variants(1,

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- y
ture-independenACy;:

AG . (kcal mol™)

2 . ! I .
260 280 300 320 340 360

AG(T) = AH (1 — TIT) — AC[(T, = T) + T In(T/T,)] T (K)

(9)
Ficure 3: Stability curves for the wtl) and D69A* @) HPr
The thermodynamic parameters resolved from this fit are Proteins. The data points at the lower temperatures are derived from

; i P urea denaturation curves while the higher temperature points are
shown in Table 1, and the stability curves in Figure 3 are from thermal unfolding experiments. The curves through the data

constructed from these parameters. The fit is very good, are a fit of eq 8 to the data, and the parameters derived from the fit
suggesting that CD-monitored thermal and urea denaturationare shown in Table 1.

experiments are providing identical measuresA@ under

a wide variety of solution conditions, consistent with atwo-  Equilibrium Hydrogen Exchange (HX) Experiments

state folding/unfolding reaction. discussed above, an alternative method to measure the
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Residue Number
Ficure 4: Residue-specific stabilitie?\Gux) as determined from hydrogen exchange experiments for (A) wt, (B) D69A*, and (C) wt in
0.25 M NacCl. TheAGpyx 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 performeginoDmatch the conditions used in the hydrogen exchange
experiment.

conformational stability of a protein is the HX experiment , - .
(see ref21 and references cited therein). For the wt protein, 4000 |
we were able to measure the exchange rates for 32 non-
overlapping amide protons by following their peak intensities
in 1H—1N HSQC spectra over time. Figure 4A shows the
AGux values for the amide protons calculated from eq 5.
The horizontal solid line at 4.8 kcal mdlis the AGypc value
from urea denaturation in O under the same conditions
employed in the HX experiment. There are a number of
residues that have stabilities greater thanAli&,pc value.
Since the correction for XaaPro isomerization41, 26) is

very small for HPr £€0.1 kcal mot?), our results show a or
substantial amount of “super protection”. When the same ‘ s s ‘ ]
HX experiment is performed on the D69A* variant (Figure 2 0 * % 1o
4B) or on the wt protein in the presence of 0.25 M NacCl T(C)

(Figure 4C), we find good agreement betwe®B,x and FiIGURE 5: Representative differential scanning calorimetry (DSC)
AGypc. Our results show that the addition of salt or the traces for wtJ), DE9A* (@), and wt in 0.25 M NaCl M) at pH

replacement of the side chain of Asp69 abolishes Super7.0 recorded as described in the text. The parameters that describe
protection these traces are shown in Table 1.

Differential Scanning CalorimetryTo further test the Folding Kinetics.Stopped-flow CD was used to follow
validity of the two-state mechanism for HPr, differential the kinetics of the folding and unfolding of the HPr variants,
scanning calorimetry (DSC) was used to analyze the thermalwt and D69A*, at 222 nm, 25C. The refolding of the wt
unfolding of the HPr proteins (Figure 5). The results were protein shows a large decrease in the CD signal within the
compared to the model-dependent values measured by thejead time of the instrument6 ms) (data not shown). This
CD unfolding curves. A feature that is apparent in the DSC pyrst phase is followed by a slower reaction that fits well to
endotherms for the wt protein in the absence of salt is the 3 single exponentialkf,s = 19 st at [urea}na of 0.6 M),
slope in the pretransition region. This slope is absent in the indicating that wt HPr refolding is at least a biphasic process
D69A*, reminiscent of the similar behavior observed in the gych as
CD-monitored thermal unfolding curves. This result is

3000

2000 -

Cp (cal mol”" K™

1000 -

independent of the protein concentration (data not shown), ko ki
indicating it is not likely the result of protein aggregation. U " | - N (10)
U |

