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Kinetics of Folding of the IgG Binding Domain of Peptostreptoccocal Protein L
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ABSTRACT: The kinetics of folding of a tryptophan containing mutant of the IgG binding domain of protein

L were characterized using stopped-flow circular dichroism, stopped-flow fluorescence, and HD exchange
coupled with high-resolution mass spectrometry. Both the thermodynamics and kinetics of folding fit
well to a simple two-state model: (1) Guanidine induced equilibrium denaturation transitions measured
by fluorescence and circular dichroism were virtually superimposable. (2) The kinetics of folding/unfolding
were single exponential under all conditions examined, and the rate constants obtained using all probes
were similar. (3) Mass spectra from pulsed HD exchange refolding experiments showed that a species
with very little protection from exchange is converted to a fully protected species (the native state) at a
rate very similar to that of the overall change in tryptophan fluorescence; no intervening partially protected
species were observed. (4) Rate constants ¢iD)Hndm values for folding and unfolding determined

by fitting observed relaxation rates obtained over a broad range of denaturant concentrations to a two-
state model were consistent with the equilibrium paramed&@sandm: —RT In(ky/ki)/AGy"° = 1.02;

(m, + m)/m = 1.08. In contrast to results with a number of other proteins, there was no deviation from
linearity in plots of Inkops Versus guanidine at low guanidine concentrations, both in the presence and
absence of 0.4 M N&Q,, suggesting that significantly stabilized intermediates do not accumulate during
folding. Although all of the change in fluorescence signal during folding in phosphate buffer was accounted
for by the simple exponential describing the overall folding reaction, fluorescence-quenching experiments
using sodium iodide revealed a small reduction in the extent of quenching of the protein within the first
two milliseconds after initiation of refolding in low concentrations of guanidine, suggesting a partial
collapse of the unfolded chain may occur under these conditions. Comparison with results on the
structurally and functionally similar 1gG binding domain of streptococcal protein G show intriguing
differences in the folding of the two proteins.

We have chosen the 62 residue IgG binding domain of gravimetrically in volumetric flasks with the concentration
peptostreptococcal protein L (Wikstrom et al., 1993) as a determined from the refractive index. All solutions contain-
model system for studying protein folding: the small size ing guanidine were adjusted to pH 7.0 with sodium hydrox-
of the protein reduces the complexity of the folding problem, ide. Solutions used in equilibrium and kinetic measurements
and the lack of disulfide bonds and proline residues simplifies were sodium phosphate and sodium sulfate from JT Baker
data analysis. The solution structure of protein L, determined and sodium iodide from Sigma (St. Louis, MO). All
by high-resolution NMR (Wikstrom et al., 1994, 1993), solutions were made using double-distilled, deionized water.
consists of a single helix packed against a four-strarfied  Cloning, Expression, and PurificationThe wild-type
sheet. The structure is similar to that of the 1gG binding protein L was cloned into a modified version of the
domain of protein G (Achari et al., 1992), despite the absenceexpression plasmid pET 15b (Novagen) as described previ-
of significant sequence similarity. ously (Gu et al., 1995). Wt(trp) was generated by PCR on

In this study, the kinetics of folding of a tryptophan the wild-type protein L construct using primers with se-
containing mutant protein L (wt(trp)) are characterized using quences (1) scggataacaatttcacacage®d (2) 3-ggggggtc-

a variety of spectroscopic probes and hydrogen deuteriumgacagtccattctccattg-gthe Y43W mutation is underlined).
exchange coupled with mass spectrometry. Both equilibrium The product was purified and digested wiiba and Sal
and kinetic data fit well to a simple two-state model of and ligated into the wild-type expression vector digested with

folding, which is confirmed by the observation of two the same enzymes. All constructs were verified by DNA
dominant populations in mass spectra of deuterated proteinsequencing.

allowed to refold for short periods of time in8. The Expression and purification of the histidine-tagged protein

results are compared to data on the kinetics of folding of \yere carried out as previously described (Gu et al., 1995).
protein G and other small proteins. The histidine residues preceding the N-terminal methionine
EXPERIMENTAL PROCEDURES were cleaved using cyanogen bromide, and the completely

cleaved protein was purified from the reaction mixture as

Chemicals. Ultrapure Guanidine-HCI (guanidine) was gescribed by Yi and Baker (1996). The molecular weight
purchased from USB. Guanidine stock solutions were made,, 55 confirmed using mass spectrometry; the final protein

preparation was>95% pure. Protein concentrations were

; Corresponding author. N . determined using absorbance at 280 nm with an extinction
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Hippel (1989). No differences were detectable between the
folding rates of protein L with and without the His-tag;
protein L with the His-tag removed was used for all
experiments described here except for the stopped-flow
circular dichroism experiments.

Equilibrium Fluorescence and Circular Dichroism Mea-
surements.All equilibrium fluorescence measurements were
made using a Spex Fluorolog2 spectrofluoremeter with a 10
mm cuvette. The excitation wavelength was 280 nm and
0.7 mm and 1.0 mm slits were used for the excitation and
emission monochrometers, respectively. Equilibrium fluo-
rescence emission spectra for wild type and wt(trp) samples
were measured in varying concentrations of guanidine
buffered with 50 mM sodium phosphate, pH 7.0. Protein
samples used for equilibrium measurements of sodium iodide
fluorescence quenching were prepared similarly with the
addition d 1 M sodium iodide. All measurements were
taken at 295t 1 °K.

