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ABSTRACT:. The folding of an 85-residue protein, the histidine-containing phosphocarrier protein HPr, has
been studied using a variety of techniques including DSC, CD, ANS fluorescence, and NMR spectroscopy.
In both kinetic and equilibrium experiments the unfolding of HPr can be adequately described as a two-
state process which does not involve the accumulation of intermediates. Thermodynamic characterization
of the native and the transition states has been achieved from both equilibrium and kinetic experiments.
The heat capacity change from the denatured state to the transition state (3.2k&mbpis half of the

heat capacity difference between the native and denatured states (6.3 RXKmbY| while the solvent
accessibility of the transition state (0.36) indicates that its compactness is closer to that of the native than
that of the denatured state. The high value for the change in heat capacity upon unfolding results in the
observation of cold denaturation at moderate denaturant concentrations. Refolding from high denaturant
concentrations is, however, slow. The rate constant of folding in wafé?, (14.9 sY, is small
compared to that reported for other proteins of similar size under similar conditions. This indicates that
very fast refolding is not a universal character of small globular proteins which fold in the absence of
detectable intermediates.

In view of the enormous number of tertiary folds that are nHCI) and by heat using differential scanning calorimetry
conceivable for a small protein, it is remarkable that a given (DSC), circular dichroism (CD), and fluorescence as well
protein shows such a strong preference for a single structureas nuclear magnetic resonance (NMR) spectroscopy. CD
The information directing the protein to its native state is and fluorescence are well-established spectroscopic tech-
encoded in its amino acid sequence, but the nature of thisniques that have been extensively used to study both
information is not yet well understood (see 1 and referencesequilibrium and kinetic details of the folding and unfolding
therein). For a full understanding of the physical interactions processes of a large range of protei2ls (NMR has recently
that stabilize a protein in a given fold, a detailed description been applied to study the refolding process from high
of its stability in terms of the free energy of unfolding is concentrations of denaturant in real time by the recording
vital. The stability of a protein is often estimated from an of a series of one-dimensional (1D) spectBa 4 and by
analysis of denaturant-induced or thermally induced unfold- directly following the refolding process during the recording
ing transitions, measured either spectroscopically or calori- of a single two-dimensional (2D) spectrui).(
metrically. Here we present the results from unfolding of
the histidine-containing phosphocarrier protein (HP8g,
small monomeric protein, by guanidine hydrochloride (Gd-

An essential step in the transport of carbohydrates across
the cell membrane of bacteria via the phospho(enol)pyruvate-
dependent sugar phosphotransferase system (PTS) involves
the transfer of a phosphoryl-group from enzyme | to HPr
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has been related to that of several other proteins includingof 1 cm for near-UV CD measurements. The transition curve
ferredoxin, the RNA binding domains of ribonucleoprotein at 20 °C was obtained using the Job method, recording
A and C, the activation domain of procarboxypeptidase B, initially far-UV CD spectra of samples of 20M HPr
acylphosphatase, and nucleoside diphosphate kirddse ( solutions in 100 mM NaPpH 7.0, containing 0 and 4.0 M
17). GdnHCI. These samples were then mixed to produce
As a result of the lack of tryptophan and tyrosine residues, samples with identical protein concentrations but containing
the spectroscopic probes available for folding studies on wild different amounts of GdnHCI. After 20 min of equilibration,
type HPr are limited. Nevertheless, CD in the far- and near- spectra were recorded of both samples and the procedure
ultraviolet (UV), and fluorescence associated with the binding was repeated until mixing resulted in solutions of ca. 2.0 M
of 8-anilino-1-naphthalenesulfonic acid (ANS) have been GdnHCI. Far-UV CD spectra were recorded from 250 to
combined with NMR spectroscopy and DSC to study 210 nm. Near-UV spectra were recorded from 290 to 250
equilibrium and kinetic features of the folding and unfolding. nm at five different GdnHCI concentrations equally spaced
From both kinetic and equilibrium studies, it is evident that over the transition curve. Five separate samples at different
the unfolding of HPr can be adequately described as a two-GdnHCI concentrations were diluted once to check whether
state process without the accumulation of intermediates, athe GdnHCI-induced unfolding of HPr is reversible. These
common feature observed for proteins smaller than 100 solutions were equilibrated for at least 30 min before
residues18). In contrast, the refolding from high denaturant recording their spectra.
concentrations is rather slow, indicating that fast folding in ~ Denaturation was monitored by following the change in
the absence of intermediates for these small proteins is notellipticity (6) at 222 nm in the far UV or by following the
a general rule. Recently, the stability of HPr fra@acillus difference in ellipticity at 261 and 258 nm for the near UV
subtilis (19) and of E. coli (20) have been obtained from transition. For analysis of the transition curve a modification
CD studies using urea as denaturant. Here we discussof the method of Santoro and BoleR3] was used, using
differences and similarities between these studies and ourthe curve fitting methods in the Kaleidograph software

findings using GdnHCI as denaturant. (Synergy Software, PCS Inc.). A single GdnHCI denatur-
ation curve described by observablgs can be fitted to eq
MATERIALS AND METHODS 1

The production and purification of uniformiN-enriched vy~ = (y + a [GdnHCI])/(1 + exp[[mGdnHCI] —

HPr has been described previousht). For the production _
of unlabeled HPr, Luria-Bertani medium was used instead AGHzO]/Rﬂ) + (yu + a,[GdnHCI]{ exp[[MGdnHCI]

of mineral medium. All experiments were carried out using AGy, oJ/RT)/(1 + exp[[mM[GdnHCI] — AG, oI/RT])} (1)
HPr buffered in a solution of 10 or 100 mM sodium or ’ ’

potassium phosphate (N&#®P) at pH 7.6 or 7.0. The  with yy, a, yu, ay, M, andAG,o as fitting parameters. This
concentrations of GAnHCI were checked by refractive index equation combines the linear extrapolation method (LEM;
measurements as described by Pa2®.( For all DSC 22) with the two-state assumption for the unfolding reaction
experiments, concentrations of HPr were determined byN ‘K_,_U U AG is the free enerav in the absence of
guantitative amino acid analysis. For all other experiments, GdnHCI. mis tHﬁZ value which reﬂecgt)é the steepness of the
the HPr concentration was measured by UV absorption atunfoldin’ transitionys, ay andyy, a, are extral oIF;ted from
259 nm using a Perkin Elmer Lambda 2S spectrometer usingthe N _g d it s i IyU’ ; fth tp i

2 extinction coefficient of 1900 M e pre- and post-transitional regions of the transition curve,

. oo . andKy is the equilibrium constant of unfolding.
H|gh-performapce liquid chroma.tography (HFLC) eXpert- 8-Anilino-1-naphthalenesulfonic Acid (ANS) Fluorescence.
ments were carried out to determine the fraction of deami-

dated tein_after heating. t X i t A Emission spectra from 400 to 600 nm were recorded on 5
sgl et'or?roof ell(r)]OaMeLPre'i 'rllcg) monNaggusH %pe.;aa“trﬁ.f{ uM HPr in 100 mM NaR, pH 7.0, the solutions containing

utl w : L n PH £ : 200uM ANS in different concentrations of GdnHCI at 20
glass tube was heated at@/min in a waterbath. Fourteen

: °C on a Perkin Elmer LS 50B fluorimeter, again using the
20 4L aliquots were taken at temperatures between 24 andJob method. Initial samples of HPr contained 0 and 4.0 M

|93 ;Cdand |mmed|ately| cooled_on tlﬁe.s&gel:?_?amptles ¥vere GdnHCI. The intensity at 472 nm was used to monitor the
oaded on a mono-Q column using the system from changes upon addition of GdnHCI. Data were fitted using

