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ABSTRACT. The role of preformed correct side chain interactions, such as disulfide bonds, on protein
folding kinetics is still not well understood. We investigated the effect of disulfide bond replacements on
folding and stability of the smaf$-sheet protein tendamistat. Tendamistat folds very fast {0 ms at

pH 7 in water) and without detectable intermediates, which facilitates molecular interpretation of the
kinetic data. Tendamistat contains two disulfide bonds, one between cysteines 11 and 27, which connects
the ends of g-hairpin, and a second one between cysteines 45 and 73, which brings together the two
outer strands of a three-strand@gheet. Two single-disulfide variants of the protein were prepared by
site-directed mutagenesis (tendamistat C11A/C27S and tendamistat C45A/C73A), and the effects on stability
and on folding were monitored. Replacement of either disulfide bond leads to a large decrease in protein
stability (AAGP? = 6.0 kcal/mol for the C11A/C27S variant and 5.1 kcal/mol for the C45A/C73A variant).
This effect is caused both by entropic stabilization of the unfolded state and by enthalpic destabilization
of the native structure. Kinetic experiments show that the main effect of fixed side chain contacts is on
the unfolding rate. For both single-disulfide variants, unfolding is strongly accelerated (4250 times in
the C11A/C27S variant and 250 times in the C45A/C73A variant) whereas the refolding rate constants
are only slightly decreased. The activation parameters show that the observed small effect on the refolding
reaction in the C11A/C27S variant is a consequence of large and compensating changes in the entropy
and enthalpy of activation. Structural interpretation of the kinetic data suggests that formation of the
B-hairpin stabilized by the CHC27 disulfide bond forms in the rate-limiting step of the refolding process.
The interactions between the outer strands offtsheet connected by the C4873 disulfide bond, in
contrast, are made late in refolding. These results support the ide@-lita@ipins are initiation sites for
pB-sheet formation and that additional strands are added late in the folding process.

Recent theoretical and experimental results on the mech-(Thirumalai, 1994; Abkevich et al., 1994; Wolynes et al.,
anism of protein folding have initiated a discussion on the 1995). Additional evidence against the importance of
role of the frequently observed partially folded states [for populated intermediate states for protein folding recently
an overview, see Baldwin (1995)] and led to the revival of came from folding studies on a number of small proteins,
the nucleation/growth model, popular in the 1970’s before which fold very rapidly and without transient accumulation
equilibrium and kinetic intermediates were characterized of partially folded states (Jackson & Fersht, 1991; Alexander
(Tsong et al., 1972; Wetlaufer, 1973). According to the et al., 1992; Viguera et al., 1994; Huang & Oas, 1995;
nucleation/growth model, the rate-limiting step occurs early Schindler et al., 1995; Villegas et al., 1995; Schounner
in folding and reflects the formation of a nucleated state, et al., 1997).
which may be a high-energy intermediate. All further steps, We use the small (74 amino acid}amylase inhibitor
which may include the successive formation of intermediate tendamistat, fronStreptomyces tendaas a model system
structures, occur much more rapidly and can thus not beto study the mechanism of protein folding. Tendamistat
detected in kinetic folding experiments. The nucleation contains onlyj3-sheets and turns as secondary structural
model was recently supported by site-directed mutagenesiselements, and it possesses two disulfide bonds (Kline &
work on chymotrypsin inhibitor 2 (ltzhaki et al., 1995) and Wdithrich, 1985; Pflugrath et al., 1986; Kline et al., 1988).
by direct measurement of nucleation and growth rates for We showed recently that the folding and unfolding reactions
formation of a kinetically trapped intermediate in lysozyme of tendamistat (disulfide bonds intact) exhibit strict two-state
folding (Kiefhaber et al., 1997). Itis further consistent with behavior (Schobrunner et al., 1997). Up to now it
a large number of theoretical studies on protein folding represents the only case of a disulfide-bonded protein which

folds in a two-state manner. The use of model proteins
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vides an excellent model system (a) to elucidate the rate-that each of the preformed disulfide bonds enhances the rate

limiting steps inB-sheet formation during protein refolding of the folding reaction only slightly, but it leads to a strong

and (b) to investigate the role of preformed correct tertiary decrease in the unfolding rate constants by enthalpic

contacts for the mechanism and the rate of protein folding. stabilization of the native state. Interestingly, even cross-
Up to date, very little data are available on the folding of linking the base of thg-hairpin comprised by strands | and

all g-sheet proteins. In contrast w-helices, which are Il of the first §-sheet, which forms in the transition state,

known to be able to form very rapidly (Gruenewald et al., increases the rate of tendamistat folding only slightly. This