Circular dichroism measurements were made using an
Aviv circular dichroism spectrometer 16A DS. CD spectra
of wt and wt(trp) in 50 mM sodium phosphate, pH 7.0, 5 M
guanidine, and 50 mM sodium phosphate, pH 7.0, were
measured wit a 2 mmcuvette. Guanidine denaturation
curves of both wt and wt(trp) were obtained using a 10 mm
cuvette. The observation cell was thermostated at 295
0.2 K using a Peltier device.

NMR Spectroscopy!H-1N HSQC spectra ofN-labeled
wt and wt(trp) were carried out as described previously (Yi
& Baker, 1996). The assignments of wt(trp) were based on
those of wt (Wikstrom et al., 1993) and confirmed using
HSQC-TOCSY (100 ms) experiments.

Quench Flow HD ExchangeRefolding and pulse labeling
HD exchange experiments were carried out in the quench
mode of a BioLogic SFM4/QFM4 *N-labeled wt(trp) (10
mg mL™Y) was first denatured and fully deuterated in 4.5 M
guanidine (GuDCI/RO), pH 3.0 (uncorrected for the isotope
effect). Refolding was initiated by diluting 1 part of the
unfolded protein into 5 parts of 20 mM sodium acetate pH
4.4 (in HO). The refolding time varied from 4.7 msto 1 s.
After the refolding reaction, the samples were pulse labeled
with 160 mM glycine, pH 10.4, for approximately 16 ms
(the mixing ratio was 1:5) and then immediately mixed with
500 mM acetic acid, pH 2.7, in a 1:5 ratio to quench further
HD exchange. Finally, all samples were washed wit®H
adjusted with formic acid to pH 3.7 to reduce the salt
concentration and stored at80 °C prior to MS analysis.
The actual pH values during the refolding, labeling, and
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Ficure 1: Far UV CD spectra of wt and wt(trp). Wt and wt(trp)

are represented by circles and squares, respectively. Closed symbols
denote folded conditions (50 mM sodium phosphate, pH 7.0) and
open symbols denote unfolded conditions (5 M guanidine, 50 mM
sodium phosphate, pH 7.0). Each spectrum is the average over 3
scans. Protein concentrations were 24.8.8 uM.

240 250 260

placed close (0-20.5 mm) to the entrance of the heated
capillary. The sample solution flowed through the fused
silica capillary at flow rates of 56100 nL/min.

Stopped-Flow Kinetic Measurementall stopped-flow
kinetics were obtained with a BioLogic SFM4/QFM4, and
data were analyzed using the Biokine analysis software. All
solutions and the cuvette holder were maintained at 295 K
using a circulating water bath. Fluorescence measurements
were made with an excitation wavelength of 280 nm using
a 0.8 mm cuvette (FC-08) and a 309 nm cutoff filter.
Refolding reactions were initiated by mixing 1 part of
denatured protein solution, generally B8 wt(trp) in 3 M
guanidine, 50 mM sodium phosphate, pH 7.0, into 9 parts
of refolding buffer consisting of 50 mM sodium phosphate,
pH 7.0, and low concentrations of guanidine. The final
guanidine concentrations ranged between 0.3 and 2.75 M
guanidine. The fluorescence signal of the unfolded protein
was measured by diluting the unfolded protein solution 1:10
into 3 M guanidine, 50 mM sodium phosphate, pH 7.0. For
refolding of wt(trp) in the presence of sodium sulfate, 1 part
of denatured protein was diluted into 9 parts of refolding
buffer supplemented with 440 mM sodium sulfate. Buffer
baselines were subtracted from the measured signals in all
experiments.

Unfolding was initiated by diluting 1 part of folded protein
solution, generally 50uM wt(trp) in 50 mM sodium

quenching reactions were 4.0, 9.3, and 4.1, respectively, agphosphate, pH 7.0, into 9 parts of unfolding buffer containing

determined separately by mixing the reaction solutions in
the appropriate ratios. Measurements were taken at 295 K.
Mass spectra were recorded on a TSQ700 (Finnigan MAT,
San Jose, CA) equipped with an electrospray ionization
source (Griffen et al., 1991). The capillary temperature was
held at 15C°C with a potential of 24 V. Sample was infused
through an entrance line of fused silica capillary (360 micron
OD x 50 micron ID) connected to a syringe pump to drive
the liquid. A fused silica microspray needle (4 cm of 375
mm OD x 20 mm ID) was stripped of its polyimide coating

50 mM sodium phosphate, pH 7.0, and high concentrations
of guanidine. The final concentration of guanidine ranged
between 2.25 and 6.4 M guanidine. We were unable to
monitor the unfolding of wt(trp) in the presence of sodium
sulfate due to its low solubility in the presence of guanidine.
The dead time for both the refolding and unfolding experi-
ments calculated by oxidation of tryptophan Rybromo-
succinimide (Peterman, 1979) was 1.7 ms. The final
concentrations of denaturant in all experiments were deter-
mined from the refractive index of the samples after the

near the exit. The microspray needle was butted up againstreactions were complete.