The analysis of the DSC endotherms provides estimates of
AHcq andTg, and the data are shown in Table 1. Tkl Such biphasic kinetics suggests that a kinetic intermediate
values from the CD thermal denaturations curves are (l) is populated early in the refolding of the wt HPr protein.
compared with thé\H., values to assess the validity of the (Two alternative mechanisms, parallel folding and one in

two-state model for these proteins. For the wt protdid, ./ which there is an off-pathway intermediate, are discussed
AHca = 1.4 in the absence of salt and 0.98 in 0.25 M NaCl. below.) On the other hand, D69A* refolds and fits well to a
In contrast, D69A* shows perfect agreement betwaéeh single exponential process. The observed refolding phase of

and AHc,. The thermal denaturation of HPr in the absence D69A* accounts for=90% of the total amplitude, suggesting
of salt does not appear to follow a two-state folding that it follows a two-state folding mechanism.

mechanism, but by adding 0.25 M salt or removing the side  The burst phase intermediate for the wt protein forms
chain of Asp69, the thermal unfolding of HPr appears to within the dead time of the instrumersey ms), indicating
fold by a two-state folding mechanism. that the apparent rate constant for the formation of the burst
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[Urea] (M) [Urea] (M) [Urea] (M)

Ficure 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 crossesH) represent the initial signals of the observable kinetic phase and the filled sqmre=ptesent 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, andvB0The curves through the data represent fits of eq 6, and the
resolved parameters are given in Table 1.

phase must be>200 s Since thekys of the slow,
observable phase (19%sat 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 state22{7, 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 |
states, the thermodynamic stability of the folding intermediate
can be determined using eq 6. The conformational stability
of the U to | isAGy; = 2.0 kcal mof?! (C, = 2.0 M;m=

1.0 kcal mof* M~%; 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. [Urea] (M)

‘The kinetics of refolding/unfolding was examined over a pgyge 7: Urea dependence of the kinetic folding and unfolding
wide range of urea concentrations for both wt and the D69A* rate constants for the wt HPr protein in no sal) @nd in 0.25 M
variant. As noted above, the refolding of the wt protein shows NaCl (@) and for the D69A* @) variant. The curves through the
a burst phase intermediate; however, D69A* does not. All data_representafi'g of eq 8 to the data, and the parameters describing

. : : - the fit are shown in Table 2.
of the unfolding experiments for both proteins can be fit well
by a single exponential function, indicating the lack of . .
in{ermedi\?ﬂtes inpthe unfolding reaction. Figu?e 7 shows the .bUt for wt, agreement is only seen when the burst phase is
combined kinetic data for the observable phases for the Wt|gnored.
protein, the D69A* variant, and wt in 0.25 M NaCl. The The compactness of the transition state, relative to the
dependence of Iky,s0N the urea concentration has the typical folded state, can be represented by fhevalue {r = my/
“chevron” shape, with the left arm of the curve dominated Medq)- This value reflects the placement of the transition state
by the refolding rate constant and the right arm of the curve On the folding reaction coordinate based upon compactness,
dominated by the unfolding rate constant. Kaedata were ~ Wherefr = 0 represents a transition state with the same
fit using a simple two-state model (eq 8) that describes the Solvent-accessible surface area as the unfolded state whereas
transition from I to N for wt and U to N for D69A* (Table ~ @ft = 1 represents a transition state which is as compact as
2). We also measured the folding and unfolding kinetics in the native state. Thér value is 0.72 for wt HPr and 0.80
D,O to directly compare the kinetics to the HX results. The for D69A*, suggesting that the transition state is highly
D,O results are also shown in Tables 1 and 2. compact in both variants.