Pharmacia and eluted with a gradient from 0 to 150 mM eq
NaCl in 50 mM Tris, pH 8.3. HPr and the deamidated forms : : g .
HPr-1 and HPr-2 eluted from the column at a 55, 80, and Nuclear Magnetic Resonance (NMRPne-dimensional

; .~ (1D) *H-NMR and two-dimensional (2D)H—'N hetero-
112 mM NacCl, respectively, as observed from the absorption - j ;
at 259 nm. The fractions of the different forms of HPr were nuclear single-quantum correlation (HSQC) spectra were

. recorded on samples containing 1.1 niMl-enriched HPr
calculated from the area under each peak, assuming that th(?n 100 mM NaP, pH 7.0, in different concentrations of
molar extinction of all species is the same. " Y

GdnHCl at 20°C on a Varian Unity Plus 500 spectrometer,
Equilibrium Unfoldina and Refoldina by Guanidine again using the Job method. Initial samples of HPr contained
guiibriim nd Ing by Luanidi 0 and 3.7 M GAnHCI (WO/D,0: 93%/7%). To check the
Hydrochloride (GdnHCI) . .
reversibility of the unfolding process an HSQC spectrum was
Circular Dichroism (CD). All CD studies were performed  recorded of a sample obtained after removal of the GdnHCI
on either an Aviv 62A DS spectrometer in Groningen or a by washing the final 2.0 M GdnHCI sample with 100 mM
Jasco 720 spectrometer in Oxford using a quartz cuvet with NaR buffer, pH 7.0, using centricons. The%9gulse length
a path length of 1 mm for all far-UV CD measurements and was adjusted to compensate for the increasing ionic strength
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upon addition of GdnHCI.'H chemical shifts are relative  transition temperaturé,, respectively. Since &, AG =

to sodium 2.2-dimethyl-2-silapentane-5-sulfonate (DSS), and 0, AS,, can be obtained fromMH,, = T,AS,. The pre- and

15N chemical shifts are expressed relative to liquid ammonia post-transitional regions of the transition curve are described
(24). Time-proportional phase incrementation (TPP2%) by the termsyy + anT andyp + apT, respectively.

was used to discriminate between positive and negative Temperature-induced unfolding was also followed by
(**N) frequencies. Typically in the HSQC experiment: monitoring the change in ellipticity at 222 nm of 18/
maximum t; and t, values were 128 ms and 154 ms, solutions of HPr in 10 mM NaP pH 7.0, Containing
respectively, and spectral widths in thé (**N) andw?2 (*H) increasing amounts of GdnHCI. These data can also be fitted
domains were 2000 and 6666 Hz. THe carrier was  to eq 2, but instead the exponential term includes a term for

positioned on the water resonance, and during the acquisitionthe change in heat capacity as described by the Gibbs
period*N-decoupling was achieved by a broadband Waltz Helmholtz relationship (eq 3):

decoupling sequence. Water was suppressed using gradients.

SNAITF (Frar:js vanI Hoeshel, Gronircljgen) was usEd tohprocess,AG(T) =AH_(1-T/T.) -
visualize, and analyze the NMR data sets. The change in

intensity of 56 out of 82 residué1—1°N native cross peaks, AC[(Ty = T) + TIn(TITy)] (3)
and 13 out of 82 unfolded cross peaks could be followed

upon addition of GdnHCI. The average intensity changes Kinetics of Unfolding and Refolding

are used to describe the denaturation curve. Data were fitted

using eq 1, and plotted as fraction folded or unfolded for
direct comparison with results from CD.

Stopped-Flow CD The stopped flow CD measurements
at 222 or 225 nm (far-UV) were performed on either a Jasco
720 circular dichrograph equipped with a Biologic SFM3
Equilibrium Unfolding and Refolding by Temperature stopped-flow module in Oxford or a Biologic stopped-flow

) ) ) ) i ) CD equipped with double detection for both CD and

Differential Scanning Calorimetry (DSCAIl calor'lmetrlc fluorescence in Gif-sur-Yvette. HPr (2 mg/mL) in 6.0 M

measurements were performed on a MCS calorimeter from sq4qHCl was rapidly mixed to give an 11-fold dilution in

Microcal Inc. Most experiments were carried out at a 100 mMm NaR, pH 7.0, buffer to initiate refolding at 5, 9.5,
scanning rate of 60C/h over a temperature range of-10 19 5 and 20°C. Refolding at 19.5C was carried out in
100 °C. No scan-rate dependency on the transition Was the absence and presence of 200 ANS to determine
observed from 12C/h up to 120°C/h. Two consecutive  \yhether binding of ANS affects the refolding rate of HPr.
scans were performed on each sample to check for reversyyqer these conditions, the ellipticity at 225 nm as well as
ibility. The DSC cells were o_perated under ap Nessure the total fluorescence above 314 nm (excitation wavelength
of 1.0-1.5 bar £6). HPr solutions of 5&M were dialyzed 4t 555 m) were simultaneously detected. Refolding kinetics

overnight at 4°C against buffer containing the required e fitted to either a single (CD) or double-exponential
amount of GdnHCI. Dialyzed protein and dialysis buffer (ANS fluorescence) using the Kaleidograph software.
were used to load the sample and reference cells, respec-

tively. Experimental data were corrected for small mis-
matches between the two cells by subtracting a buffer vs
buffer base line prior to data analysis. After normalising to
concentration a chemical base line calculated from the
progress of the unfolding transition was subtracted and a two-
state fit to the data was performed as implemented in the
software package Origin (Microcal Software, Inc.). DSC . . S X
scans presented in this work were performed on solutionsrefOIdmg'. Ref_oldmg klnet.ICS were fitted to a double
containing approximately 58M HPr in 10 mM NaR, pH exponent.|al using the Kaleidograph software.

7.0, in the absence of GdnHCI or 10 mM KBH 7.6, in Real Time NMR SpectroscopNMR spectra were re-
the presence of 0, 0.5, 1.0, and 1.5 M GdnHCI. Salt effects corded using a home-built NMR spectrometer operating at

7.6, solutions containing 50, 100, 200, and 400 mM NaCl, The spectral width was 8000 Hz. The water resonance was

respectively. saturated by weak on-resonance irradiation during the 0.5 s

Circular Dichroism (CD) Temperature-induced unfolding  relaxation delay. Chemical s'hifts are expressed relative to
was followed by monitoring the change in ellipticity at 222 DSS. For all refolding experiments 0. of 100 mg/mL
nm of a 19xM solution of HPr in 100 mM NappH 7.0.  HPrin 6.0 M GdnHCI, pH 7.0, was diluted into a 500

Samples were heated using a scan rate of@h. Data  Volume of refolding buffer (100 mM NaPpH 7.0). The
were fitted to eq 2: final protein concentration in all NMR samples was 0.85

mM. Five hundred twelve 1D NMR spectra with two scans
= — each were recorded for refolding at 2@ with an acquisition
Yons= Oy + anT)/(1 + expl[~AH,/T & A Tnl R]) + time of 0.256 s. To initiate the refolding of HPr, denatured
(vy + agT{expl[=AH/T + AH/T/RI/(1 + protein was injected through a Teflon transfer line into an
exp[[~AH /T + AHJ/T. IR} (2) NMR tube inserted inside the NMR probe, by means of a
pneumatically driven syringe (7 bar pressure) at a fixed time
with yn, an, Yu, au, AHm, andTy, as fitting parameters. This  point during the recording of the 512 1D FID'8)( The
equation is an extension of the van't Hoff equation, where stability of the spectrometer was high enough for measure-
AHn, and AS, are the enthalpy and entropy changes at the ment to be made without locking on the deuterium signal