the entrance line inside a 26 gauge stainless steel hypodermic Fluorescence quenching with sodium iodide was examined
needle, and both ends of the tube were epoxied shut. Aunder the same conditions as the other stopped-flow fluo-
voltage (906-2000 V) was placed on the stainless steel rescence measurements. Refolding was initiated by diluting
junction to transfer the potential to the liquid and form the 1 part of unfolded protein solution, 1QfM wt(trp) in 2 or
electrospray. The exit end of the electrospray needle was3 M guaniding 1 M sodium iodide, 50 mM sodium
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Ficure 2: 1H-N HSQC spectra of wt and wt(trp). The spectra for wt and wt(trp) are shown in A and B, respectively. The
chemical shift difference plots for main-chain amide protons for wt and wt(trp) are shown in C and D, respectively. Samples
were in 50 mM sodium phosphate, pH 7.0.

residue

phosphate, pH 7.0, into 9 parts of refolding buffer containing In ky,s= In[k"*® exp(—m{[guanidine])+
1 M sodium iodide, 50 mM sodium phosphate, pH 7.0, and HO gy uanidine 1
low concentrations of guanidine. The final concentration ks P9 @

of guanidine varied between 0.2 and 2.1 M guanidine. The . . -
calculated dead time of the experiment was 1.7 ms. The The observed relaxation rati,s at any given guanidine

. : - . concentration is the sum of the folding and unfolding rates
S|gngl gorrespondlng o the unfoldgd prloteln was obtained (ks andky); the logarithms of these rate constants are assumed
bglgllutlr;gw} part (.)J.unfflﬁ/led pdr_oteln rg!gture |rét058 pal\;lts to be linear functions of the denaturant concentration with
0 i or h gtrjlanl mi' - ;od!um I'Odl'de, an K Im coefficientsmy and m, respectively. k' andk,™° are the
sodium p (1)SpMa§_i__lE) ) Od |ufm 'ﬁ f' € stc;‘c S0 gtlons rates of folding and unfolding in the absence of denaturant.
containing 1 mM DTT were made fresh for each experiment gianqarg deviations were obtained from the best fit of the
to prevent oxidation. data.

