8602 Biochemistryl1997,36, 8602-8610

Folding of Tryptophan Mutants of Barstar. Evidence for an Initial Hydrophobic
Collapse on the Folding Pathway

Utpal Nath and Jayant B. Udgaonkar*

National Centre for Biological Sciences, TIFR Centre, P.O. Box 1234, Indian Institute of Science Campus,
Bangalore 560012, India

Receied February 25, 1997; Résed Manuscript Recegéd May 8, 1997

ABSTRACT. The contributions of the three tryptophan residues of barstar to the spectroscopic properties,
stability, and folding of the protein have been studied by mutating two of the tryptophge3 and

Trp44, individually as well as together, to phenylalaninBéie The three mutant proteins studied are
shown to be similar tont barstar in structure by activity measurements as well as by spectroscopic
characterization. Fluorescence energy transfer between the tryptophans as well as quenching by their
local structural environments complicates the analysis of the contributions of the individual tryptophans
to the fluorescence of thet protein, but it is demonstrated thatp53 which is completely buried within

the hydrophobic core, makes the dominant contribution to the fluorescence, while the fluorescence of
Trp38is largely quenched in the fully folded protein. GdnHCI- as well as temperature-induced equilibrium
unfolding studies, using three different structural probes, indicate\W88FW44E where bothTrp38

and Trp44 have been removed, follows a two-state unfolding transition and is less stable tham the
barstar. The fluorescence-monitored folding and unfolding kinetic¥ 38FW44Fhave been studied in

detail. W38FW44Holds 2-fold faster and unfolds 3-fold faster thambarstar. A large fraction of the

total fluorescence change that occurs during folding occurs in a burst phase within 4 ms after commencement
of folding. A similar burst phase change in fluorescence, although to a smaller extent, is shown to occur
during the folding ofwt barstar. The results suggest that a very early folding intermediate accumulates
within 4 ms of folding, and that this kinetic intermediate is sufficiently compact Tipb3 which is
completely sequestered from solvent in the fully folded protein, is also significantly sequestered from
solvent in this intermediate.

It has been recognized for a long time that proteins must intermediates (Kuwajima, 1989; Hughsat al, 1990;
fold along one or a few folding pathways (Levinthal, 1968). Ptitsyn, 1992; Fink, 1995), do accumulate actually on kinetic
Only a few proteins are known to fold directly from the fully  folding pathways (Jennings & Wright, 1993; Arai & Kuwa-
unfolded state to the fully folded state without the detectable jima, 1996).
accumulation of any intermediate on the folding pathway |n general, molten globule intermediates accumulate early
(Jacksoret al, 1993; Krageluncet al, 1995; Schindleet  on the folding pathway, very often in a burst phase of a few
al.,, 1995). For the vast majority of proteins that have been mijlliseconds after commencement of folding (Jennings &
studied, partly folded structural intermediates accumulate on, wright, 1993; Arai & Kuwajima, 1996). The extent of
and define, the folding pathways [see reviews by Kim and secondary structure developed in these intermediates can be
Baldwin (1990), Matthews (1993), Nath and Udgaonkar monitored by rapid mixing circular dichroism (Cbjech-
(1997), and Roder and Cuio(1997)]. Much structural  niques (Kuwajimeet al, 1987) as well as by pulsed amide
information is now available on folding intermediates from hydrogen exchange methods coupled with NMR [reviewed
the application of many physical techniques [reviewed by by Baldwin (1993)]. The clustering of hydrophobic residues
Plexco and Dobson (1996)] to study folding kinetics, as well in these intermediates is easily monitored by their ability to
as from the application of protein engineering methodologies bind hydrophobic dyes such as ANS (Semisotraval.,
[reviewed by Matouschek and Fersht (1991)]. 1991; Engelhard & Evans, 1995; Shastry & Udgaonkar,

A common feature of protein folding pathways, which has 1995). The locations of such clusters cannot, however, be
emerged from the structural characterization of the folding determined directly; in particular, it is not known whether
pathways of many proteins, is that they are populated by kinetic molten globules have solvent-accessible hydrophobic
molten globule intermediates with partial secondary structure cores (Ptitsyn, 1992). Moreover, while it is known that
stabilized by minimal native-like tertiary interactions, if any. €equilibrium molten globules are compact, the degree of
Recent studies have shown that molten globule intermediatescompactness in kinetic molten globules can only be inferred

which were first characterized extensively as equilibrium from their equilibrium counterparts because direct methods
for measuring compactness with millisecond time resolution
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do not exist (Eliezeret al, 1995). Obtaining detailed
information on the degree of development of side chain
side chain interactions as well as on the development of the
hydrophobic core in molten globule intermediates is a major
goal of current studies in protein folding.

Barstar, a small bacterial ribonuclease inhibitor, is an
excellent model protein for folding studies. A very good
expression system iBscherichia colis available (Hartley,
1988). Both crystal (Guilletet al., 1993) and solution
structures (Lubienskiet al., 1994) are known to high
resolution. Barstar undergoes completely reversible unfold-
ing transitions whether denatured by urea, GdnHCI, tem-
perature, high pH, or low pH (Khurana & Udgaonkar, 1994).
At low pH, it exists in a molten globule-like form (Khurana
& Udgaonkar, 1994; Swaminathat al., 1994). Extensive
folding (Schreiber & Fersht, 1993; Shastey al., 1994;
Shastry & Udgaonkar, 1995; Agasheal 1995; Ndting et
al., 1997) and unfolding (Natkt al, 1996) kinetic studies
have already been used to characterize the folding and
unfolding pathways of barstar.