8-Anilino-1-Naphthalenesulfonic Acid (ANS) Fluorescence
For ANS fluorescence experiments an excitation wavelength
of 350 nm was used, and total fluorescence above 390 nm
was monitored using an Applied Photophysics SX.17MV
stopped-flow spectrofluorimeter (APP). Typically, 1 mg/
mL HPr solution unfolded in GdnHCI was diluted 11-fold
with 100«M ANS in 100 mM NaR, pH 7.0, buffer to initiate
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(3). Refolding kinetics were fitted to a single exponential
using the Kaleidograph software.
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GdnHCI and Temperature Dependence of the Folding
Kinetics

GdnHCI DependenceThe dependency of the refolding
and unfolding rates of HPr on the final GAnHCI concentration
was determined by following the ANS fluorescence at 20
°C using the APP stopped-flow fluorimeter. HPr dissolved
either in 0 or 6.45 M GdnHCI was diluted 11-fold into
refolding buffers containing the required amount of GdnHCI
in 100 uM ANS, 100 mM NaR, pH 7.0, to follow its
unfolding and refolding, respectively. The refolding rate at D10t e N
the final concentration of GdnHCI of 0.36 M was obtained 190 200 210 200 230 240 250
by diluting the initially unfolded HPr in 4.0 M GdnHCl into Wavelength (nm)

a solution of 10Q:M ANS In 100 mM Naf pH 7.0. The Ficure 1: Far-UV and near-UV CD spectra of different states of
refolding/unfolding buffers were obtained bY mixing tW.O .100 HPr. Far.-UV CD spectra of the native state (solid line), the heat-
#M ANS, 100 mM Nak, pH 7.0, stock solutions containing  denatured state (dotted lines), and the GdnHCl-denatured state
0 M and 6.45 M GdnHCI, respectively. For a two-state (dashed line) are shown. The inset shows the near-UV CD spectra
transition, the refolding and unfolding kinetics can be of the nqtive (solid line) and GdnHCI-induced denatured state
described by eq 4: (dashed line) of HPr.
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In ko= In[K*2C exp(—nk[GdnHCI]) + ellipticity remains after denaturation by heat. Similar
differences have been observed for denatured states of other
k:jzo exp(%[GdnHCI])] 4) proteins R0, 27-29) and arise from the variation of the
unfolded protein ellipticity with temperature and concentra-
where the observed rate constant at a given GdnHCItion of GdnHCI, as is evident from Figure 5B (see la&®;
concentratiorkopsis described by the refolding and unfolding 31). The weak near-UV CD signal in the native state arises

processes according to eqs 5 and 6, respectively: from the four phenylalanine residues present in HPr and also
disappears upon adding high concentrations of GdnHCI.
Ink;=In kazo - mlq[GdnHCI] (5) GdnHCl-induced unfolding was also monitored by record-
ing 1D H and 2D'H—%N HSQC NMR spectra. The top
Ink, = In K© + m [GdnHCl] (6) left panel of Figure 2A shows the characteristic highly

dispersed HSQC spectrum of the native st&tf.( Above

3 M GdnHCI all native signals have disappeared and been
replaced by signals characteristic of a denatured state (top
right panel, Figure 2A). The latter spectrum still shows
significant dispersion; 78 individuaH—*°N cross peaks can

be identified. A2 M GdnHCI, close to the midpoint of the
transition (lower right panel, Figure 2A), the spectrum shows
both native and denatured signals in a ratio of approximately
1:1. All spectra recorded at intermediate GdnHCI concentra-
tions can be regarded as a linear combination of the native
and the denatured spectra. No additional signals are observed

where ki and k*° are the rate constants of folding and
unfolding in water, respectively, amd, andm, the slopes

of the two linear halves of the curveAGyu,o can be
calculated from the two-state assumption where the equi-
librium constant for unfoldindKy is defined byKy = [U]/[N]

= ky/ks. Similarly, them value can be calculated from the
kinetic data using the relationshim = m, + my, The
concentration of GdnHCI at which 50% of the protein is
denaturedey, can be calculated according to eq 7:

|n(ka20/k:|20) at any concentration of GdnHCI, indicating the absence of
cy=—""—- 7) any observable intermediate state upon unfolding of HPr.
(m,+m) After removal of the residual GdnHCI by washing exten-

sively with 100 mM NaPRbuffer, pH 7.0, the native state
Temperature Dependencdhe dependency of the refold-  spectrum is fully recovered (lower left panel, Figure 2A),
ing rate of HPr from 6.0 M GdnHCI on temperature was indicating that the unfolding process is reversible.
measured by following ANS fluorescence at different tem-  The intensity changes resulting from addition of GdnHCI
peratures ranging from 2.8 to 4C. Experimental details  for 56 out of the 82 observable backbdie—1°N spin pairs

are as described above. of the native state could be followed. All cross peaks except
two show the same dependency on GdnHCI as shown in
RESULTS Figure 2B. Their transition midpointsy, are all close to

the mean of 2.19 M. The two exceptions are Alal0 (A10)
and active-site residue His1l5 (H15), whose cross peak
intensities decrease at lower concentrations of GdnHCI than
Figure 1 shows CD spectra of HPr in its native state and those of other residues (Figure 2C). Faster exchange of these
following denaturation induced by GdnHCI and heat. No protons with water or change in relaxation behavior in the
significant residual ellipticity is present in the far-UV region presence of GdnHCI would result in an additional decrease
when the protein is denatured by GdnHCI, while substantial in intensity. Whether this is indeed the case, or whether the

Equilibrium Unfolding and Refolding by GdnHCI and
Temperature
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FIGURE 2: 2D H—'N HSQC NMR spectra of HPr and signal intensity changes at different stages during the denaturation by GdnHCI. (A)
Spectra showing the transition from the native to the fully denatured state at 3.70 M GdnHCI (top), and spectra showing the transition of
HPr close to the midpoint of the denaturation at 1.99 M GdnHCI and after washing this sample extensively (bottom). The latter spectrum
is closely similar to the native state spectrum in accord with the reversibility of the unfolding. The transitions are indicated by arrows. At
~2.0 M GdnHCI all native signals are still observable, while that one of active-site residue His15 (H15) has disappeared. The corresponding
IH-15N cross peak is highlighted together with that of Alal0 (A10). (B) Change in average signal intensity of the natiul)siatbthe
denatured state)) plotted as the fraction of the native state intensit® & (IB‘M). Solid lines represent fits to eq 1, and the corresponding

best fit parameters are given in Table 1. Note that the intensity of the fully denatured stei8% of that of the initial state at 0 M
GdnHCI. (C) Changes in intensity of A1®) and H15 ©) upon addition of GdnHCI. Again intensities are scaled as a fraction of their
native state intensityt® M for direct comparison with the average intensity change plotted by the solid line (best fit, Figure 2B).

greater decrease in intensity arises from a more site-specificTheir mean intensity at 3.70 M GdnHCl is only 58% of that
effect by the interaction with GdnHClI, is not understood. In of the native statetsd M GdnHCI (Figure 2B) due to the
addition to following the disappearance of the native state change in the quality factor of the proli@ factor) on adding
signals, the appearance of 13—1°N cross peaks of the  high amounts of salt32). Similar effects have been
denatured state could be followed upon addition of GAnHCI. observed in unfolding studies of lysozym@3).
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A the full recovery of the native state NMR spectrum after
unfolding.

o Denaturation monitored by ANS fluorescence shows some
interesting characteristics (Figure 3B). Initially the fluores-

. N cence enhancement increases upon adding GdnHCI until it
- reaches a maximum at about 1.2 M GdnHCI. At higher
0.6 + concentrations, the intensity decreases as a result of the
2 unfolding of the protein. We excluded this first part of the
0.4 curve in fitting the data to eq 1 (solid line Figure 3B); the
thermodynamic parameters derived from the fit are given in
Table 1. Thus, we neglect the effect of the increase in ANS
binding at low concentrations of GdnHCI; as a result the

2 J thermodynamic parameters are slightly higher than those
L B B A s obtained using CD and NMR spectroscopy techniques. The
00 05 10 15 20 25 30 35 40 AG for unfolding calculated from the latter two experiments

B [GuHCI] (M) are better estimates; the thermodynamic parameters obtained
from the ANS binding experiment should be compared with
the value obtained from kinetic folding experiments using
ANS as probe (see later). The increase in ANS fluorescence
observed here might be correlated to the greater decrease in
intensity of the Alal0 and His15 cross peaks in the unfolding
experiments monitored by NMR described above.