1979; Williams et al., 1996)3-sheets represent mainly effectis due to large and compensating effects on the entropy

nonlocal structures and thus require specific interactions and enthalpy of activation.

between distant parts of the polypeptide chain. Theoretical

models predict that the process Bfsheet formation is = MATERIALS AND METHODS

initiated at S-hairpin structures, which involve adjacent .

strands and thus represent nearest-neighbor interactions iNaterlaIs

p-sheets (Finkelstein, 1991). Sheet propagation is believed Tendamistat was expressed and isolated according to

to occur by addition of further strands. The rate-limiting vertesy et al. (1984). The disulfide-deficient mutants (C11A/

step inj3-sheet formation was proposed to be the formation c27S and C45A/C73A)were constructed, expressed in

of a few specific interactions within the f|r§t-ha|rp|n The Steptomyces didans and purified as described by Haas-

following propagation reactions are predicted to occur fast. auterbach et al. (1993). Protein concentration was deter-
The influence of preformed disulfide bonds on protein mined by UV absorption measurements using an absorption

folding kinetics has been widely discussed in recent years. coefficient A% = 1.61 for wild-type and mutant proteins
It has been speculated that intact disulfide bonds may give (vgriesy et al., 1984).

rise to kinetically trapped intermediates during protein Ultrapure GdmCl (AA grade) was from Nigu Chemie
refoldlng (Chaffo_tte et al., 1992). The results on wild-type (Waldkraiburg, Germany) and was used without further
tendamistat folding showed, however, that rapid two-state ,rification. All other chemicals were reagent grade and

folding can occur in disulfide-intact proteins (Setwunner were purchased from Merck (Darmstadt, Germany).
etal., 1997). Other models argued that intact disulfide bonds ’

enhance the rate of protein folding by restricting the Methods
conformational space for the folding polypeptide chain o . - )
(Flory, 1956; Camacho & Thirumalai, 1995) and by acting Eq.un!brlum Un_fpldmg TranS|t|qns.The deC_I—lnduced
as seeds for correct tertiary structure. Experimental studies€quilibrium transitions of tendamistat were monitored by the
on the role of disulfide bonds in folding of oxidized proteins change in ellipticity at 227 nm in an Aviv 62A DS
suggested that preformed disulfide bonds can slow down SPectropolarimeter. The positive band in this wavelength
unfolding and refolding reactions (Lin et al., 1985; Denton €gion for the native protein is probably caused by the
etal., 1994; Mgke & Schmid, 1994). However, folding of ~ disulfide bonds (Vogl et al., 1995). Both single-disulfide
the model proteins used in these studies was slow andvariants show a slightly weaker band at this position (cf.
involved trapped intermediates and/or prolyl isomerization Figure 2A).
reactions. Thus, the influence of preformed tertiary interac-  Native protein (in 100 mM cacodylic acid, pH 7.0) was
tions on the actual folding process is still not well understood. diluted into the same buffer containing the appropriate
Here we report studies on two single-disulfide mutants of concentration of GdmCl and incubated at’Z5for 1 h. The
tendamistat to investigate the mechanisnfaheet forma-  final protein concentration was 0.1 mg/mL, and the ellipticity
tion and to elucidate the role of preformed correct tertiary Was measurednia 1 cmcell in a temperature-controlled
contacts in the process of protein folding. In the classical cuvette holder. The data were analyzed assuming a two-
mutagenesis experiments introduced by Fersht and co-State transition. The complete unfolding curve was fitted
workers (Fersht et al., 1992), it is assumed that the structure@ccording to the equation of Santoro and Bolen (1988) to
of the unfolded state is not affected by mutations. Thus, Yield values forAG°® and its [GdmCI] dependencendg =
the difference between the wild-type protein and the variants JAG%d[GdmCI]). Reversibility was checked by diluting
arises solely from altered side chain interactions in the completely unfolded protein into appropriate concentrations
transition state and/or in the native state. In the case of of GAmCIwhich gave identical values as starting from native
disulfide bond replacements, we observe that the unfoldedpProtein.
state becomes significantly more solvent-accessible upon GdmCl Dependence of the Folding and Unfolding Reac-
replacement of each of the two disulfide bonds. This gives tion. The GdmCI dependence of the refolding and unfolding
us the unique opportunity to additionally monitor the reaction was monitored by diluting completely unfolded