Fluorescence-monitored folding and unfolding experiments
(Schreiber & Fersht, 1993; Shastyal, 1994) demonstrated
that the fully folded protein, F, unfolds to an unfolded form,
Ug, which can refold rapidly. Ythen undergoes a slow
conformational transition, accompanied presumablycisy
to trans isomerization of theTyr47—Pro48 peptide bond £ 5zc 1. Solution structure of barstar (Lubienséd al, 1994)
(Schreiber & Fersht, 1993), to another unfolded form, U  showing the locations of three tryptophan residdep38is in the
which can refold only much slower. Equilibrium-unfolded middle of helix 2 (residues 3344), Trp44is at the end of helix 2,

barstar comprises of 69%gand 31% ¢ molecules. andTrp53is on the second strand of tffesheet (residues 565)
and resides in the hydrophobic core of the protein (Lubieeski

The major folding pathway of barstar has been shown al., 1994).Trp53 s fully (99%) buried in the core of the protein
(Shastry & Udgaonkar, 1995) to be where it makes close hydrophobic contacts Wb, Leul6 Leu5],
Phe56 Ala67, Val70, andLeu71 Trp44is 40% buried and is in
Us— Iy~ lgg—~ Iy —F close hydrophobic contacts witteu26 Pro27, Cys40,andVal4s

Trp38is 70% buried and is in a negatively-charged environment
. . . . created byGlu76andGIlu80. The average distance betwebp38
IM1'|s a prg-molten globule intermediate devoid of any andTrp44is 14 A, that betweefrp44 andTrp53is 19.3 A, and
optically active secondary structure (Agastal, 1995), but that betweerTrp38 and Trp53is 15.5 A.

nevertheless compacts;lis a molten globule intermediate
with partial secondary structure, angdis a late native-like  of Trp38remains fully quenched in the native protein. The
intermediate capable, like the fully folded protein, F, of fluorescence-monitored folding and unfolding kinetics of
inhibiting barnase (Schreiber & Fersht, 1993). While all W38FW44Rwhich contains onlyTrp53 have been studied
three intermediates possess solvent-exposed hydrophobién detail. Our data suggest that the folding kinetics of the
clusters by virtue of their ability to bind ANS (Shastry & mutant are altered significantly from those of g by the
Udgaonkar, 1995), it is not known whether they, andih replacement of the two partially buriddp residues byPhe
particular, are sufficiently compact so as to exclude water residues in the formerlt is shown that whileW38FW44F
from their hydrophobic cores. is less stable thawt barstar, its observable rate of folding
Barstar has three tryptophan residues at positions 38, 44,as well as rate of unfolding is significantly faster than that
and 53 (Figure 1). To understand the contributions of these of the wt protein. The burst phase intermediaig lis
Trp residues to the spectroscopic properties, folding, and sufficiently compact so thalrp53 which is completely
stability of barstar, and to monitor the folding kinetics of buried in the hydrophobic core of F, is not hydrated . |
the core of the protein, the three tryptophans were mutated
to phenylalanines. The thr@ep residues were mutated one  MATERIALS AND METHODS
or two at a time to generate mutant proteins containing two )
(viz., W38F, W44F, and W53B or one ¢iz., W38FW44F Chemicals GdnHCI, GpG, Yeast Torula RNA, and
WA44FW53F and W38FW53F Trp residues. The mutant chromatographic resins were obtained from Sigma. SP-
proteinsWSSE W44E andW38FW44Fhave been studied Trisacryl was pUrChased from IBF, and dia|ySiS tubeMof
in detail. The other three mutant proteins, in whitips53 3500 cutoff, from Spectrum Medical Industries. Taq poly-
was mutated, could not be studied because of extremely lowmerase was from Boehringer Mannheim, and restriction
expression levels. enzymes were from New England Biolab. DNA sequencing
Here, it is shown that replacement of eitiep38or Trp44 ~ Was done using Sequenase version 2.0 obtained from
or both withPhedoes not significantly alter the structure or Amersham. All other chemicals were of analytical grade.
activity of barstar. The contributions of the thr@ep Bacterial Strains, Plasmids, and Site-Directed Mutagen-
residues to the fluorescence properties of barstar have beemsis The barnase and barstar expression plasmids, pMT416
studied, and it is shown that the major contribution to the and pMT316, respectively, were kindly provided by R. W.
fluorescence comes fromrp53 and that the fluorescence Hartley (1988). Oligonucleotide-directed mutagenesis was
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done by PCR (Merinet al., 1992) on the plasmid pMT316, of 4 nm. Measurements were made using uM protein
the barstar expression plasmid, as described earlier (Nath &in a 1.0 cm path length cuvette.

Udgaonkar, 1995). The mutations were verified by dideoxy = Thermal Denaturation Thermal denaturations were done
sequencing (Sanget al., 1977) of the entire mutant barstar in 20 mM sodium phosphate, 2Q(M DTT, and 250uM
gene. EDTA buffer at pH 7.0. Denaturation was followed by

Expression and Purification of Barstar and Barnasthe monitoring mean residue ellipticities at 220 (far-UV) and
procedure for the purification of th&/38F W44F and 275 nm (near-UV) using the Jasco J720 spectropolarimeter
W38FW44Fmutant proteins was similar to that described and a Neslab RTE-110 circulating bath. A cylindrical cuvette
earlier forwt barstar (Khurana & Udgaonkar, 1994). The of 1 cm path length was used, and the samples were layered
yields of these proteins were 580% of that ofwt barstar, with mineral oil to avoid evaporation of sample during the
which is~ 200 mg/L of cell growth. Barnase was purified experiment. No sample evaporation could be detected after
as described by Mossakowslet al. (1989); the yield the experiment. Temperature was monitored directly in the
obtained was-8 mgl/L. cuvette by a Thermolyne temperature probe. The accuracy