Stopped-flow CD measurements were madénai?2 mm

cuvette (FC-20) at 225 nm. Refolding was initiated by RESULTS

: g 1 .
gizﬁ:ﬁifélugggmh pszi)r(tjil?rfnSbgo?sharl?g Fm(t;pg Iirr]nc? 9Mparts Wi(trp) Muta_tion. wild type protein L d_o_es not contain
of 50 MM ’sodium phosphate, pH 7.0 ,The déa;d time under tryp_tophan reS|dues.. To prov_|de a sensitive probe for the
these conditions was deterr,nined.té be 7.4 ms using thefOIdIng of the _protein, tyrosine -43 was changed.to a
oxidation of trvptophan test " Th éD ianal of th tryptophan residue using site directed mutagenesis (see
yptophan testreaction. ' ne signal ot the Experimental Procedures; the mutant protein is referred to
unfol(_jed pro_teln was measured b_y_d|lut|ng the unfolded as wt(trp) throughout the text). The structure of wt(trp) was
protein solution 1:10 int 3 M guanidine, 50 mM sodium  ;ohared to that of the wild type protein using circular
phosphate, pH 7.0. dichroism (CD) and NMR spectroscopy. CD spectra for wt
Kinetic Data Analysis.All kinetic data were fitto a single  (Figure 1, closed circles) and wt(trp) (Figure 1, closed
exponential using an implementation of the Pataplace squares)n 0 M guanidine were similar with single minima
algorithm in the Biokine software. The refolding and at 214 and 211 nm, respectively, consistent with tldit
unfolding data were fit to a two-state model: structure. The small differences in the spectra probably
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FicUre 3: Fluorescence emission spectra of wt and wt(trp). Wt FIGURE 4: Equilibrium denaturation of wt and wt(trp). Guanidine
and wt(trp) are represented by circles and squares, respectivelyinduced denaturation of wt followed by (open triangles) CD at 220
Closed symbols denote folded conditions (50 mM sodium phos- nm and of wt(trp) followed by (closed circles) CD at 220 nm and
phate, pH 7.0) and open symbols denote unfolded conditions (5 M (open circles) fluorescence emission at 328 nm. The solid line
guanidine, 50 mM sodium phosphate, pH 7.0). Each spectrum is represents the average of the best fits of the data from independent
the average over 3 scans. Protein concentrations weret20.8 experiments. The data were fit using a two-state model with a linear
uM. dependence of the free energy of unfolding on denaturant concen-
tration. Wt(trp) denaturation curves were fit allowing for sloping
reflect the contribution of the tryptophan in the far-Uv baselines of the folded and unfolded protein; the data were corrected
region. NMR HSQC spectra of wt and wt(trp) are shown flgr: sloping baselines during conversion to the fraction folded scale.
- D 15 e folded and unfolded baselines of wt protein did not slope
side by side in Figure 2A and B. THel-"*N cross peak  gjgniicantly. Protein concentrations were 105704 uM.
patterns in the two proteins are similar except for residues
in the immediate vicinity of the mutation. The deviations fluorescence, occur concertedly as expected for a two-state
of the amide proton chemical shifts from the random coil transition.
values (Figure 2C and D) suggest the proteins have the same Free energies of folding can be derived from the data in
p—p—a—p—pF secondary structure elements. The HD Figure 4 if a two-state model of folding is assumed. In such
exchange patterns of the two proteins are also very similara model, the protein is in one of two states (folded or
(data not shown). Taken together, these data suggest thatinfolded) at all denaturant concentrations, and the fraction
the Y43W mutation in wt(trp) does not cause large-scale of the protein that is folded at a given denaturant concentra-
perturbations of the structure. tion is determined directly from the CD or fluorescence
To be useful for monitoring folding, the fluorescence signal, allowing for a linear dependence of the CD or
spectrum of the introduced tryptophan residue must be fluorescence signal of the individual states on the guanidine
sensitive to the overall structure of the protein. The concentration (Pace, 1986). The free energy of unfolding,
fluorescence emission spectra of folded wt(trp) in phosphate AGy, was calculated at specific guanidine concentrations
buffer (closed squares) and unfolded wt(tmppiM guanidine within the transition region of the melting curves from the
(open squares) are compared in Figure 3. There is anfraction of unfolded protein. The resultifgGy values were
approximately 2-fold decrease in fluorescence intensity upon plotted against the guanidine concentration; a linear relation-
unfolding, and a red shift of roughly 20 nm. The dominant ship was observed, and the free energy of folding in the
contribution to the fluorescence spectra of both folded and absence of guanidindGyH-°, was estimated by extrapola-
unfolded wt(trp) is from the single tryptophan residue; the tion (Pace, 1986). The slope of the curve is commonly
fluorescence signal of the wt protein is relatively weak and referred to as then value and is thought to be proportional
does not change significantly upon unfolding (Figure 3, tothe change in solvent exposed surface area upon unfolding
circles). The large change in fluorescence upon folding (Myers et al., 1995). Standard deviations were calculated
greatly facilitates the characterization of the folding of wt- from values given by independent experiments. Both the
(trp). free energy of unfolding and tha value for wt(trp) (4.6t
Equilibrium Denaturation. There is a substantial change 0.2 kcal mot? and 1.94- 0.07 kcal mot! M1, respectively)
in CD signal upon unfolding of both wt and wt(trp) with 5 are nearly identical to those of the wt protein (4:70.2
M guanidine (Figure 1). Equilibrium unfolding of wt can  kcal mol? and 1.7+ 0.04 kcal mot* M~2, respectively).
thus be monitored by CD, while the unfolding of wt(trp) Stopped-Flow Fluorescence and Circular Dichroisiim.
can be monitored by both CD and fluorescence. The stability earlier studies of the IgG binding domain of protein G,
of wt and wt(trp) was examined through guanidine dena- refolding kinetics were monitored using a stopped-flow
turation experiments (Figure 4). Unfolding of wt protein absorbance method at high pH through the coupling of
with increasing guanidine concentration was followed by the folding to a change in the ionization state of a tyrosine
decrease in negative CD signal at 220 nm (open triangles).residue with a subsequent large change in absorbance of the
Denaturation of wt(trp) was monitored both by the decrease protein at 295 nm (Alexander et al.,, 1992). A similar
in fluorescence emission at 328 nm and by the decrease instopped-flow absorbance method was used to compare the
CD signal at 220 nm. The unfolding transitions for wt(trp) kinetics of folding of protein L wt and wt(trp) at high pH.
measured by fluorescence (open circles) and CD (closedRefolding of protein denatured at pH 12.0 was initiated by
circles) were superimposable upon one another. This sug-a jump to pH 11.0 as described by Alexander et al. (1992).
gests that the loss of secondary structure, as measured bihe rates of refolding for wt and wt(trp) at pH 11.0 were
CD, and the loss of tertiary structure, as measured by 4.5 and 4.6 s, respectively. Thus, the Y43W substitution
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Ficure 5: Stopped-flow fluorescence (A) and CD (B). The final refolding conditions were 0.3 M guanidine, 50 mM sodium phosphate, pH
7.0. The solid lines are the best fits for a single exponential reackign=t 27.8 s for fluorescence measurements and 2¥fer CD
measurements). The unfolded signals in 0.3 M guanidine (arrow), which can not be measured directly, was obtained through extrapolation
using the linear dependence of the unfolded signal on guanidine concentration observed in equilibrium unfolding experiments where either
the total fluorescence emission between-3820 nm or the CD signal at 220 nm was measured. Because of the large amount of protein
required, the stopped-flow CD experiments were carried out on protein containing the his-tag; in control experiments the presence of the
his-tag had no detectable affect on folding kinetics as measured by fluorescence. Closed symbols, refolding reaction; open symbols, unfolded
protein in 3.0 M guanidine (with guanidine containing buffer baseline subtracted).