disappearance of the increased solvent accessibility duringprotein (wild type in 5.5 M GdmCl, 10 mM Gly/HCI, pH 2;
protein folding, and it allows the measurement of the degree tendamistat C11A/C27S in 2.5 M GdmCI, 100 mM cacodylic

of compactization in different regions of the protein in the acid, pH 7; tendamistat CA5A/C73A in 3.5 M GdmCl, 100
transition state of folding. The results show thatfHeairpin mM cacodylic acid, pH 7) or completely native protein (wild
between residues 12 and 26 is formed in the rate-limiting type in 5.0 M GdmCl and tendamistat C11A/C27S and
step of the folding process, supporting the idea that formation
of hairpin structures represents the rate-limiting step in  tAbbreviations: CD, circular dichroism; GdmCl, guanidinium
p-sheet formation (Finkelstein, 1991). The contacts betweenchloride; 1, apparent rate constant={/r); NMR, nuclear magnetic
the outer strands of the secofiesheet, in contrast, are only resonance; tendamistat C11A/C27S, tendamistat variant with amino
f d late in the foldi ' C L f th acids Cys11 and Cys27 replaced by alanine and serine, respectively;
ormed late In the Tolding process. Lomparison or e tendamistat C45A/C73A, tendamistat variant with amino acids Cys45
folding rates of the mutants with the wild-type protein shows and Cys73 each replaced by alanine.




Initiation Sites forB-Sheet Formation Biochemistry, Vol. 36, No. 29, 1998059

C45A/C73A n 0 M GdmClI, 100 mM cacodylic acid, pH 7) AGO*f = AGO“*f(HZQ) + m[denaturant] (4)
into the appropriate concentration of GdmCI in 100 mM
cacodylic acid at 28C. The final pH was 7.0, and protein AGO¢U — AGO*U(HZO) + m[denaturant] (5)

concentrations were 0.03 mg/mL. Fast reactians (L0 s)
were monitored by the change in fluorescence above 320 ,ith m = dAG%/d[denaturant] andn, = dAG%,/d[dena-

nm after excitation at 276 nm using stopped-flow miXing in - y;ranf). For two-state reactions as observed in tendamistat
an Applied Photophysics SM-17MV instrument with a fixed folding (Schmbrunner et al., 1997)

mixing ratio of 1+ 10 (11-fold dilution). The reaction at
each particular GdmCI concentration was repeated at least
4 times with almost identical amplitudes and rate constants U=N (6)
(£10%). The average of the kinetic traces was used for data
analysis. Slow reactionst (> 10 s) were additionally  the apparent rate constad (s the sum ofk, andks:
measured by manual mixing and monitored by the change
in fluorescence at 345 nm after excitation at 276 nm in a A=k +k, (7)
Hitachi F-4500 fluorometer. Under conditions where the ] )
reactions could be measured by manual and by stopped-flow The complete GdmCI dependence bfwvas fitted in a
mixing, both methods gave identical rate constants. single step according to