Protein Concentration Protein concentrations were es- of the probe was0.5°C. Sufficient time was allowed after
timated by a colorimetric method (Bradford, 1976). Extinc- each raise of temperature for the sample to equilibrate.
tion coefficients were determined by measuring the absorp- Kinetic Experiments All the kinetic experiments were
tion at 280 nm of protein solutions of known concentrations. carried out in a buffer containing 20 mM sodium phosphate,
For subsequent experimentgzg values were used to 0.5 mM EDTA, and 0.5 mM DTT at pH 7.0, 25C (native
determine the protein concentrations. buffer). Rapid mixing was carried out in a Biologic SFM-3

Inhibition Assay for Barstar Using GpG as the Substrate. stopped-flow machine as described previously (Shastry
The ability of the mutant proteins, in comparison to that of al., 1994). For folding experiments, barstar was unfolded
wt barstar, to inhibit the barnase-catalyzed hydrolysis of GpG in buffer containig 6 M GdnHCI for at leas2 h prior to
was determined as previously described (Mossakovetka the measurement, and folding was initiated by-&l@-fold
al., 1989; Nath & Udgaonkar, 1995). dilution of the protein solution. For unfolding experiments,

Data Collection All spectra were collected in 20 mM  protein in native buffer was diluted with different proportions
sodium phosphate, 0.5 mM EDTA, and 0.2 mM DTT, at of native and unfolding buffers (native buffer 7.2 M
pH 7.0 and 28C. All buffers used were of the highest purity  GdnHCI) to obtain different final concentrations of GdnHCI.
grade. For all experiments, solutions were passed throughThe path length of the cuvette used was 1.5 mm, and protein
0.22um filters and degassed before use. concentrations ranged from 10 to a®.

Absorption spectra were collected on a Cary 1 spectro- Data Analysis. Raw equilibrium denaturation data were
photometer thermostated by a Cary Peltier device using aconverted to plots of,, versus denaturant concentration
cuvette of 1 cm path length. All spectra were the average using the equation:
of at least 3 scans. The protein concentration in the cuvette
was typically 0.30.2 mg/mL. i Yo — (Ye + m[D]) 1)

Fluorescence spectra were collected on a Spex fluorometer. 2P (Y, + my[D]) — (Yg + mD])

The excitation wavelength and slit width were set at 295

nm and 0.1 mm, respectively, and emission was monitored Yj, is the observed signal at a particular GdnHCI concentra-
from 300 to 400 nm with the emission slit width set at 4 tion. YgandYy represent the intercepts, ang andmy are
mm. Each spectrum was the average of at least 15 scansthe slopes of the native and the unfolded baselines,
each with a time resolution of 2's. The protein concentration respectively, and were obtained by extrapolation of linear
in the cuvette was typically 2M, and the path length of  |east-squares fits of the baselines.

the cuvette used was 1 cm. To determine whether the application of a two-stateF

CD spectra were collected on a Jasco 720 spectropola-U unfolding model was appropriate for analyzing the
rimeter with a bandwidth of 1.0 nm, response time of 1 s, GdnHCl-induced denaturation dat,, values were fit to
and scan speed of 20 nm/min. Each spectrum was the

average of at least 20 scans. Cuvettes of path length 0.1 exp[—(AGy + mg[D])/RT]

and 1 cm were used for far-UV and near-UV CD, respec- app (2)

. : ) ! 1+ exp[~(AGy + mg[D])/RT]

tively, and the protein concentration used wa0 and~75

uM, respectively. In eq 2,fapp is related toAGy by a transformation of the

Equilibrium Unfolding StudiesEquilibrium unfolding as  Gjphs-Helmholtz equation in which the equilibrium constant

UV CD, near-UV CD, and fluorescence. The concentration py K. = f, /(1 — f.,p, for a two-state transition. It is also

of the GdnHCI stock solution was estimated from its jmpiicit in eq 2 that the free energy of unfolding is dependent

refractive index (Pacet al, 1989). In each case, the protein  jinearly on denaturant concentration (Agashe & Udgaonkar,
was equilibrated for at leag h prior to the measurement.  1995):

Incubation for 20 h gave similar results. All experiments

were done at 25C. AG, = AG,(H,0) + mg[D] 3
Far-UV CD measurements were made using a protein
concentration of 2@M and a cuvette of path length 0.1 cm, For the two-state = U model, the midpoint of the

while near-UV CD measurements were made using a proteinequilibrium unfolding curveC,, which is the concentration
concentration of 5tM and a cuvette of path length 1 cm. of GdnHCI where the protein is half-unfolded, is given by
For fluorescence-monitored melts, the excitation wavelength C,, = —AGy(H20)/mg.

was 295 nm (slit width= 0.1 mm), and emission was The observable folding kinetics in the pretransition region
monitored at thé max (eEmission) using an emission slit width  were described by a 2-exponential process (Shastal.,
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Table 1: Activities and Spectroscopic Characterization of itlgMutant Proteins

fluorescence

UV absorbance —GdnHCI +6 M GdnHCI mean residue ellipticity
protein relative activit? Aéogr Aéogn Amax Fmax Amax Fmax 0220 0275
wt barstar 1.00 1820 910 334 1.00 356 0.74 -14700 -205
W38F 0.88 1260 1100 329 0.98 356 0.46 -14350 -150
W44F 0.87 1650 1070 332 0.77 356 0.44 -15280 -170
W38FW44F 0.99 1580 1440 327 0.88 356 0.23 -14400 -160

a All activities are relative to a value of 1 fawt barstar.? In M~t cm™2. ¢ All fluorescence intensities are relative to a value of 1\idbarstar
in the absence of GdnHCl.In deg cn? dmol.
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FIGURE 2: Spectroscopic characterizatiorvetfbarstar ), W38F(— —), W44F(— - —), andW38FW44K---) at pH 7, 25°C. (a) Dependence

of mean residue ellipticity on wavelength in the peptide region. (b) Dependence of mean residue ellipticity on wavelength in the aromatic
region. (c) Difference UV absorption spectra. The difference in molar extinction coefficients of the proteins in the absence and presence
of 6.0 M GdnHCl is plotted against wavelength. Unfoldingwdfbarstar is accompained by a value fior,g; of 21090 M~ cm~2, unfolding

of W38Fis accompanied by a value fdie,g; of 615 Mt cm™?, unfolding of W44Fis accompanied by a value fdre,g; of 740 M~t cm,

and unfolding ofW38FW44Hs accompanied by a value fdte,g; of 900 M~tcmL. (d) Fluorescence emission spectrandfbarstar and

the Trp mutant proteins in the absence (thin lines) and in the presence (thick lines) of 6.0 M GdnHCI, on excitation at 295 nm. The values
of the maximum fluorescence intensities atgy are shown in Table 1.