Figure 4 presents DSC profiles for HPr under different
conditions during thermal denaturation. The unfolding was
found to be independent of the scan rate. This shows that
the native and unfolded forms of HPr equilibrate rapidly in
comparison with the time constant of the calorimets) (

. and that equilibrium thermodynamics apply. Nicholson and

Fraction
native/denatured signal

Intensity at 472 nm
o
T

L1 1

0+ Scholtz @0) found that transitions monitored by far UV CD
0 05 1 15 2 25 3 35 4 were more than 95% reversible after heatlgcoli HPr
[GuHCI] (M) solutions in the absence and presence of urea fR€9@nd

Ficure 3: GdnHCI denaturation curves for HPr monitored by CD, that some reversibility was lost due to products of urea
NMR, and ANS fluorescence at 2. (A) Changes are plotted as  decomposition. We find that thermal unfolding of HPr, even
the fraction of native signal for all transition curves [except where in the absence of denaturant, is not completely reversible;
the fraction of the denatured signal is plotted in the case of the there are shifts in transition temperature and a lowering of
appearance of denatured stéte-15N cross peaks by NMR&)]. -

Ellipticity at 222 nm (far-UV;Ml); difference in ellipticity at 261 the enthalpy of unfolding when .samples of HPr were
and 258 nm (near-UVx); average native backbofiel—15N NMR rescanned after thermal denaturation up t6@0as shown
cross peaksQ@); native signal of the @3 of Leu77 &). Solid in Figure 4A. Such a transition curve can no longer be
lines represent the fit to eq 1, and the corresponding best fit described using a two-state model of unfolding. The
parameters are given in Table 1. (B) Denaturation followed by ANS o0 ed irreversibility is most likely due to deamidation of

fluorescence. The fluorescence enhancement increases initially upo . . .
adding small amounts of GdnHCI but then gradually decreases as%e two asparagine residues in the unfolded state of HPr

the denaturation takes place. The dotted line represents theresulting in two modified forms of the protein, HPr-1 and
fluorescence intensity of ANS in the absence of protein. The solid HPr-2 34). From these studies it is known that the rate of
line represent the fit to eq 1 excluding the first 4 points, and the geamidation is substantially greater at high temperatures and
corresponding best fit parameters are given in Table 1. at high pH. To confirm this, a rescan was recorded after
thermal denaturation up to only P€C. The inset in Figure
Figure 3 shows the denaturation curves of HPr af@0  4A shows that this transition profile is closely similar to that

monitored by different techniques; the thermodynamic observed for the first scan.

parameters obtained from fitting the raw data to eq 1 are To explore this issue further, populations of HPr, HPr-1
summarized in Table 1. For comparison the CD and NMR and HPr-2 were monitored as a function of temperature by
data are all plotted as the fraction of the unfolded or the HPLC. At 70 °C, well above theT,, more than 90% of
folded signal present under given conditions. The near-UV HPr is in its non-deamidated form. So from both DSC and
and far-UV denaturation curves coincide, as do the curvesHPLC we can conclude that unfolding precedes the deami-
monitoring the disappearance of native backbone and side-dation process, and, therefore, that a two-state assumption
chain NMR signals and the appearance of the unfolded may be applied to interpret the thermal denaturation data.
signals. CD spectra of five HPr samples containing different Figure 4B shows DSC denaturation profiles of HPr dissolved
amounts of GdnHCI were recorded after 1:1 dilution into in different amounts of GdnHCI. Thermodynamic param-
refolding buffer to check for reversibility. All samples eters derived from these DSC measurements are summarized
showed values for the ellipticity at 222 nm similar to those in Table 1. Van't Hoff enthalpies correspond well with the
expected from the denaturation curve, confirming the com- calorimetric enthalpies indicating that the heat induced
plete reversibility of the unfolding process in agreement with unfolding of HPr is indeed a two-state process.
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Table 1: Analysis of GdnHCI and Heat Denaturation Monitored by DSC, CD, NMR, and ANS Fluorescence at Equilibrium and by ANS
Fluorescence from Kinetic Studies

AH Tm AG m
(kJ mol1) (°C) (kJ mol1) (kJ moFt M1 cw (M)
DSC
10mMR, pH 7.0 268.4/284.3 64.3
10 MM R, pH 7.6
0 M GdnHCI 306.0/325.2 60.5
0.5 M GdnHCI 244.1/255.8 55.0
1.0 M GdnHCI 219.0/224.0 49.0
1.5 M GdnHCI 170.1/167.6 40.4
CD
10 MM R, pH 7.0 287.9-4.5 65.5+ 0.1
100 MM R, pH 7.0 322.9+ 2.8 64.6+ 0.1 19.1+ 0.5 9.1+ 0.3 2.09+ 0.09
NMR¢
100 MM R, pH 7.0
native 19.8+ 1.7 9.0+ 0.8 2.19+ 0.27
unfolded 20.0+- 0.8 9.3+ 04 2.1440.13

ANS Fluorescence
100mM R, pH 7.0
equilibriunt 23.3+£0.8 11.6+ 0.4 2.01+0.10
kinetic$ 21.6+ 04 10.8+0.24 2.01+ 0.06

a CalorimetricAH. ® Van't Hoff AH. ¢ Mean values for the 56 native state and 13 denatured state arhieléN cross peaks! Values obtained
from Figure 3B neglecting the increase in ANS fluorescence at low concentrations of GAdnHCI, sé¥#&ues obtained using eqs-Z (Figure
10C).

Figure 5A shows the denaturation curve of HPr in 100 In contrast, two kinetic phases can be observed when
mM NaR buffers at pH 7.0 monitored by the change in refolding is monitored by ANS fluorescence. No changes
ellipticity at 222 nm. The enthalpy for unfolding is higher in the kinetics of these phases were observed when the
than the van’'t Hoff enthalpy found for HPr in lower concentration of HPr was reduced from 1 to 0.5 mg/mL prior
phosphate concentrations by DSC (10 mM, Figure 4A), while to initiation of the folding reaction. The best fit parameters
the transition temperatures obtained from these experimentso a single (CD) and a double-exponential (ANS fluores-
are closely similar (Table 1). Unfolding of HPrin 10 mM  cence) rate law are collected in Table 2. The time constant
NaR at pH 7.0 followed by CD (Figure 5B) results in similar  for the faster phase is closely similar to that of far-Uv CD
thermodynamic parameters to those determined by DSC.techniques, 0.46 and 0.50 s, respectively, and is not affected
DSC experiments carried out at higher pH also result in py the presence of ANS (insert Figure 6B). The time
higher enthalpies of unfolding but lower transition temper- constant for the slower phase observed by ANS fluorescence
atures (Figure 4B and Table 1). High concentrations of js 10.8 s. Such slow stages in folding have often been
phosphate and increasing pH, therefore, both result in anattributed to prolinecis—trans isomerization 85). The
increase inAH but have different effects on the transition overshoot in ANS fluorescence indicates the existence of

temperatures. Figure 5B shows thermal unfolding curves an intermediate state that preferentially binds ANS. The
of HPr at different GdnHCI concentrations. At concentra- native state itself also binds ANS, most probably to the

tions aboe 1 M cold denaturation can be observed. The hydrophobic patch present in the b|nd|ng interface with
denatured state base line, which corresponds to the transitioryomain A of enzyme 1136, 37).

curve at high concentrations of GdnHCI, can be adequately
described by a second order polynomial. The line coincides
with the ellipticities for the GdnHCI denatured state at low

temperatures and the heat-denatured state in the absence
GdnHCI as shown in Figure 1, indicating that both denatured
states represent the same thermodynamic state as shown f
other proteins 30, 31).