The temperature dependence of the refolding and the _
unfolding reactions was measured as described above whild" 4 = In [k(H,0) e idenaturand.y
varying the temperature from 5 to 4&. The data were k,(H,0) g Mudenatrang gy
extrapolatedd 0 M GdmCI by measuring refolding and
unfolding reactions at different concentrations of GAmCl at  The obtained values ¢4, k,, My, andn, were converted
the individual temperatures. At the extreme temperatures,into the respective values ohG%, AG%, m, and m
the apparent rate constants) (vere determined over the  according to eqs13. These values were comparedi6®

complete range of GdmCI concentrations to check for andm., obtained from equilibrium transition curves:
deviations from the two-state behavior. At all temperatures,

the slopes of the GAmCI dependence okland Ink, were AGS = AGmf _ AGO*U 9)
essentially linear, indicating the validity of the two-state a
model. Unfolding of the wild-type protein could only be M= m — m, (10)

measured over a harrow temperature range-@0C), since
the protein becomes too stable and will not unfold completely  The ratio ofm/meq was used as a measure for the degree
at temperatures below 2. of exposure of the transition state to solvent.
Transition State AnalysisThe free energies of activation Temperature Dependence of Rates of Refoldifigne
for folding/unfolding AG%;,) were calculated using transi- activation enthalpyAH%) and entropy AS*) of a reaction

tion state theory according to Eyring (1935): depend on temperature according to
ik, T AGH AHT(T) = AR%(T) + AC (T - T9) (11)
e RT M

+
ASH(T) = AS(T) + AC, In(TIT%)  (12)
where k, is the Boltzmann constanf] is the absolute . ) ] ]
temperature in degrees kelvimjs Planck’s constant, arfid where AC,* is the change in heat capacity upon formation
is the gas constantx is the transmission factor which has of the transition stateT? is the reference temperature (298.15
an upper limit of 1. Alternative considerations suggest that K), and AS*(T%) and AHY(T°) are the changes in entropy
the preexponential factor is considerably smaller for reactions @nd enthalpy of activation at that temperatureS¥(T) and
in solution (Kramers, 1940) and especially for protein folding AH1(T) are the entropy and enthalpy of activation at any
reactions (Chan et al., 1996), leading to a decrease in thediven temperaturd. These relations cause a curvature in
absolute value of the free energy of activation. However, the temperature dependence of the activation free energy of
application of the Eyring formalism is still warranted for ~the refolding and unfolding according to
comparison ofAG* values of the wild-type protein and of
the mutants if the preexponential factor does not change uporAG” (T) = AH¥(T% — TAS™(T°) +

mutation. The given values okG* should therefore be ACp*[T —T°— TIn (T/TY] (13)
regarded as apparent free energies of activation.

For determination of the foldingk{) and unfolding rate Substitution of eq 14 into eq 1 and rearrangement provide
constantsk,) at 0 M GdmCI, the following relations were an expression for the temperature dependence of rate
used (Tanford, 1970): constantsK):

= / K
In ki = In k(H,0) + m'{[denaturant] @ | ll_(' —n ka _ RLT{AH@F(TO) — TASHTY) +
In ku =In ku(HZO) + rn’u[denaturant] 3) ACP*[T . R P (T/TO)]} (14)

Using eq 1, the rate constants can be converted into It should be noted that the obtained values foir%
apparent free energies of activation: represent the actual enthalpy of activation whereas the
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Ficure 1: Schematic representation of the structure of tendamistat. The disulfides are shown as ball and stick models. The disulfide bond
between Cys11 and Cys27 is located at the base of the hairpin between residues 12 and 26 (strands 1 and 2; panel A). The disulfide bond
between Cys45 and Cys73 connects strands IV and VI (panel B). The figure was drawn using the program Molscript (Kraulis, 1991).

T T

obtained values foAS* represent an apparent entropy of
activation due to the uncertainty of the preexponential factor
in eq 1.

Data Fitting. For data fitting, the programs KaleidaGraph
(Applebeck Software), KinFit (Olis), and ProFit (Cherwell
Scientific Ltd.) and the software provided with the Applied
Photophysics stopped-flow instrument were used.