in wt(trp) has little effect on the refolding rate. Interestingly, concentration is increased from 3 to 6 M. Despite the poor
the protein L IgG binding domain folds considerably slower quality of the data, the folding rate constant derived from a
than the protein G IgG binding domain: the rates of folding simple exponential fit{27 s1) was close to that obtained
of two protein G variants under these conditions were 20.3 by fluorescence (27.8°%. This simple exponential process
and 60.7 s* (Alexander et al., 1992). Further studies at high appears to account for all of the signal change: the
pH were not undertaken due to chemical damage (probablyextrapolated signal at the start of the reaction is close to the
deamidation) to the proteins after prolonged incubation at extrapolated signal of the unfolded protein in 0.3 M
high pH (data not shown). guanidine. Some caution is necessary in comparing the
The change in fluorescence upon folding of wt(trp) made initial signal in refolding reactions to the extrapolated signal
possible the characterization of the kinetics of folding of the of the unfolded protein under the same conditions because
protein at neutral pH using stopped-flow fluorescence. A the extrapolation, which is based on the denaturant depen-
typical wt(trp) refolding experiment in which denatured dence of the CD signal of the unfolded protein in higher
protein n 3 M guanidine was rapidly diluted 10-fold into  concentrations of denaturant, may in part incorporate dena-
phosphate buffer is shown in Figure 5A (closed squares). turant dependent structural changes in the unfolded state.
The data fit well to a simple exponential with a rate constant However, in this case the signal observed after the mixing
of 27.8 s%, considerably faster than the rate at pH 11.0. Both period was also fairly close to that of the unfolded protein
the measured signal for the unfolded protein in 3.0 M in 3 M guanidine, further suggesting that large changes in
guanidine (open squares) and the signal extrapolated for thesecondary structure do not occur within the mixing dead time.
unfolded protein in 0.3 M guanidine (arrow) using the Thus, it appears that there is no rapid burst phase increase
denaturant dependence of the signal of the unfolded proteinin secondary structure early in folding, as has been observed
observed in equilibrium unfolding experiments are shown for lysozyme (Chaffotte et al., 1992), dihydrofolate reductase
in Figure 5A for comparison; we show the measured signal (Kuwajima et al., 1991), and several other larger proteins.
as well as the extrapolated signal in this and the similar Denaturant Dependence of Folding Rate$he rate of
experiments below because the extrapolation rests on anwt(trp) folding and unfolding was determined over a broad
assumption of linearity that we cannot confirm directly. range of guanidine concentrations. Figure 6 shows the
Accounting for the 1.7 ms dead time of the instrument, the natural logarithm of the observed rate constésts, as a
extrapolated time zero value is very close to the signal of function of guanidine concentration. The overall v shape
the unfolded protein. Thus, there are no submillisecond of the curve is typical of such experiments: at low guanidine
conformational changes early in the folding of protein L that concentrations, I, the sum of the folding and unfolding
produce substantial changes in the fluorescence emissiorrates, is dominated by the rate of folding and thus decreases
intensity. with increasing denaturant, whereas at high guanidine
The folding of wt(trp) at pH 7.0 was also investigated by concentrations, the unfolding rate dominates &gd in-
stopped-flow CD at 225 nm, but the data were of signifi- creases with increasing denaturant. Within the transition
cantly poorer quality due to the relatively small change in region (2-3 M guanidine), the rates obtained from the
CD signal upon folding and the inherent difficulties of unfolding (closed circles) and refolding (closed squares)
stopped-flow CD experiments. Figure 5B shows the average experiments were indistinguishable from one another.
of 60 individual wt(trp) refolding reactions as monitored by The kinetic data were fit to a two-state model as described
CD along with the measured CD signal for the unfolded in the Experimental Procedures (solid line in Figure 6). The
protein in 3.0 M guanidine (open circles) and the unfolded model assumes that the logarithms of the folding and
protein signal extrapolated to 0.3 M guanidine (arrow). The unfolding rate constants are linear functions of the denaturant
unfolded baseline values differ because the CD signal of theconcentration. The extrapolated rate constants for folding
unfolded protein becomes less negative as the guanidineand unfolding in the absence of denaturant and the corre-
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6 T T i T I T reduced 6.2-fold in the presencé ® M Nal, while the
fluorescence of the folded protein is reduced only 1.3-fold.
The local environment of the tryptophan residue during
folding can thus be probed by fluorescence quenching.
Wit(trp) refolding reactionsn 1 M sodium iodide were
monitored at low final concentrations of guanidine. The first
20 ms of refolding reactions in the presence and absence of
1 M Nal are shown in Figure 7 (B and C), along with the
measured signal of denatured proteir8iM guanidine (open
symbols) and the extrapolated signal of the unfolded protein
in 0.3 M guanidine (arrow; the fluorescence of the unfolded
state in both the presence and abserfcé M Nal varies
only slightly with guanidine concentration). The initial signal
[guanidine] in the sodium iodide experiments adjusted for the 1.7 ms

Ficure 6: Denaturant dependence ofdgs Relaxation rates were dead time of the |nstrumept is ]arger than th(_a signgl for t,he
determined by stopped-flow fluorescence experiments in the COmpletely unfolded protein (Figure 7B). This deviation is

(triangles) presence and (circles) absence of 0.4 MBRia Data not observed in the absence of sodium iodide (Figure 7C).
from refolding and unfolding experiments are indicated by closed The protection from quenching suggests that a submillisecond
and open symbols, respectively. The solid line represents the best.onformational change, perhaps chain collapse, partially

fit of the kinetic data obtained in the absence of 0.4 M3&, : L .
using a two-state model (eq 1). The dotted line is a linear fit of the excludes sodium iodide from the local environment of the

In(k .