1994): The dependence @ on GdnHCI concentration, in either

the pretransition region or the posttransition region, is given
F() = F() — Fyexp(Ay) — FaexptAz) - (4) by the equation (Tanford, 1970):

Unfolding kinetics in the transition region were also de- _
scribed by a 2-exponential process: In 4, = In 4,(H,0) + m;,[D] (6)

F(t) = F(o) + Fyexp(=4,t) + Foexp4,t)  (5) where,(H;0) is the rate constant of the fast phase when

wherel; and/, are the apparent rate constants of the slow the protein is either unfolded or refolded in water.

and fast phases, aifd andF; are the respective amplitudes. RESULTS

The relative amplitudes of the slow and fast phasgsnd

o, respectively, were determined by dividing the amplitude  Structures and Actities of the Trp Mutant Proteins

of the corresponding observed slow and fast phases by theTable 1 and Figure 2 compare the spectroscopic properties

equilibrium amplitude of the reaction at that GdnHCI and activities of thelrp mutant proteins with those aft

concentration. barstar. W38F, W44F, and W38FW44Fretain 88%, 87%,
Unfolding kinetics in the posttransition region were and 99% of the barnase-inhibiting activity @ft barstar,

described by a single exponential process: eq 5 was usedespectively (Table 1). The far-UV CD spectra of the mutant

with F; set to zero. proteins are similar to that of thet protein (Figure 2a), as
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are the values of the mean residue ellipticity at 222 nm,
which is a measure of the helicity of a protein (Table 1).
Figure 2b compares the near-UV CD spectra, which measure
the asymmetric environments of the aromatic residues, of
the four proteins. The mean residue ellipticity at 275 nm of
each of the mutant proteins is significantly less160 +

20) than in thewt barstar 205 + 20) (Table 1).

The extinction coefficients ofvt barstar, W38F W44F,
andW38FW44Fat 280 nm are 23 000, 15 500, 15 000, and
10 000 Mt cm™, respectively. The value of,g for wt
barstar reported here is the same as reported earlier (Khurana
& Udgaonkar, 1994). -

Figure 2c demonstrates that the UV absorption difference
spectra, which measure the differences in the environments
of the aromatic groups in the folded and unfolded states, of
W38F, W44F and W38FW44Fare similar to that ofwt
barstar. As reported earlier (Khurana & Udgaonkar, 1994),
such a spectrum fowt barstar exhibits peaks at 280 and
287 nm with a shoulder at 292 nm. In the caseS\H8F
and W38FW44F distinct peaks are seen at 292 nm. The
changes in the values of the extinction coefficients at 287
and 292 nmAezg7 and Aeagy, respectively, are shown in
Table 1.

Fluorescence Properties of the Trp Mutant Proteins. [GdnHCI] (M)
Fluorescence emission spectra of the native and unfOIdedFIGURE 3: Equilibrium denaturation curves @it barstar (a) and

mutant andwt proteins are presented in Figure 2d. The W38FW44F(b) at 25°C, pH 7. GdnHCl-induced unfolding was

spectra of the three mutant proteins show blue-shifts to followed by monitoring the mean residue ellipticity at 220 rd,(
different extents. The wavelength of maximum emission the mean residue ellipticity at 275 nmn), and the intrinsic

(Amay is decreased by 5 nm by removal of ofillyp38 (in tryptophan fluorescenc&j. Fluorescence was excited at 295 nm,
W38P, by 2 nm by removal of onlylrp44 (in W44B, and and was measured at 334 nm fot barstar and at 327 nm for

. W38FW44F Raw data were converted fg,, values using eq 1,
by 7 nm by removal of botfirp38andTrp44 (in W38FWAA4l; and are plotted against GdnHCI concentration. The solid lines

(Table 1). Removal of onlfrp38(in W38F) does not alter  through the data are nonlinear least-squares fits of the data to eq 2,
the maximum fluorescence intensity, while removal of only and yielded values foAGy andmg of 5.0 kcal/mol and-2.6 kcal/

Trp44 (in W44P decreases the maximum fluorescence (mol-M) for wt barstar, and 4.4 kcal/mol and2.5 kcal/(moiM)
intensity by 23%. Removal of botfirp44 and Trp38 (in for W3sFW44F

W38FW44Fk results in a decrease in the maximum fluores-
cence intensity by only 12% (Table 1). Under unfolding
conditions (6 M GdnHCI), thénax for emission is 356 nm

for each protein. The maximum fluorescence intensities of unfolding intermediates accumulate in the foldingvé88F
the four unfolded proteins at 356 nm are as expected and W44E

from the number of tryptophan residues present in them Thermal Denaturation Thermal denaturation curves for

(Table 1). . . wt barstar and the three tryptophan mutant proteins were
GdnHCl-Induced Denaturation Cues In Figure 3 are  optained using far- and near-UV CD as probes to monitor

shown GdnHCl-induced denaturation curvesaaf(Figure unfolding (data not shown). For all four proteins, both

3a) barstar andv38FW44HFigure 3b) monitored by two  probes yielded coincident denaturation curves. The values

probes of tertiary structure, fluorescence intensity and near-gptained forT,,, the midpoint of the transition, afit barstar,