Figure 7 shows a series of 1D NMR spectra recorded
during the refolding of HPr at 2.8C following rapid
('5|?jection of the protein denatured in 6.0 M GdnHCI into a
refolding buffer at pH 7.0. The spectra were recorded at
o]r'51 s intervals, the first scan being completed 0.75 s after
Injection. In earlier work 8) we found that mixing is
complete within a few seconds; the evolution of the NMR
Kinetics of Refolding spectrum shown in Figure 7 may therefore be attributed

solely to the structural changes occurring during refolding.

Figure 6 shows the time course after initiation of refolding Figure 8 shows the first (Figure 8B) and the last (Figure
of HPr from 6.0 M GdnHCI at 19.8C as simultaneously =~ 8C) spectra of the experiment illustrated in Figure 7,
monitored by far-UV CD and ANS fluorescence. No events compared with the spectrum of HPr in 6.0 M GdnHCI
in the dead-time of the stopped-flow experiment were (Figure 8A), where the protein is highly unfolded. Com-
observed either by CD or by ANS fluorescence. The parison of the spectra after long refolding times (Figure 8C)
refolding kinetics followed by CD fit a single exponential with that of the native state shows they are identical,
rate law at all temperatures studied (5, 9.5, 19.5, ant230 indicating that the native state has been fully regenerated in
In addition, stopped-flow experiments monitoring the intrin- the refolding experiment. The spectra at the shorter refolding
sic fluorescence of a single tryptophan mutant of HPr shows times (see Figure 7 and Figure 8B) are similar to that of the
single exponential refolding kinetics (unpublished results). unfolded one depicted in Figure 8A with respect to chemical
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Ficure 4: DSC scans of HPr under different conditions. (A) Scan Fcure 5: Thermal unfolding curves for HPr at pH 7.0. (A)
and rescans of HPrin 10 mM NaPH 7.0, showing the incomplete  Denaturation followed by the change in ellipticity at 222 nm (far-
reversibility upon heat denaturation when heated to°@0 but UV CD) for HPr in 100 mM NaR pH 7.0. The curve through the
almost complete reversibility when heated to 40 (inset; for data represents the fit to eq 2, and the corresponding best fit
clarity, the rescan is displaced upward by 1000 calhéC™1). parameters are given in Table 1. (B) Denaturation followed by the
Thermodynamic parameters are summarized in Table 1. (B) DSC change in ellipticity at 222 nm for HPr in 10 mM NaRH 7.0, at
scans of HPr at different concentrations of GdnHCI in 10 mM,KP  different GdnHCI concentrations (0, 0.34, 0.75, 1.17, 1.39, 1.78,
pH 7.6, buffer. GAnHCI concentrations vee® M (d), 0.5 M (@), 1.98, and 2.80 M). These curves were fitted to eq 2 in which the
1.0 M (©), and 1.5 M ®). Data are plotted as described in the exponential term is replaced by\sC, dependent term as described
text. Solid lines represent best fits to a two-state model of unfolding by eq 3. The values fdr,, and the correspondinyH, values were

as implemented in the software package Origin. Thermodynamic used to determinC, shown in Figure 12. The variation of the

parameters are summarized in Table 1. The value3fand the unfolded protein (2.8 M GdnHCI) ellipticity with temperature
corresponding\Hn, values were used to determind, shown in explains the difference in residual ellipticity in the far-UV spectra
Figure 12. of the two denatured states shown in Figure 1.

dispersion. Lines are broader, reflecting residual inhomo- 2- The kinetic data were used to reconstruct all spectra at

geneity of the mixture at these early times. At times larger Intermediate time points between the first and the final
than~5 s following the initiation of refolding, a series of ~SPectrum by a linear combination of the latter two spectra;

peaks is visible in the NMR spectrum, corresponding to those this is shown for two kinetic spectra at different refolding
of the native state. Analysis of the intensities of well- fime points in Figure 9. The reconstructed spectra are closely
resolved and assigned peaks in the native spectrum fromsimilar to the experimental spectra; this !ndlcates that all
different regions of the protein (Figure 8D), including those SPectral changes observed during refolding can be solely
of the upfield-shifted resonances of the side chain of Leu77 attributed to a single, hlghl_y cooperative two-state transition
positioned in the hydrophobic core of HR, @), show that from the denatured state into the native state.

they all develop at rates closely similar to each other and to
the rate of the overall appearance of the native spectrum.
The kinetics show single-exponential behavior and coincide,
within experimental error, with the kinetics of the disap- Figure 10 shows the refolding (Figure 10A) and unfolding
pearance of signals assigned to the spectrum of the initial (Figure 10B) kinetics as a function of the final GdnHCI
state, and to the faster phase monitored by ANS fluorescenceconcentration as monitored by ANS fluorescence. The
The best fit parameters to a single-exponential (NMR) and unfolding kinetics show monophasic behavior while the
a double-exponential (ANS fluorescence) are given in Table refolding kinetics at low GdnHCI concentrations can be

GdnHCI and Temperature Dependence of the Folding and
Unfolding Kinetics
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Ficure 6: Refolding kinetics of HPr from 6.0 M GdnHCI.
Measurements were at 19°€ and monitored by the change in
ellipticity at 225 nm (A) in the presence of ANS and simultaneously
recorded change in fluorescence enhancement upon ANS binding
(B). Data are plotted as a fraction of the final native signal. The Ficure 7: Stacked plot of 600 MHz 1D NMR spectra of HPr in
inset in A shows the refolding of HPr as monitored by CD in the H,O at 2.8°C. Spectra were recorded at incremented time points
absence of ANS. The inset in B shows thetfBs of therefolding between 1.51 and 384 s after initiation of refolding from 6.0 M
process as monitored by ANS fluorescence. Solid lines representGdnHCI in 100 mM NaR pH 7.0. The region shown at the top
best fits to a single- or double-exponential term, and the corre- contains resonances from methyl and methylene groups, and that
sponding best fit parameters are given in Table 2. at the bottom from aromatic groups and amide protons.

of the final GdnHCI concentration at concentrations below
1 M but show strong dependency above 1 M. The relative
amplitudes of both phases are strongly dependent on the final
GdnHCI concentration; the slower phase diminishes signifi-

'H Chemical Shift (ppm)

Table 2: Time Constantg) and Relative AmplitudesA) of
Refolding from 6.0 M GdnHCI for HPr at Different Temperatures
(T) Obtained from CD, ANS Fluorescence, and NMR Experiments

technigue  T(°C) A(%) m(s) A (%) 72(S) cantly at high concentrations. The complete kinetics of
ANS 2.8 91.2 8.38 8.8 120.5 folding and unfolding can be fitted to eq 4 which is based
NMRe on a two-state transition. The calculated fits of the folding
B 2.8 1188 ?'g and unfolding data to eqs 5 and 6, respectively, are shown
ANS 19.5 824 046  17.6 10.8 by solid lines in Figure 10C. The values i, k'*°, my,
CcD" 19.5 100 0.51 andm, are 14.9 51, 20.9x 104s%, 2.84 M, and 1.58
co 19.5 100 0.50 M~1, respectively. From these results, the equilibrium values

aKinetics of the appearance of the native state (N) Leu?®dsC

for AGu,0 andmwere calculated as described in the Methods

resonance and the disappearance of the unfolded state (U) signal akection andy from eq 7; they are listed in Table 1. The