The conformational stability, as determined by the kinetic ~ Characterization of the Kinetic Intermediate in Wild-Type
rate constants, can be compared toAlivalues determined  HPr. For the wt HPr protein, there is good agreement
from equilibrium measurements (Table 1). For D69A*, there between the equilibrium and kinetically determin®@ and
is excellent agreement between the kinetic and equilibrium m values only when the burst phase is ignored, suggesting
AG values. For wt, the observed kinetic rate constants (I to that the burst phase might be an artifact of the stopped-flow
N) also agree with the CD-monitored equilibrium measure- experiment caused by either aggregation or solvent reorga-
ments ofAG when the stability of the burst phase intermedi- nization 9, 30). Previous studies have shown that transient
ate is not included. A further test is provided by a comparison protein aggregation can cause deviations from linearity in
of the kinetic and equilibriunm values. For D69A*, the  the plot of logarithm of refolding versus denaturant concen-
kinetic and equilibriumm values agree (Tables 1 and 2), tration as well as the appearance of a burst ph28e30).

In k
obs
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Table 2: Kinetic Parameters for the HPr Protéins ¢ ' ‘ '
wt + wt D69A* i ]
wit D69A* salt (D,O) (D20O)
ki (s 42 140 90 79 84 = '
ki (s 0.0099 0.055 0.12 0.016 0.031 9
m (kcal mofF*M~1)  0.79 0.96 0.85 0.76 0.85 5
my, (kcal mor*M~1)  0.31 0.24 020 0.25 0.32 g
m (kcal molt M—1) 1.10 1.20 1.05 1.01 1.17 o
Cn (M) 4.4 3.8 3.8 4.9 4.0 S
AGy (kcal mol?) 2.0 2.0 g
AG (kcal mol?) 4.9 5.0
AGuy (kcal mor?) 6.9 4.6 39 7.0 4.7 r ]
aThe kinetic rate constants and the associatgendm values are ]
from a fit of eq 8 to the urea dependence of the observed rate constants %, 05 p 15
as shown in Figure 7. Thea value is the sum of the resolved kinetic
mvalues, and th€, represents the urea concentration wHere k. [NaCl] (M)

The AGy values for wt were determined from a fit of eq 6 to the 5 ,re 9: NaCl dependence to the conformational stability of the
amplltu_des of the burst phase (Figure 6), and m_N values are (0) and D69A* @) HPr proteins. TheAGupc values were
determined from the observed rate constants for folding and unfolding. yetermined from the analysis of urea denaturation curves performed
The AGyy values for wt in HO and QO are the sums of thaGu at pH 7.0, 25°C, in the indicated concentration of NaCl. The curves
and AG\y values while theAGyy for D69A* is calculated from the }hrough the data have no theoretical significance.

observed rate constants. The errors on each parameter are approximately
:kéécg’ ki £0.003,my £0.04,m, +£0.06, Cr +0.07,m £0.06, andAG 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 HAthe AG
[ calculated from GdnHCI equilibrium denaturatiohGgpc)
'*i of wt HPr are not equivalent tAGypc calculated from urea
oaPore] denaturations (see Table 1). Th& calculated from urea
o o and GdmCI are equivalent, however, for D69A*. We
o o explored this further by monitoring the effects of NaCl on
e o equilibrium stability for wt and D69A* (Figure 9). There is
P Be o« o 1 a large decrease in the stability for the wt HPr protein
E o ee e, et between 0 and 0.25 M NacCl followed by a gradual increase
‘ u ° _ 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
. ‘ ‘ o in the wt protein. Similarly in the HX experiment, as noted
200 210 220 20 240 250 above, the presence of 0.25 M NaCl abolishes the super
protection in the wt protein (Figure 4). We also performed
FiGURE 8: Reconstruction of the CD spectra for the burst phase a k|net_|c f_oldmg study on wt I_-|_Pr n 0'25 M NaCI to_
(M) and final amplitudes @) derived from the kinetic folding  determine if the presence or stability of the kinetic intermedi-
experiments compared with the spectrum for the folded wt protein ate observed in the refolding of the wt protein is altered as
(3). All of the experiments were performed at 26, pH 7.0. we add salt. In the presence of salt, the burst phase
intermediate is not observed, and the kinetics adhere to a
Therefore, we investigated the dependence of protein con-simple two-state mechanism. Thus, we have two ways to
centration on the folding kinetics for wt HPr. As seen in the induce wt HPr to obey two-state folding: adding salt and
insert to Figure 6A, there is no change in the urea dependenceemoving the side chain of Asp69.
to the amplitude of the burst phase as the protein concentra-
tion is varied. Also, we did not observe a change in any of DISCUSSION