UV CD, and one probe of secondary structure, far-Uv CD. W38F W44F andW38FW44Fare 70.04+ 0.5, 69.6+ 0.5,

All three probes yield a value fdE, of 1.95+ 0.05 in the 70.0+ 0.5, and 68.Qt 0.5 °C, respectively.

case ofwt barstar, and a value of 1.250.05 M in the case Folding Kinetics of W38FW44F Figure 4 illustrates the

of W38FWA44H(for each protein, the value is the average of time course of change in fluorescence during the folding of

three repetitions using each probe). The value obtained foryw3gFW44En 0.7 M and 1.4 M GdnHCI. An extrapolation

Cn for wt barstar is similar to that reported earlier (Khurana of the kinetic folding curve to = 0 does not yield the value

& Udgaonkar, 1994; Shastrst al, 1994). of fluorescence expected for completely unfolded protein.
GdnHCI-induced equilibrium unfolding curves were also In 0.7 M GdnHCI,~45% of the fluorescence change occurs

obtained foW38FandW44F(data not shown). Inthe case in a burst phase (phase 0), within the dead time of mixing

of W38F, the fluorescence-monitored as well as the far-UV (4 ms), while in 1.4 M GdnHCI, only~25% of the

app
IS)
N
@
-

least three repetitions using each probe, and the small
differences in the values obtained using different optical
probes are therefore significant, and suggest that equilibrium

CD-monitored unfolding curves yield a value of 183.05 fluorescence change is complete in the burst phase. In each
M for C,, while the near-UV CD-monitored unfolding curve concentration of GAnHCI shown, the remainder of the change
yields a lower value foCy, 1.73+ 0.05 M. Similarly, in in fluorescence occurs in two observable phases, a fast phase

the case ofW44F the fluorescence and far-UV CD- (phase 2)inthe 100 metl s time domain, and a slow phase
monitored value of, is 1.87+ 0.05 M, and the near-UV  (phase 1) in the hundreds of seconds time domain. The
CD-monitored value is 1.7# 0.01 M. The errors in the  unfolding of W38FW44Falso occurs in three similar phases
values ofC, represent the standard deviations based on atwhen measured using GdnHCI concentrations in the transi-
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o ) . FIGURE 6: Apparent rate constants and relative amplitudes of the
Ficure 4: Kinetics of folding of W38FW44Fat pH 7, 25°C. two observable kinetic phases in the folding\88FW44Fat pH
Folding was carried out in 0.7 M GdnHGDj and 1.4 M GdnHCI 7 25°C. The dependencies of the apparent rate constants and
(4). All fluorescence values were normalized to a value of 1 for yejative amplitudes on the concentration of GdnHCI are shown.
protein in the absence of any GdnHCI. The lines through the data (O, v) Data obtained from folding experiments®,(¥) data
points represent nonlinear least-squares fits of the data to eq 4.gptained from unfolding experiments. Data obtained from manual
The dashed line represents the fluorescence intensity of unfoldedmixing experiments are represented 1) @nd (v), while those
protein h 6 M GdnHCI. obtained from stopped-flow mixing experiments are represented
by (O) and @). Also shown for comparison are the rate constants
for folding (d) and unfolding M) of wt barstar. (a) Apparent rate
constant of the fast phasg, . (b) Apparent rate constant of the
slow phased;. (c) Relative amplitude of the fast phase,. (d)
Relative amplitude of the slow phase, All measurements had a
standard deviation a£10%. The solid lines have been drawn by
inspection only.

from equilibrium unfolding curves, for concentrations of
GdnHCI in the pretransition and transition zones. In each
case, the total kinetic amplitude was obtainedrast F,
from a fit of the kinetic data to eq 4. As expected, the values
obtained for., in each case fall on the equilibrium unfolding
curve, indicating that the folding reactions have gone to
completion. For concentrations of GdnHCI in the pretran-
sition and transition zones, extrapolations of the kinetic
folding curves tot = 0 do not, however, yield the
fluorescence values expected for the fully unfolded protein,
in the case ofwt barstar as well asV38FW44F the
fluorescence values &t= 0 do not fall on the extrapolated
unfolding baselines. Thus, the observed fast and slow
phases of folding in a kinetic experiment do not account for
0 , ’ 4 s the entire change in fluorescence seen in an equilibrium
experiment for either protein. For the lowest concentration
of GdnHCI used, 0.6 M, up te-50% of the fluorescence
Ficure 5: Kinetic and equilibrium amplitudes of folding of (a) change in the case a¥38FW44Fand up to~35% in the

W38FW44Fand (b)wt barstar at pH 7, 28C. (O) Equilibrium . S
unfolding curve; 4) initial amplitude of the kinetic folding curve case ofwt barstar take place in a burst phase within 4 ms

obtained by using eq 4 to extrapolatette 0; (¥), final amplitude after the commencement of refolding. The burst phase
of the kinetic folding curve obtained by using eq 4 to extrapolate change in fluorescence indicates the very rapid formation

to t = co. All amplitudes are relative to a value of 1 for F. The of an early intermediate on the folding pathway.

solid lines are fits of the equilibrium unfolding data to two-state F . . .

= U transitions (see Fi?.;ure 3). The dot%ed lines are linear N Figure 6a,b, the dependencies on GdnHCI concentration

extrapolation of the unfolded protein base lines to low GdnHCI Of the apparent rate constants of the observed fast and slow

concentrations. The dashed lines have been drawn by inspectiorkinetic phases{, and 4,, respectively, are shown for the

only. folding of W38FW44F For comparison, data fevt barstar
(Shastryet al, 1994) are also shown. It is observed that

tion zone, but is described by a single first-order process the fast phase is at least 500-fold faster than the slow phase

(phase 2) in the posttransition zone. at all concentrations of GdnHCI used.