kinetic data obtained in the presence of 0.4 MBS tryptophan residue. Control experiments (see figure legend)
suggest that the decrease in quenching is not due to solvent

spondingm values were calculated according to edt;° or ionic effects, but because of the relatively small changes

= 60.6+ 3.6 s, k/° =0.024+ 0.002 st, m = 1.5+ involved we cannot entirely rule out the possibility that other

0.01 kcal mott M~1, andm, = 0.5+ 0.03 kcal mot* M1, factors beside conformational changes contribute to the loss

In the two-state model, the kinetic and equilibrium param- of fluorescence quenching.

eters are not independent: The reduction in the amount of fluorescence quenching
during the dead time was measured for increasing final

m=m,+m 2 concentrations of guanidine (Figure 7D; the percentage
increase in signal over that of the unfolded protein in high
AGUH20= —RTIn(k /k;) 3) concentrations of guanidine is plotted). The reduction in

guenching was greatest at low guanidine concentrations and
The estimates of thAG™:° and them value obtained from  decreased with increasing guanidine concentrations. These

the protein L kinetic data (4.% 0.1 kcal mot* and 2.0+ observations suggest that the conformation which partially
0.02 kcal mott M%) are reasonably close to the values shields the tryptophan from Nal is destabilized by denaturant.
obtained from the equilibrium experiments (4:60.2 kcal* Similar results were obtained when 0.3 M instead of 1.0 M
mol~t and 1.9+ 0.07 kcal mott M~1). sodium iodide was used.

For other proteins, such as hen lysozyme and ubiquitin, HD Exchange and Mass Spectrometifhe data from the
the v curves deviate from linearity at low denaturant spectroscopic experiments described above fit well to a two-
concentrations (Khorasanikadeh et al., 1996; Keifhaber, state model, but since the signal monitored is the average
1995). This “rollover” is thought to reflect the population over all species in solution, the two states cannot be resolved
of an intermediate species at low guanidine concentrations.directly. As firstillustrated in studies of lysozyme (Miranker
Whether the species is an on- or off-pathway intermediate et al., 1993), HD exchange in conjunction with mass
is a subject of debate (Baldwin, 1996). The v curve for wt- spectrometry provides a method for resolving conformations
(trp) shows no rollover in phosphate buffer (Figure 6). For that differ in the extent of protection of their amide protons.
ubiquitin mutants, v curve rollover was observed when We have used such a technique to show that the major
refolding was carried out in the presence of sodium sulfate, contribution to HD exchange in protein L at high pH and
which may stabilize partially folded species (Khorasanizadeh temperature is from transient global unfolding events which
etal., 1996). Prompted by this observation, wt(trp) refolding expose all protons to exchange (Yi & Baker, 1996). To
experiments were conducted in the presence of 400 mM probe the acquisition of protection from HD exchange during
sodium sulfate (Figure 6; closed triangles). Sodium sulfate refolding we used a standard quench flow pulsed labeling
increased the rate of folding and shifted the v curve so that method (see Experimental Procedures). Deuterated protein
the transition occurred at higher guanidine concentration. in 4.5 M guanidine was diluted into pH 4.2 buffer and
However, Ink.,s did not deviate from linearity at low allowed to refold for a variable period. The protein was then
guanidine concentrations. subjected to a 16 ms labeling pulse at pH 9.3 to allow

Fluorescence Quenching by lodidEluorescence quench- exchange of exposed deuterons for protons. Exchange was
ing by iodide may be a more sensitive probe of structure then quenched by rapid reduction of the pH, and folding was
than intrinsic fluorescence since the iodide ion may be more allowed to continue to completion.
readily excluded from hydrophobic clusters due to stericand Figure 8 shows mass spectra of wt(trp) allowed to refold
electrostatic effects. The fluorescence emission spectra offor times ranging between 0 and 200 ms prior to the labeling
unfolded wt(trp) (Figure 7A, open symbols) was quenched pulse. At very short times, the bulk of the molecules have
significantly more than that of folded wt(trp) (Figure 7A; molecular weights very close to that of the fully protonated
closed symbols) in the presendeldM sodium iodide. The protein. As the folding time increases, molecules are
fluorescence (300420 nm) of the unfolded protein is transferred from this population to a second population in
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Ficure 7: Fluorescence quenching experimentshwit M sodium iodide. A; equilibrium fluorescence quenching measurements. The
fluorescence emission spectra of wt(trp) in the (squares) absence and (triangles) présemdéeNal. The protein concentration was
approximately 24.2t 0.6 uM. Closed symbols, folded conditions (50 mM sodium phosphate, pH 7.0); open symbols, unfolded conditions