the ob_ser\{able rate co.nstants, suggesting that protein_ag- It has long been suggested that the HX technique can be
gregation is not occurring, at least over the concentration seq to determine the conformational stability of a protein
range investigated here. (31—33), and recently it has been shown that conformational
To further investigate the nature of the burst phase stability determined by HXAGpy) is identical to the values
intermediate, we reconstructed the CD spectrum from the measured by more conventional equilibrium unfolding stud-
burst phase amplitudes measured at different wavelengthdes (AGy) using either thermal or solvent denaturation,
(Figure 8). The large CD signal and spectral properties provided the differences in Xa&ro isomerization and
indicate that this early intermediate has a significant amount solvent (HO vs D;O) are includedZ1, 34). This conclusion
of secondary structure. Furthermore, the spectrum of this supports the notion that, for some residues, the protein must
intermediate appears to be very similar to that of the fully globally unfold for exchange to occur.
native state. The combined amplitudes for the burst and In a previous analysis, Huyghues-Despointes et3) (
observable phases are also shown in Figure 8 and areconcluded that, with one exception, the correcA€8x =
identical to the spectrum for the native protein. As expected AGy within the limits of the error on the two measurements
for a protein that shows a two-state folding mechanism, the (defined such tha\Gux — AGy < 1 kcal mol?). There
spectrum for the D69A* variant reconstructed from the final was one protein wherAGpx was substantially larger than

CD Signal (mdeg)
3

Wavelength (nm)
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AGy; the src SH3 domain36) showed a 1.4 kcal mot behavior for the folding and unfolding reactions (Figure 7).
difference (6.1 vs 4.7 kcal mol, respectively, forAGpx It should be noted that while curved chevron plots are often
and AGy). This so-called super protection, which we also observed for proteins that fold via intermediates, the absence
define asAGux — AGy > 1 kcal moll, has now also been  of detectable “rollover” does not mean that intermediates
observed in two other recent studie€6,(37) on the prion are not present. Rollover in the refolding limb of the chevron

proteins (PrP), wherAGux is larger thamAGy by ~1.5-3 plot can be seen when the rate constant for the observable
kcal mol?, respectively, for the Syrian hamster and mouse refolding phase is approximately the same as the rate constant
forms of the PrP protein. of the unfolding event for the phase that cannot be observed
There are several reasons Wh,x might be larger than  directly. Since the observable rate constants for HPr folding
AGy even after the correction for the differences in the/ are small for proteins of this sizé)( it is quite possible

transisomerization of XaaPro bonds has been applied and that the extrapolated rate constant for the missing phase is
the measurements &fGpx andAGy have been obtained in  much larger, and thus we do not observe rollover even though
identical solvents (kD vs D,O) as described previous|g4). an intermediate is present. In our cad& calculated from

For example, in the determination AfGy, there are several the extrapolated rate constants agrees with that determined
criteria that must be met: (1) The equilibrium unfolding from equilibrium urea or thermal unfolding (Table 1). In
refolding must be reversible and exhibit two-state (or a finite addition, the kinetien values also agree with the equilibrium
number of states) behavior. (2) In the analysis of solvent mvalue determined from the urea denaturation measurements
denaturation studies, one assumes that the linear extrapolatiofiTable 2). Together, these results suggest that the same
method (LEM) applies, and likewise for thermal unfolding conformational transition is being monitored by the equi-
experiments, one must have accurate valueA@yin order librium denaturation experiments and the observable folding
to extrapolate stability measurements from higher to ambientand unfolding reactions in the kinetic experiments.
temperatures. In the analysis of HX measurements, there are The refolding reaction of the wt HPr protein also shows a
additional considerations: (1) Does the EX2 mechanism very fast “burst” phase which occurs within the dead time
adequately describe the exchange process such that eq 5 caof our instrument £5 ms). We have elected to model the
be used to determin&Gpx? (2) Do the peptide-based values three-state character with a model that places the intermediate
for kc apply to the unfolded (i.e., exchange competent) form “on pathway”, but the alternative “off pathway” or “parallel