In Figure 5, the total observable kinetic amplitudes of  In Figure 6a,4, in the case ofW38FW44Fis seen to
folding of W38FW44HFigure 5a) as well as oft (Figure decrease with increasing GdnHCI concentration up to a
5b) barstar are shown normalized to the amplitudes expectectoncentration of~2.0 M, and then increase with a further

Relative Fluorescence

[GdnHCI] (M)
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increase in GdnHCI concentration. Folding as well as the substitution of eitheflrp can significantly affect the
unfolding experiments could be carried out for concentrations asymmetry in the local environment of the oth&rp,

of GdnHCI between 1.5 and 2.0 M, and the values obtained although the twd'rp residues are well separated (Figure 1).
for A, from both types of experiments were the same. Thus, The sharp negative peak at 288 nm originates probably from
A2 depends on the final conditions and not on the initial Trp53in W38FW44F The difference UV absorption spectra
conditions, as expected for a fully reversible folding reaction. of the mutant proteins (Figure 2c¢), compared to thatvof
The values ofl, in the pretransition zone were extrapolated barstar, show thatrp53makes the predominant contribution
to 0 GdnHCI concentration using eq 6 to obtain a value of to the change in absorption of barstar upon unfolding.

74 s* for A, (folding) in water forW38FW44F A similar Fluorescence Properties of the Trp Residues in Barstar
extrapolation of thé, values in the posttransition zone yields It is difficult to predict the intrinsic fluorescence properties
avalue of 1.04s for A, (unfolding) in water foMV38FW44F of a protein containing more than one tryptophan, even when
(Nath et al,, 1996). the structure of the protein is known and when the fluores-

In Figure 6b, it is seen that; decreases marginally in ~ cence properties of single tryptqphan-containing muta_nts are
value with increasing GdnHCI concentration in the pretran- known, because they are complicated by local quenching and
sition zone, exhibits a broad minimum-aiL..4 M GdnHCI, resonance energy transfer. The fluorescence intensity of a
and then increases marginally with a further increase in tryptophan residue can be quenched by neighboring side
GdnHCI concentration. Again for concentrations of GdnHCI chains like free sulfhydryl, disulfide bonds, carboxyl groups,
between 1.5 and 2.0 M, both folding and unfolding experi- histidine (Loewenthaét al. 1991), methioninegtc  Reso-
ments gave identical values fo. The values obtained for nance energy transfer (Wu & Brand, 1994) from one
A1 using manual mixing experiments are the same as thosetryptophan to another in a protein can result in the donor
obtained using stopped-flow mixing experiments. residue being silent in fluorescence (Loewen#tall, 1991).

In Figure 6¢ and Figure 6d are shown the GdnHCl The effects of removing either or boifrp38andTrpa4
dependencies of the fast observable change in fluorescencedn theimax and relative fluorescence intensity are shown in
0, and the slow observable change in fluoresceagayhen able 1. In the folded state, thig.x value of each of the
the folding of W38FW44Fis carried out in concentrations ~ thrée mutant proteins displays a blue shift with respect to
of GAnHCI below 3 M. a, appears to decrease in value from the value forwt barstar. When botfirp38 and Trp44 are
0.5in 0.6 M GdnHCI to 0.3 inv1.7 M GdnHCI, and then  emoved, the magnitude of the blue shift is equal to the sum
increases in value to 1.0 above8 M GdnHCI where only of the magnitudes of the blue shifts seen when they are
the fast phase in unfolding is observed. For concentrationsindividually removed. The emission maximum of a tryp-
of GAnHCI between 1.5 and 2.0 M, the valueoefdoes not  tophan residue undergoes a blue shift when it gets buried in
depend on whether it was obtained from a folding or the hydrophobic environment of a protein. Sint@38is
unfolding experiment.ay increases in value from 0.05 in |€ss solvent-exposed thamp44 (Figure 1), removal of the
0.6 M GdnHCI to~0.5 in 1.8 M GdnHCI, and then decreases former was expected to result in a smaller blue shift of the
in value to 0 in~2.5 M GdnHCI. The dependence on #maxthan removal of the latter, but the opposite result is seen
GdnHCI concentration of; for W38FW44Fs very similar (Table 1). Changes in fluorescence intensities are also
to that seen forwt barstar (Shastryet al, 1994). For difficult to interpret. Removal of onlyTrp38 does not
concentrations of GAnHCI between 1.5 and 2.0dyl,has significantly affect the relative fluorescence intensity, because
the same value regardless of whether it was obtained fromits fluiorescence is probably quenched by the carboxyl groups
a folding or unfolding experiment. The burst phase change 0f GIu80 and Glu76, which are in close spatial proximity
in fluorescencep, decreases in value from 0.5 in 0.6 M (Figure 1). Removal offrp44 reduces the fluorescence

GdnHCI to 0 in~2.5 M GdnHClI (Figure 5a). intensity by~20%. The contribution off'rp44to the total
fluorescence intensity is low because it is exposed partially
DISCUSSION to water, and, furthermore, its fluorescence may be partially

guenched byCys40(Ramachandran & Udgaonkar, 1996).