1.38 ppm indicated in Figure 8.Far-UV CD measured in the absence
of ANS (inset Figure 6A)¢ Far-UV CD measured in the presence of

200uM ANS (Figure 6A).

values forAGy,0 andm calculated in this way are 21.6 kJ
mol~! and 10.8 kJ moi* M~ and are slightly higher than
those obtained from equilibrium experiments using CD and

described by double-exponential kinetics. The rate constantNMR but are similar to the values obtained by ANS
of the faster refolding phase decreases exponentially with fluorescence at equilibrium. We have shown (Figure 3B)

GdnHCI concentration over the range 2.0 M (Figure 10C).

that increasing concentrations of GAnHCI lead to an increase

The kinetics of the slower phase are more or less independentn fluorescence enhancement in equilibrium unfolding ex-
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Ficure 9: Reconstruction of NMR spectra at 4.54 s and 15.12 s
during the refolding of HPr from 6.0 M GdnHCI inJ® at 2.8°C.

The spectra were reconstructed by a linear combination of the first
(top,t = 1.51 s) and last (togg,= 147 s) spectrum recorded after
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Ficure 8: Refolding of HPr from 6.0 M GdnHCI in D at 2.8

°C monitored by NMR (A) 600 MHz 10H NMR spectrum of
HPr in 6.0 M GdnHCI in 100 mM NaPpH 7.0. (B) Spectrum

initiating refolding using a rate constant of 0.12 svhich is the
average rate constant extracted from the analysis shown in Figure

recorded 1.51 s (average over 2 scans) after initiating refolding 8D. Only the upfield spectral regions are shown and are plotted in

from 6.0 M GdnHCI, in 100 mM Napbuffer, pH 7.0. (C) Average
over the final 32 spectra<6 min after injection) following complete
refolding from 6.0 M GdnHCI, in 100 mM Namuffer, pH 7.0.
(D) Refolding kinetics of HPr from 6.0 M GdnHCI obtained from

absolute intensity.

slower phase is linear over the temperature range investigated
(2.8-40°C). The activation parameters for folding can be

the real-time NMR measurement showing the disappearance of the, ; ; .
unfolded signals at 1.38 ppm (WJ) and the appearance of the calculated from the Eyring plot by using eq 8:
native signal of Leu77 @ side chain (N®) indicated in spectrum

A and C, respectively. The Molscript representatiéf)(shows
the position of this methyl group in the hydrophobic core of HPr

in close proximity to Phe22 and Phe29. In addition, the active site \yherek is the rate of f0|dingAs* is the activation entropy

residue His15 is indicated. The solid lines represent the best fit to f foldi AHY is th L hal  foldi il

a single exponential and are given in Table 2. of folding, AHy Is the activation enthalpy of folding, ant
andkg are Planck’s and Boltzmann'’s constants, respectively.

periments, indicating the presence of a state that either bindsThere is significant curvature in the Eyring plot for the
ANS stronger than the native state is or has relatively more temperature dependence of the faster refolding phase as can
hydrophobic surface exposed to the solvent upon addingPe seen in Figure 11B. Jackson and Fers38) (also
GdnHCI. This could also explain the change in amplitude obseryed significant curvature in the_ Eyring plot of the fast
observed during the refolding kinetics shown in Figure 10A. refolding phase of chymotrypsin inhibitor 2 (CI2). Curvature
The refolding kinetics of HPr from 6.0 M GdnHCI at in Eyring plots can be observed when there is a significant
different temperatures were monitored by ANS fluorescence, change in heat capacity between the initial state (denatured
far-UV CD, and NMR. While the relative amplitudes of ~State in this cgse) and the transition state. Following the
the fast and slow phases in ANS fluorescence are strongly@nalysis described by Jackson and Fer88}, the data can
dependent on the final GdnHCI concentration, the depen- be fitted to eq 9:
dency on the temperature is less pronounced. Upon increas- .
ing temperature the amplitude of the slower phase also In(k/T) = A+ B(TJT) + CIn(T/T) 9)
increases. Figure 11A shows refolding of HPr monitored
by ANS fluorescence at different temperatures; the fluores-
cence enhancement upon binding to the final native state
after refolding completely decreases rapidly with temperature.
The fluorescence, extrapolated from the intensity decrease
with temperature, is expected to reach zere-&g °C; this
temperature coincides with the temperature at the start of
the heat induced unfolding transition (see Figures 4 and 5). C= —ACEf/R
Eyring plots [Ink:/T) versus 1T], for both the slow and fast
phases are plotted in Figure 11B. The Eyring plot for the WhereACzf is the heat capacity change between the dena-

In(k/T) = In(kg/h) + AS/R — AH;/RT (8)

where
A=[-AC) + AS (TR — In(hvks)

B =[AC) — AS(T)I/R — AG{(T)/RT,
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3 Ficure 11: Refolding of HPr from 6.0 M GdnHCI at different

temperatures monitored by ANS fluorescence. (A) Progression of
folding at indicated temperatures. The final fluorescence intensity
is indicated by a short line. Note the rapid decrease in fluorescence
enhancement due to the loss of ANS binding to the native state.
(B) Eyring plots of the faster refolding phas®)(and the slower
refolding phase ). Solid lines represent fits to eqs 8 and 9,
respectively. Activation parameters derived from these fits are given
in Table 3.
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Table 3: Activation Parameters for the Fast and Slow Refolding
Phases of HPr from 6.0 M GdnHCI into 100 mM NapH 7.0

2]
] 00 eq, AC! AH?* AS AG* (20°C)
3] phase (kJ mor[l) K™  (kImolt) (@I mortK™Y) (kI mol?)
o;ééiés low 823121 167178
GuHCIl (M fast —3.22+0.17 86.1+0.4 56.0+ 3.3 69.7+ 0.1
[GuHCI] (M) 69.0+ 0.1°
Ficure 10: Refolding and unfolding kinetics at 2C at different a Calculated from the Eyring plot for the slower phase (Figure 11B)

GdnHCI concentrations monitored by ANS fluorescence. (A) using eq 8° Calculated from the Eyring plot for the faster phase (Figure
Refolding kinetics fitted to a double exponential function. (B) 11B) using eq 9¢ Calculated from GdnHCl-dependent refolding for
Unfolding kinetics fitted to a single exponential function. (C) the faster phase (Figure 10C) under the same conditions: 0.55 M
Logarithms of the rate constants of refolding for the fast ph@e ( GdnHCI, 200 mM NaP pH 7.0, 20°C.

and slow phase®), and for unfolding M). Solid lines represent
best fits to eqs 5 and 6 for the refolding and unfolding, respectively. together from the results for the slow phase derived from eq
Best fit parameters are given in the text. ValuesA@,0 andm . )

obtained from these kinetic data are given in Table 1 for comparison 8: @ré summarized in Table 3.
with the values obtained from equilibrium experiments.