(5 M guanidine, 50 mM sodium phosphate, pH 7.0). B and C; early time points of wt(trp) refolding in the presence and absence of 1 M
Nal, respectively. The final guanidine concentrations for the experiments in the presence and ab$eviddal were 0.2 M and 0.3M,
respectively. The closed symbols represent the refolding data and the solid line is the best fit for a single exponential reaction. The open
symbols represent the unfolded signal in high guanidine conditions (2 or 3M) and the arrows represent the extrapolated signal for the
unfolded protein in low guanidine conditions (0.2 or 0.3M). The observed rates from the iodide experiments were consistently slower than
the rates in the absence of sodium iodide at a given guanidine concentration. To confirm that the deviations were real and not an artifact
of solvent effects on tryptophan fluorescence the experiment was repeated using free tryptophan (data not shown); with free tryptophan and
1 M Nal, no change in fluorescence signal occurred upon dilution into low final guanidine buffers compared to dilution into high guanidine
buffers. The refolding experiments were also done in the presdnt&ioNacCl in place of Nal to determine whether the deviations were
caused by ionic strength effects on fluorescence; no dead time gain of signal was observed. D; denaturant dependence of dead time changes
in fluorescence quenching. Refolding was carried out in the (closed triangles) presence and (closed squares)f dosémal.oThe

magnitude of the signal gain is shown as a percentage of the signal of the unfolded protein in high concentrations of guanidine. Standard
deviations were obtained from independent kinetic measurements.

which a substantial number of amides are protected from comparison, the rate of folding at pH 4.0 was determined
exchange. The molecular weight of this second population by stopped-flow fluorescence to be 16:8 igure 9, solid
is close to that of folded deuterated protein incubated @ H  line). The data points, which represent the percentage of
(~6990 Da); NMR experiments (data not shown) indicate molecules in the unfolded population in the mass spectra,
protons at surface amides and deuterons in the interior. Theare in good agreement with the simple exponential describing
absence of populations with intermediate molecular weights the overall fluorescence change during folding. The devia-
suggests that the formation of hydrogen bonds and the burialtions may be in part due to errors in estimation of the peak
of amide protons away from solvent occur in a highly heights caused by small contaminating side peaks and small
concerted reaction. The experiment provides a direct view inaccuracies in the delay times within the quench flow
of the properties of the unfolded protein under folding instrument. A simple exponential fit of the data in Figure 9
conditions; future experiments will examine the protection yielded a rate constant of 20's
of this species from HD exchange under stabilizing solvent
conditions. The broad line shape of the folded population DISCUSSION
at short refolding times probably reflects the small number  The Y43W mutation in wt(trp) provides a sensitive probe
of molecules which initiate folding near the beginning of of folding without significantly perturbing the protein L IgG
the labeling period but after a subset of the core deuteronsbinding domain. The changes in NMR chemical shifts
have been exchanged for protons. primarily involve residues in the immediate vicinity of the
The relative sizes of the folded and unfolded populations mutation; the chemical shifts of more distant protons are not
were estimated from the peak heights of the mass spectrasignificantly altered (Figure 2A and 2B). The stability of
and plotted as a function of refolding time in Figure 9. For both wt and wt(trp) are comparable. The Y43W mutation
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Ficure 8: Wit(trp) refolding monitored by quenched flow HD exchange coupled to mass spectrometry. Shown are mass spectra of wt(trp)
allowed to refold in 0.75 M guanidine, 20 mM sodium acetate, pH 4.0 for the times indicated.

does not appear to significantly perturb the refolding of the value and theAGH:° that are in excellent agreement with
protein: the wt and mutant proteins fold at approximately one another.

the same rate at pH 11.0. The major difference between
the two proteins is the striking change in fluorescence
accompanying folding of wt(trp) (Figure 3), which greatly
facilitates the characterization of the kinetics of folding.

In earlier studies using HD exchange and mass spectrom-
etry, it was found that under conditions in which protein L
is marginally stable, a highly concerted opening reaction
simultaneously exposes all of the amide protons to solvent

The kinetics and thermodynamics of folding of wt(trp) fit (Yi & Baker, 1996). In complementary experiments on
well to a two-state model. Equilibrium denaturation data refolding in this paper, we find that two species dominate
from CD and fluorescence experiments were superimposablethe population at all refolding times: a relatively unfolded
(Figure 4). In low guanidine lil,pswas a linear function of ~ species in which there is little more protection from exchange
denaturant concentration (Figure 6), suggesting that inter-than in the unfolded protein and a species with exchange
mediates do not accumulate during folding. A more stringent behavior similar to that of the folded protein. The rate of
test for two-state folding is a comparison of kinetic and transfer from the unfolded to the folded population, deter-
equilibrium folding parameters which in the two-state model mined directly from the mass spectra, was very close to the
are related by egs 2 and 3. For wt(trp) the kinetic and rate of change of the fluorescence signal (an average over
equilibrium measurements yield values for the overall  the two populations).
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Table 1: Kinetic and Thermodynamic Parameters for Protein L wt(trp) and Several Other Small Proteins

AGy™2 k20 m (kcal mx (kcal my (kcal size
protein name (kcal mol?) (s k20 mol~t M™Y) mol~*M™Y) mol~* M™Y) m/m  fold (#aa)
protein L, wt(trp} 4.6 60.6 0.02 1.85 15 05 0.27 o/f 62
GCN4-pEd 10.3 4.2e5 0.003 1.9 1.00 0.9 0.47 o 2x 33
Arc-repressdrce 9.6 9.1e6 0.2 14 1.0 0.4 0.29 a/p 2x 53
cytochromeCaf 8.2 3.0 1.4 1.9 0.63 « 104
AcoAbp?9 6.1 280.0 0.0004 2.7 2.1 1.4 0.52 « 86
ubiquitirg:h 7.2 264.0 0.0005 1.9 1.4 0.8 0.42 olp 76
Cl2ai 7.0 52.0 0.0001 1.8 1.1 0.8 0.44 olp 64
ADA(2h)>:i 4.1 897 0.65 1.0 1.3 0.4 0.40 o/p 80
A-repressdrt 3.3 3600 27.0 1.2 0.5 0.6 0.50 a 80
spectrin-SH3! 2.9 8.2 0.05 0.7 1.0 0.3 042 B 62
CspBm 2.6 1070 12.0 0.8 0.7 0.1 0.13 8 67