Structures and Adtities of the Trp Mutant ProteinsThe  Trp53, being fully buried in the hydrophobic core, contributes
barnase-inhibiting activities of the mutant proteins are maximally towt barstar fluorescence. AlthougdFrp53 is
unaltered by the mutations, indicating that the mutations do next to Glu52 in the sequence, its fluorescence cannot be
not affect the overall three-dimensional folds of the mutant quenched byGlu52, because these two residues are on the
proteins. Although botTrp38 and Trp44 take part in the  two opposite sides of the secofiestrand. The fluorescence
barnase-barstar complex formation during inhibition (Guillet  intensity ofW38FWA44Fis slightly higher than that ofV44F
et al, 1993; Buckleet al, 1994), phenylalanine as a This may be due to complex quenching behavior or to energy
substituent in both cases could also establish similar contactstransfer from the completely buridp53to the partly buried

The mean residue ellipticities at 222 nm of the three Trp38 Under complete unfolding conditions, all of the
mutant proteins are virtually the same as thatvbbarstar, proteins show fluorescence emission maxima at 356 nm,
indicating that the helical content is not affected by the characteristic of tryptophans fully exposed to water (Table
Trp—Phesubstitutions (Figure 2a). Near-UV CD measures 1).
the asymmetric environments of aromatic residues. Tryp- GdnHCI-Induced Unfolding.The observation that probes
tophan has more restriction in side-chain movement, becausdor secondary and tertiary structure yield coincident GdnHCI-
of its bulkier size, than phenylalanine and tyrosine. Thus, induced denaturation curves fat barstar andV38FW44F
mutating Trp38 or Trp44 to Pheis expected to reduce the suggests that these two proteins unfold by a two-state F
near-UV CD signal, as observed (Figure 2b). The observa-U mechanism. It has, however, been demonstrated previ-
tion that substitution of botfrp38 and Trp44 to Phe has ously, by the use of fluorescence anisotropy measurements,
the same effect on the near-UV CD signal as does substitu-thatW38FW44Funfolds through a series of partly unfolded
tion of either one of them is surprising, and suggests that forms (Swaminathaet al., 1996). Thus, obtaining coinci-
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dent denaturation curves using probes for secondary and Fast Phase of Folding (Phase.2)he fast rate constants
tertiary structure does not prove that a two-state unfolding of folding and unfolding ofW38FW44Fare significantly

mechanism is operational.
proximate measure of the stability ¥¥38FW44F a two-

To obtain, however, an ap- greater than those ofit barstar (Figure 6). The apparent

refolding and unfolding rates in water are 74 and 1.9 s

state mechanism was used to analyze its unfolding (seerespectively, whereas the corresponding ratesvidrarstar

Results). Substitution of boffirp38 and Trp44 by Phe in
W38FW44FE causes marginal destabilization (Figure 3),
probably because the smalRRhecannot maintain the close
hydrophobic interactions ofrp38 with Thr42 Val73 and
Ala77, or of Trp44 with Leu2§ Pro27, and Cys40 The
lower stability of W38FW44F is observed in thermal
denaturation alsoTg, = 68 °C).

Refolding and Unfolding Kinetics of W38FW44H he
fluorescence-monitored kinetics of folding and unfolding of
W38FW44Fhave been studied in detail becaWlg88FW44F
contains onlyTrp53, completely buried in the hydrophobic
core. In this mutant protein, the fluorescence Top53

are 37 s (Shastryet al,, 1995) and 0.3 8 (Nath et al,
1996), respectively. Thusy38FW44Refolds 2 times faster
thanwt barstar, but unfolds 3 times faster. The values of
the equilibrium constants for unfolding in water, when
determined as the ratios of the rate of unfolding in water to
those of folding in water (1/74 fow38FW44E- 0.3/37 for

wt barstar), do, as expected, indicate WW88FW44Hs less
stable thanwt barstar (Figure 3). In general, there is no
correlation between the stability of a protein and the rate of
its folding. The marginally stable protein CspB folds
extremely rapidly (Schindleet al., 1995). Similarly, the
rates of folding for two fragments of the streptococcal G

reflects the degree to which it is hydrated. The kinetics of protein are inversely related with their stabilities (Alexander
fluorescence change during folding are expected, therefore,et al., 1992).

to reflect the kinetics of sequestrationtfp53 from water,

Slow Phase of Folding and Unfolding (Phase 1jterest-

presumably by a collapse of hydrophobic residues aroundingly, the rate of the slow phase is also increased in

it. For other proteins that possess uniqUep residues,

W38FW44Foy a factor of up to 3 as compared to the rate

fluorescence changes have been interpreted directly in termdor wt barstar. The slow phase in barstar folding originates,

of changes in their particular environments (Kiefhadteal.,

1992; Varleyet al.,, 1993; Khorasanizadedt al., 1993, 1996).
In proteins where theTrp is completely buried in the
hydrophobic core (Khorasanizadedt al, 1993, 1996),

at least in part, from the slowrans—cis isomerization of
the Tyr47—Pro48 peptide bond in theyl — F step of the
major folding pathway (Schreiber & Fersht, 1993; Shastry
et al, 1995). Trp38 and Trp44 are nearer tdPro48 than

fluorescence intensity has been used to monitor directly the Trp53 and their fluorescence properties may be affected by
exclusion of water from the core as a result of its compaction the structural changes that take place in the-l F step of

during folding.

the major folding pathway to a greater extent than the

The fluorescence-monitored kinetics of folding of barstar fluorescence off rp53

in low concentrations of GdnHCI (Shastey al., 1994) as

Burst Phase of Folding (Phase.0)The earliest steps in

well as of urea (Schreiber & Fersht, 1993) have been protein folding are poorly understood. For most proteins,
characterized earlier. In both of these studies, it was reportedthe formation of secondary structure cannot be resolved
that observable fast and slow phases in the folding kinetics temporally from collapse of the polypeptide chain (et

account for essentially al(90%) of the total fluorescence
change during the folding afit barstar (Schreiber & Fersht,
1993; Shastret al, 1994; Agashet al, 1995). In this study
of the folding ofW38FW44Fa substantial fractiom{50%)

of the total change in fluorescence during folding in low

al., 1992; Radforaet al., 1992; Chaffottest al., 1992; Mann

& Matthews, 1993). There are three possibilities (Nath &
Udgaonkar, 1997): (1) secondary structure formation, at least
in a nascent fluctuating form, precedes compaction of the
polypeptide chain; (2) a nonspecific hydrophobic collapse

concentrations of GdnHCI was observed to take place in anprecedes and facilitates subsequent secondary structure
initial 4 ms burst phase (phase 0), with the fast (phase 2) formation; and (3) secondary structure formation occurs
and slow (phase 1) phases accounting for the remaining 50%concurrently with compaction of the polypeptide chain. In