of the protein? pathway” mechanisms could also woi.(Since we cannot
One of the primary motivations for this study was to measure the rate constants associated with this first transition
explore whyAGpx was substantially larger thaAGy, as in refolding, we are not able to distinguish between the

determined by either solvent or thermal denaturation, for the potential models. Under these circumstances, these funda-
wt HPr protein fromB. subtilis To discover the origin of  mentally distinct mechanisms become indistinguishable, and
this super protection, we performed a detailed thermody- we are forced to treat this first transition with a model that
namic and kinetic comparison of the wt HPr protein and a depicts a preequilibrium between U and | (eq 10). Although
key variant, D69A*. Since the D69A mutation is very we cannot measure the kinetic constants for this fast refolding
destabilizing, we constructed the D69A variant in the phase, we can measure the amplitude of the phase as a
background of the stabilizing variant G49H5. The double function of the final urea concentration. These amplitudes
mutant D69A* thus shows very nearly the same stability as change in the expected sigmoidal fashion as a function of
the wt HPr protein using thermal and urea denaturation the urea concentration (Figure 6), and therefore we can
(Figure 3 and Table 1). calculate the difference in free energy for this transition
The principal result in this study is that the folding of the (Table 1). The resultind\G, 2 kcal mol', accounts for the
wt HPr protein does not adhere to a two-state mechanism insuper protection observed when comparing the HX and
the absence of salt, and thus the equilibrium thermal or equilibrium urea denaturation experiments (Table 1). There-
solvent denaturation curves underestimate the true confor-fore, we conclude that the full kinetic data, including the
mational stability. The HX data, on the other hand, do report burst phase, and the HX data represent the true conforma-
on the overall conformational stability. The full analysis of tional stability of the wt HPr protein in the absence of added
the kinetic data also agrees with the HX data and thus salt.
represents the true conformational stability of HPr. Further-  In contrast, all of the available evidence suggests that the
more, the lack of agreement of the enthalpy change deter-D69A* variant and the wt HPr protein in the presence of
mined from DSC AHca) with the model-dependetH,y moderate concentrations of NaCl adhere to a two-state
from TDC suggests that the two-state model is invalid. In folding mechanism. There is no super protection in the HX
retrospect, we had a hint of some potential deviation from experiment, the ratio oAH,4 to AHcy is unity, and there is
two-state behavior from an inspection of the pretransition not a detectable burst phase intermediate in the refolding
baselines in the thermal unfolding curves (Figure 2) and the reaction. Furthermore, all of the estimatesA® and the
DSC endotherms (Figure 5) for wt HPr; however, the origins measurements of tha values agree, as expected for a two-
of slopes in the baselines of thermal unfolding curves are state folding mechanism.
not known and difficult to predict and interpre2)( The related HPr protein frork. coli has been shown to
The kinetic data provide the most convincing evidence follow a two-state kinetic folding mechanism using GdnHCI
for non-two-state behavior. The refolding data for the wt as the denaturant®), although recent studies on Trp variants
HPr protein show two phases: a burst phase followed by a of the E. coli HPr protein suggest deviations from a strict
slower phase that can be measured by conventional stoppedtwo-state mechanisml4, 15). We are in the process of
flow technigues. The rate constants for the slower observableproviding a full description of the folding mechanism of the
phase change in the typical fashion, providing the chevron E. coli HPr protein and key variants to compare with Be
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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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