aGuanidine was used as the denaturant and proteins were studied between pH 4.9 and 7.0 and°& @hdr2a was used as the denaturant,
and the proteins were studied between pH 3.5 and 7.5 and 20 &x@l S8Refolding reaction is bimolecular(6M~2). Thermodynamic parameters
are defined in egs 1, 2, and 3 withand AGy"-° calculated from equilibrium experimentsZitzewitz et al., 1995¢ Milla & Sauer, 1994 Sosnick
et al., 19969 Kragelund et al., 1995 Khorasanizadeh et al., 1993]lackson et al., 1993; Jackson & Fersht, 19%llegas et al., 1995; Huang
& Oas 1995a, 19958.Viguera et al., 19947 Schindler et al., 1995.

100.00 T T T signal during the dead time, but the gquality of the data was
considerably poorer. However, in fluorescence-quenching
80.00 b\ . experiments carried out in the presence of iodide, there was
a small change in signal during the dead time (Figure 7B).
R The dead time change in the signal may reflect a rapid partial
60.00 [ * . . ; ; .
- <, collapse of the chain following the change in solvent
& N conditions; the decrease in the signal change with increasing
40.00 ] guanidine concentration (figuRe 7D) could result from
. . destabilization of such a collapsed state.
20.00 - 1 HD exchange experiments on the structurally related 1gG
binding domain of protein G (Kuszewski et al., 1994)
0.00 L ' . suggested a rapid<(L ms) collapse at low denaturant
0 50 100 150 200 concentrations to a semicompact state in which protons in
time (ms) the second beta hairpin were partially protected from

FiGURe 9: Kinetics of wt(trp) refolding measured by proton exchange. Stopped-flow fluorescence experiments suggested
occupancy. The percentage of wi(trp) in the unfolded (fully ¢ a+ Trp 43 might be associated with this rapid collapse since

rotonated) population (closed circles) was estimated from the . . . . .
Pelative heigﬁtsp of the two peaks. The solid line is the single native-like fluorescence was attained during the dead time.

exponential fit ks = 16.1 s'%) of stopped-flow fluorescence data  The tryptophan in the wt(trp) protein L mutant is at a position
obtained under the same conditions. equivalent to that of the single tryptophan in protein G; the
lack of dead time changes in the intrinsic fluorescence of
the tryptophan and the only modest changes in fluorescence
guenching suggest that, if there is such a collapse, it does
not involve this portion of the molecule. Interestingly, the
most slowly exchanging amide protons in protein G are in
the second beta hairpin (Orban et al., 1995), while the most
slowly exchanging amide protons in protein L are in the first
beta hairpin (Wikstrom et al., 1996; Yi, Qian, unpublished
observations), consistent with differential protection of the
two beta hairpins in the unfolded states of the two proteins
under refolding conditions. The dramatic differences in the
rate of change in fluorescence of the tryptophan residues
during folding of the two proteins and the apparent differ-
ences in the initial collapse in low guanidine concentration

In studies of the refolding of mutants of ubiquitin, it was
found that addition of sodium sulfate changed the kinetic
behavior from an apparent two-state process to a three-stat
process, probably by stabilizing an otherwise unstable
intermediate (Khorasanizadeh et al., 1996). On the basis of
this observation, it was suggested that under sufficiently
stabilizing conditions intermediates might become apparent
even for small proteins showing two state kinetics. To
explore this possibility we measured the rate of folding in
the presence of sodium sulfate as a function of guanidine
concentration; although there was a significant increase in
the rate of folding, the dependence of the logarithm of the
folding rate did not deviate from linearity at low guanidine
concentrations, suggesting that substantially stabilized in- . ; L9 . S
termediates do not accumulate under these conditions.  [oF Protéin L and protein G are intriguing given the similarity

To investigate possible folding events on the submillisec- N Structure of the two proteins.
ond time scale, the kinetic data were closely examined for More experiments are clearly required to investigate
the presence of a burst phase change in signal during thepossible structure in the unfolded state of protein L under
mixing dead time. In all experiments, the signal obtained refolding conditions. Unlike the collapsed states formed
immediately after mixing of denatured protein with refolding rapidly during folding for several larger proteins (Agashe et
buffer was compared to that of the denatured protein after al., 1995; Jones et al., 1994; ltzhaki et al., 1994), no
correcting for the experimentally measured dead time of the 1-anilinonapthalene-8-sulfonate (ANS) binding was detected
stopped-flow instrument and the denaturant dependence ofduring folding of protein L under any of the conditions
the unfolded signal. For intrinsic tryptophan fluorescence, examined (data not shown); hydrophobic clusters, if formed
the initial signal was very close to that of the unfolded state early in the folding, may be inaccessible or simply too small
(Figure 7C). There also appeared to be little change in CD to bind ANS. Furthermore, the linear dependence d§}a
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