The burst phase change in the refoldingwdfbarstar was
found to be~35% in 0.6 M GdnHCI. In both of the earlier

the case of barstar, both folding (Agaséteal, 1995) and
unfolding (Nath et al, 1996) studies in GdnHCI have

reports, the start and the end points of the kinetic traces hadsuggested that a nonspecific hydrophobic collapse precedes
not been normalized to equilibrium denaturation curves, as formation of any optically active secondary structure. The

done here for botW38FW44Fandwt barstar in Figure 5.

burst phase intermediate;;| on the major folding pathway

Instead, the amplitudes of the observable phases had beehas been shown to be compact and devoid of secondary
determined relative to the total change on complete folding structure. The presence of a large burst phasé ns)

of protein that had been unfolded in very high concentration change in fluorescence ofrp53 during the folding of

of denaturant. The latter procedure leads to an underestima\W38FW44Fndicates that water is expelled from the vicinity
tion of burst phase changes by approximately 10% at 0.6 M of Trp53in the initial step of folding tos:. Thus, k1 must
GdnHCI forwt barstar, because the unfolded protein base- be sufficiently compact thatrp53 has a greatly reduced
line for wt barstar has a positive slope: the fluorescence of solvent-accessibility. Hydrophobic clusters capable of bind-
unfoldedwt barstar increases with an increase in denaturanting ANS are known to be present innl (Shastry &
concentration (Figure 5b). In an earlier detailed study of Udgaonkar, 1995), and the results reported here suggest that

the folding ofwt barstar in 1.0 M GdnHCI (Agashet al.,

these solvent-accessible hydrophobic clusters might not be

1995), ~12% burst phase change in intrinsic tryptophan part of the hydrophobic cluster that forms initially to
fluorescence had been reported. If the slope of the unfoldedsequestefrp53 from solvent.
protein base line had been taken into account, the burst phase Correlation to Protein Engineering Studies in the Micro-

change would have been determined instead to-B2%,
which is what is seen for folding in 1.0 M GdnHCl in Figure
5b.

second Time Domainin a recent study (Ntng et al,
1997), the protein engineering approach (Matous@tel,
1990) has been used together with temperature-jump mea-
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surements to characterize structure formation during the Khorasanizadeh, S., Peters, I. D., & Roder, H. (1998). Struct.
folding of barstar. In those measurements, a 0.2% change Biol. 3, 193-205.

in total fluorescence, which accompanies the folding of 1%
of molecules that are cold-denatured at@ was used to
monitor folding in the submillisecond time domain after a
temperature jump to 10C. The ® value analysis in that

Khurana, R., & Udgaonkar, J. B. (199Bjochemistry 33106—

Kiefhaber, T., Grunert, H. P., Hahn, U., & Schimd, F. X. (1992)
Proteins: Struct., Funct., Genet. 1271-179.
Kim, P. S., & Baldwin, R. L. (1990Annu. Re. Biochem. 59631—

study suggests that the hydrophobic residues that are in close 660.

contact withTrp53in the core (see legend to Figure 1) are

as unstructured in the submillisecond intermediate (which

corresponds toyvh) as they are in the cold-denatured state.
The only partial exception ikeul§ but that was expected
anyway because it belongs to helix 1, which forms part of

Kragelund, B. B., Robinson, C. V., Knudsen, J., & Dobson, C. M.
(1995)Biochemistry 3472177224.

Kuwajima, K. (1989)Proteins: Struct., FunctGenet. 6 87—103.

Kuwajima, K., Yamaya, H., Miwa, S., Sugai, S., & Nagamura, T.
(1987)FEBS Lett. 221115-118.

Levinthal, C. (1968)]. Chem. Phys. 654.

the residual structure seen in cold-denatured barstar (Wong gewenthal, R., Sancho, J., & Fersht, A. R. (19&lychemistry

et al, 1996). This result of the protein engineering study,
which reports only indirectly on structure formation, suggests
that the core has not consolidated ja.l In contrast, if the

30, 6775-6779.
Lubienski, M. J., Bycroft, M., Freund, S. M. V., & Fersht, A. R.
(1994) Biochemistry 338866-8877.

hydrophobic collapse leading to very early sequestration of Manzrgoc' J., & Matthews, C. R. (199Biochemistry 325282

solvent fromTrp53 does indeed lead to the formation of a

native-like hydrophobic core, then the results reported here

Matouschek, A., & Fersht, A. R. (199Methods Enzymol. 202
82—-112.

would suggest that the core is consolidated to a substantialmatouschek, A., Kellis, J. T., Jr., Serrano, L., Bycroft, M., & Fersht,

extent in 1.

A. R. (1990)Nature 346 440-445.

In summary, this paper reports on the contributions of the Matthews, C. R. (1993jnnu. Re. Biochem. 62139-160.

individual Trp residues to the structure, stability and folding
of barstar. It is shown that removing eith€rp38 or Trp

44, or both, affects these properties in unforeseen ways.

Merino, E., Osuna, J., Bolivar, F., & Soberon, X. (19®ipTech-
nigques 12 508-509.

Mossakowska, D. E., Nyberg, K., & Fersht, A. R. (1989)
Biochemistry 283843-3850.

Trp53makes the dominant contribution to the fluorescence Nath, U., & Udgaonkar, J. B. (1998jiochemistry 341702-1713.
properties of barstar. The major observation reported hereNath, U., & Udgaonkar, J. B. (1990urr. Sci. 72 180-191.

is that the earliest observable intermediatg, forms as the
result of a hydrophobic collapse in whidfrp53 which is
completely buried in the hydrophobic core of the fully folded
protein, gets sequestered from water.
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