DISCUSSION

N ) In the previous section we have shown that the denatur-
tured state and the transition state§f as described above,  ation of HPr can be described as a two-state reaction from
andAG; is the activation energy of folding. The activation the following evidence: (i) all unfolding data can be fitted
parameters for refolding of HPr af, = 20 °C were to a single transition curve using eqs 3, (ii) the transition
calculated from the fit of the data to eq 9. These results, is independent of the probe used to determine the state of
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Table 4: Thermodynamic Parameters for the Folding of HPr

parameter E. coliHP® E. coliHPP B. subtilisHPr
AHp, (kJ mol?) 284.3/287.9/322.9/325.2 316.8 242.9
Tm (°C) 64.3/65.5/64.6/60.5 63.5 73.4
Tm (°C) —18.4/-18.1+28.2/~30.9 —28.5 —18.0
AG; (kJ molt)d 18.2/18.6/23.3/23.4 22.8 16.7
Ts(°C) 22.0/22.7/16.1/13.6 16.3 26.0
AC, (kJ molit K1)e nd/6.3/nd/6.4 6.23 4.89
AC; (kd molt K- 5.18 5.18 5.43
AC, (kJ molt K1)9 6.48 6.48 7.77
m (kJ moirt M—4)h 9.57 (GdnHCI) 4.85 (urea) 4.39 (urea)
m (kJ mol* M~Y) 10.53 (GdnHCI) 4.67 (urea) 4.81 (urea)
m (kJ molt M%) 4.36 (urea) 10.69 (GdnHCI) 9.66 (GdnHCI)
cw (M)P 2.11 (GdnHCI) 4.70 (urea) 3.88 (urea)
AASA (R2)k 6809 (4680/2129) 6809 (4680/2129) 7090 (5212/1878)

a Experimental values reported here for HPr in 10 mM phosphate at pH 7.0 using DSC, in 10 mM phosphate at pH 7.0 using CD, in 100 mM
phosphate at pH 7.0 using CD, and in 10 mM phosphate at pH 7.6 using DSC, respetttalyes from Nicholson and Scholt2@). ¢ Values

for B. subtilisHPr obtained from Scholtz1@). ¢ Parameters derived from

the Gibhidelmholtz equation (eq 3; Figure 13)AC, calculated from

a AHp, versusTy, analysis (Figure 12). nd, not determinédC, calculated from the equatiohC, = —119+ 0.20AASA (39). 9 AC, calculated

from the equatiom\C, = 0.45AASA, — 0.26AASA; (40). " Experimental value for given denaturant. TBecoli HPr values are averaged over

values given in Table 1.mcalculated from the equationsn = 953+ 0.23ASA andn = 368+ 0.11ASA for GdnHCI and urea, respectiveBgj.

I m calculated from the equatianganici = —110+ 2.3Myrea Using experimental values given abod9)( k Values given are averaged over t&e

coli NMR and X-ray structures (PDB entries 1HDN and 1POH, respectively). A model of unfolded HPr was generated using Insightll (Biosym)

by giving the polypeptide chain extended dihedral angles. The accessible surface areas (ASA) of both the native and the extended chain were
calculated using the program ACCES&), with a probe radius of 1.4 A, a slice width of 0.25 A, and atomic radii given by Rich&#)s {/alues

given are differences between the unfolded and native states of the protein. The nonpolg) @8Aolar (ASA) AASA’s are given in brackets,
respectively. Values foB. subtilisHPr were obtained from Myers et.4B9).

the protein, in this work near and far UV CD, ANS
fluorescence, DSC, and NMR, (iii) the ratio of the van't Hoff
enthalpy of denaturation and the calorimetric enthalpy
obtained from DSC are close to unity, (iv) the kinetics of
both unfolding and refolding are monophasic processes
(refolding monitored by ANS fluorescence shows a second
low-amplitude slow phase; for discussion of this see below),
(v) the kinetic data fit a two-state transition as described by
eq 4, and (vi), the values fakGn,0 andm calculated from
the kinetic experiments are closely similar to the values
calculated from the equilibrium experiments, Table 1. From

these data, and the denaturation profiles as plotted in Figures
4 and 5, the change in heat capacity for the unfolding reaction

AC, can be derived from the variation oAH, with
temperature afforded by the addition of GAnHCI. The slope
of the plot of AH, versusTy, obtained from CD data shown
in Figure 5 (solid line in Figure 12) and from DSC date
shown in Figure 4 (dotted line in Figure 12), gives a value
of AC, of 6.29+ 0.43 kJ mot? K™ and 6.43+ 0.93 kJ
mol~! K™%, respectively. These values are closely similar
to that obtained from CD studies for HPr using urea as
denaturant (6.23 kJ mol K—1; 20).

The thermodynamic parameters for the folding of HPr
from bothE. coli (this work and ref 20) an&. subtilis(19)
are given in Table 4. The conformational stability of a

375
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Ficure 12: Estimation of the heat capacity change upon unfolding
from DSC and CD data: Variation oAH,, with T,, from the
thermal unfolding data in the presence of different concentrations
of GdnHCI in 10 mM NaR pH 7.6, using DSC®, Figure 4B)

and in 10 mM NaP pH 7.0, using CDM, Figure 5B);T,, and the
correspondind\Hp, value obtained from DSC measurements of HPr
in 10 mM NaR, pH 7.0, in the absence of GdnHCI (Figure 4A,
O). The dotted and solid lines represent the best fit of the data to
a linear function withAC, describing the slope of the line, and are
6.4+ 0.9 and 6.3+ 0.4 kJ mof! K=, respectively.

protein can be expressed in terms of the free energy over a(Figure 13A). The thermodynamic parameters obtained for

wide range of temperatures, which is described by the
Gibbs—Helmholtz relation (eq 3). From this equation,

E. coliHPr in 100 mM Nakat pH 7.0 and in 10 mM NaP
at pH 7.6 are, however, closely similar to those reported by

stability curves can be constructed using the parameters forNicholson and Scholtz2Q). Small differences in pH and/

ACy,, T, andAH, given in Table 4; they are shown in Figure

or phosphate concentrations result in significant changes in

13. The thermodynamic parameters obtained from DSC andthe stability. It must be noted that small differencedid,

CD in 10 mM phosphate at pH 7.0 used here to study the
denaturation ofE. coli HPr are closely similar but are
substantially different from the values reported using urea
as denaturant studied by C2Q). The temperature of
maximum stability Ts) and the corresponding free energy
(AG) deviate by 6-8 °C and 4-6 kJ mol?, respectively

will result in relative large changes iRG at lower temper-
atures. Overall, the stability d&. coli HPr is higher than
that of the homologouB. subtilisspecies; although thg,

is ~9 °C lower than that oB. subtilisHPr, the much higher
value of AH, reflects a bigger free energy conformational
stability at low temperatures as given by the Gibbs
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Ficure 13: Stability curves foE. coliandB. subtilisHPr obtained
from different studies. (A) Stability curves f@&. coli (short dashed
line) andB. subtilis(long dashed line) in 10 mM phosphate, pH
7.0, reconstructed from the thermodynamic parameters summarize
in Table 4, reported by Nicholson and Schol20) and Scholtz

Van Nuland et al.

None of the techniques used to monitor the refolding of
HPr from high concentrations of GdnHCI shows any events
in the dead-time of the measurementgl(ms for the optical
spectroscopy methods). The far-UV CD and NMR data
show a single well-defined folding step with a rate constant
of 1.984+ 0.02 st at 19.5°C (far-UV CD), consistent with
a two-state refolding reaction as observed for a range of other
small proteins 18). The ANS fluorescence data show a
similar kinetic step, although an overshoot corresponding to
an amplitude of ca 20% of the ANS fluorescence associated
with the native state. The rate of the recovery phase in this
experiment (ca. 0.179) is similar to that found in other
systems for proline isomerisatiol3s), and its activation
enthalpy (82.3 kJ mal) is in the range expected for such a
process (6784 kJ mof?; 44). One explanation of this
phenomenon, therefore, is that it arises as a consequence of
the transient accumulation of a small population of folded
protein molecules with one or both of the two proline
residues (Proll and Prol8) in the non-natiissconforma-
tion. A similar overshoot is, however, observed in the dead-
time of the fluorescence measurements during the kinetic
unfolding of the protein into high concentrations of GAnHCI.
Moreover, enhanced ANS fluorescence is observed at low
concentrations of GAnHCI in equilibrium unfolding experi-
ments. Neither of these effects is likely to be associated
with proline isomerization. It is possible, however, that local
conformational heterogeneity under these various conditions
results in the population of species with enhanced ANS
binding properties; indeed the anomalous behavior of Alal0
and His15 in the equilibrium unfolding experiments moni-
tored by NMR (Figure 2) would be consistent with such
heterogeneity.

Both equilibrium and kinetic experiments show, therefore,
that HPr behaves as a two-state system in which only native
0and unfolded states are significantly populated. The native
state of a protein is generally assumed to be a single

(19), respectively, together with those under the same conditions conformation, in contrast to the unfolded state which is an

from CD (dotted line) and DSC (solid line) measurements reported
here using the GibbsHelmholtz eq (eq 3). (B) The first two
stability curves in A together with those for HPr in 10 mM
phosphate at pH 7.6 from DSC (dotted line) experiments and in
100 mM phosphate at pH 7.0 from CD (solid line) experiments.

Helmholtz relationship (eq 3). While experimental values
for AC, andmfor B. subtilisHPr correspond well with those
predicted from changes in accessible surface ard8g (
values for E. coli HPr deviate substantially from these
relationships. AC, for the latter can be described more
adequately by the change in nonpolar and polar accessibl

surface areas previously described by Murphy and Freire

(40). The difference iMA\C, between that oB. subtilisand
E. coli HPr can partially be explained by the differences in

ensemble of different rapidly interconverting conformations
(45). The transition state for the folding reaction may be
visualized as an ensemble of structures located midway
between the folded and unfolded sta#)( Results from
experimental work addressing the nature of the transition
state ensemble can be rationalized in terms of the energy
landscape view of folding4(7), as well as more conventional
descriptions of the folding reaction. While the energy
landscape for the folding of a polypeptide chain is complex
(48), it is useful to model a folding reaction by implying a
well-defined transition state. According to the microrevers-
ibility principle, the transition state for unfolding will be the

e o S

same as the transition state for refolding in a two-state
process. Studies on the temperature and GdnHCI dependence
of unfolding and refolding give thermodynamic information

on the nature of this transition state and on its relative

heat capacity for their unfolded states based on the aminoexposure to solvent; Figure 14 shows the reaction profiles

acid composition41) which are 19.14 and 19.86 kJ mél|
K~1 for B. subtilisandE. coli HPr, respectively. BotiAC,
and AH, for E. coli HPr are relatively high compared to
other small globular proteingl2, 43. Despite this, we are

showing this for HPr.

Both the activation enthalpy for foldingAH*, and the
activation entropy for foldingAS', can also be obtained from
the Eyring plot; the values are 86.1 kJ mighnd 56.0 J moft

able to observe cold denaturation in the presence of low K1, respectively. The large positive change in enthalpy for
concentrations of denaturant, and in the presence of 1.6 Mrefolding is the result of favourable interactions within the
GdnHCI, almost complete unfolding occurs at low temper- polypeptide chain. At 20C both the enthalpy and entropy
ature. changes upon unfolding are negative (Figure 14A,B), a direct
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Ficure 14: Reaction profiles for HPr under native conditions: 0.55 M GdnHCI, 100 mM,Mé&P7.0, 20°C. The native state (N) is taken
as reference point, from which the reaction proceeds through the transition state (TS) to the denatured state (U). (A) Changes in enthalpy;
(B) changes in entropy; (C) changes in heat capacity; and (D) changevatues, between the three states.

result of the relative lowAH, and highAC,. The entropy of the final GAnHCI concentration (Figure 10) we obtain a
of the transition state is between that of the native and the value fora* of 0.36 (Figure 14D), which is lower than based
denatured states under these conditions. The positive sigron changes i\C, (0.49). Note thatAC, is strictly related
of the entropy change passing from the denatured to theto the exposure of hydrophobic residues, while rihealue
transition state indicates that in the transition state the js related to the exposure of all residues. The solvent
contribution form the hydrophobic effect outweighs the loss accessibility of the transition state of small proteins has been
in the conformational entropy of the chaigg]. found to vary significantly from 0.14 for the cold-shock

~The Eyring plot for the fast refolding phase shows protein CspB%0) to a value as large as 0.61 for the truncated
significant curvature (Figure 11B), indicating that the heat {5rm of the N-terminal domain of-repressors_ss (51).
capacity change from the denatured state to the transitionThere js no clear relationship between the folding rate
St‘_"‘fe is large. The value for this change-8.22 kJ mof* constant and the compactness of the transition stfte (
K™, which is 51% of the total heat capacity change between 1oqe resylts do, however, indicate that there is a significant
denatyred and.natlve states measured f“;jm DSC* and CQOSS in surface area exposed to the solvent between the
experiments (Figure 14C). SinaC, = AC,, + ACy, @ genatured and transition state and that the exposure of
similar change in heat capacity change is expected betweer}esidues decreases progressively to the native state.

the native and transition states. Changes in heat capacity . . .

The activation energy of refolding (the change in free

reflect changes in the degree of exposure of hydrophobic -
residues 30, 42. A second measure for the degree of €Nergy between the denatured and transition stafesj,

exposure to the solvent is thevalue which, at equilibrium, ~ obtained from the temperature dependent refolding experi-
is obtained from GdnHCl-induced denaturation curves such ments agrees within experimental error with that obtained
as those shown in Figure 3. The solvent accessibility of the from GdnHCI dependent refolding under the same conditions
transition state is determined by parametewhich equals ~ (0.55 M GdnHCI, 100 mM NaP pH 7.0, 20°C) and are
m/[m, + m¢] and describes the change in solvent acces- 69.7 and 69.0 kJ mot K, respectively. A0 M GdnHCI
sibility upon moving from the native state to the transition this value is 65.2 kJ mot K™, similar to the activation
state relative to the change upon total unfoldidg)( From energy found for CI2 (63.5 kJ mol K1 at 25°C, 0 M
analysis of the rates of refolding and unfolding as a function GdnHCI, pH 6.3;38).



636 Biochemistry, Vol. 37, No. 2, 1998

A more useful parameter to compare the refolding of HPr
with that of other, similar sized proteins is the rate constant

for refolding in the absence of denaturakiz®, which is

directly proportional to the equilibrium constant between the
Proteins studied so far
include (i) largely helical proteins, e.g., acylcoenzyme A 21.

denatured and transition states.

binding protein and related homologous proteib2, 63),
the monomerid.-repressor and a truncated form offi,-gs
(51,59, and the B-domain of protein /A6), (ii) largely sheet
proteins, e.g., the SH3 domainafspectrin b6), CspB 6£0),
and tendamistab(?), and (iii) mixeda/p proteins, e.g., CI2
(38, 58, the B domain of the IgG-binding protein G9),
the B1 domain of streptococcal protein &), the activation

domain of human procarboxypeptidase A&1) and arc
repressor@?). These proteins all have in common that they
fold rapidly in the absence of intermediates. Values reported
for k'° obtained under conditions similar to those used
here for HPr vary between 4900'sfor A¢_gs (51) to 47.8

s 1 for CI2 (58). The value for HPr (14.978) extends the
range of rates over which two-state folding behavior is found.

It shows that proteins smaller than 100 amino acid residues

which fold in the absence of detectable intermediates in a
two-state manner do not necessarily fold very rapidly.
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