RESULTS

Replacement of Disulfide Bondsthe structure of ten-
damistat is known at high resolution both in the crystal
(Pflugrath et al., 1986) and in solution (Kline et al., 1988; 4
Figure 1). The two disulfide bonds in tendamistat are found 2
between residues 11 and 27 and between residues 45 and
73. The 1127 disulfide bond is located at the base of a
f-hairpin formed by strands | and Il of the firgsheet
(Figure 1A). The loop connecting the two strands of this
hairpin contains the single tryptophan residue in the mol- P
ecule, which is solvent exposed and which determines the otz e s 6T 8

. [GdmCl] (M)
fluorescence properties of the molecule. . . .
. . . Ficure 2: (A) GdmCl-induced unfolding transition at pH 7.0, 25
The 45-73 disulfide bond is located between strands IV °c, monitored by the change in ellipticity at 227 nm for wild-type

and VI, the two outer strands of the secghgdheet (Figure tendamistat@), C45A/C73A ), and C11A/C27SQ). The line
1B). It thus connects more distant structural elements thanrepresents the least-squares fit assuming the two-state model

- son il ; (Santoro & Bolen, 1988). The parameters from the fits are shown
the 11-27 disulfide bond. It may be viewed as a probe of in Table 1. (B) [GdmCI] dependence of the apparent rate constants

the completeness of the formation of the secgrsheet. for refolding and unfoldingA) for wild-type tendamistat®), C45A/
In our studies, we used two single-disulfide variants of C73tA §>), fflind CllA/C27?jC(>)tkf]n0nlt0red kl)y tfge Chdé}tr]ge in
; ; : o ryptophan fluorescence under the same solvent conditions as in
tendamistat. One has th? cysteine residues at positions 4 anel A. The data were fit according to eq 9. The parameters from
and 73 replaced by alanines (C45A/C73A), and the other ihe fits are also shown in Table 1.

one has cysteine residues 11 and 27 replaced by alanine and

serine, respectively (C11A/C27S). Replacement of both protein (Balbach, Kessler, and Engels, unpublished results).
disulfide bonds simultaneously did not yield native protein, The NMR assignments of the C11A/C27S variant are
due to largely reduced protein stability. currently in progress.

The structure of the native state of both disulfide variants  Effect of Disulfide Bonds on Tendamistat Stabilit#.
appears to be identical to that of the wild type based on comparison of the GdmCl-induced unfolding transitions for
tryptophan fluorescence, near- and far-UV CD spectra, the wild-type tendamistat and the two single-disulfide variants
absorption spectrum, and inhibitory activity (data not shown). is shown in Figure 2A. The transitions were monitored by
Recently, the solution structure of the C45A/C73A variant the change in the CD signal at 227 nm. The removal of
was determined by heteronuclear 2-D NMR spectroscopy, each disulfide bond leads to a large loss in stability. Table
and it was shown to be identical to that of the wild-type 1 shows that the effect is stronger for the replacement of

w
=)
S

2 Bl
6237 (deg*cm“*dmol ™)

s s 8
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Table 1: Kinetic and Equilibrium Parameters for Tendamistat Fofding

tendamistat ~ AG%; me AG%, my AG%_, My AGCq Meg
variant (kcal/mol)  [(kcal/mol)/M]  (kcal/mol) [(kcal/mol)/M]  (kcal/mol) [(kcal/mol)/M]  (kcal/mol) [(kcal/mol)/M]

wild type 1495+ 0.26 —0.83+0.03 23.36:0.74 0.45:£0.02 —8.28+1.0 1.28:0.05 —8.13:0.16 1.2&0.02
C11A/C27S 16.240.24 -1.65+0.06 18.49+-0.03 0.22+£0.003 —2.12+0.27 1.87£0.07 —2.29+0.14 1.79£0.06
C45A/C73A 17.00£0.09 -1.07+0.10 20.22-0.25 0.64+£0.09 —3.09+0.34 1.71+0.19 -—3.10+0.13 1.70+0.06

aThe equilibrium (eq) values were determined by fitting the GdmCl-induced transition curves shown in Figure 2A according to the two-state
model (Santoro & Bolen, 1988). The kinetic parameters for the folding (f) and unfolding (u) reactions are the result of nonlinear least-squares fits
of the data shown in Figure 2B to eq 8. Values foB*,; were determined from the fitted rate constants for folding and unfoldingrd k.,
respectively) using eq 1. All parameters are given for pH 7.0;@5

the C11-C27 disulfide bond AAG® = 6.0 kcal/mol) than isomerization and onlyrans Xaa—Pro peptide bonds are

for the C45-C73 bond AAG’= 5.1 kcal/mol). present in the native structure, this reaction does not influence
In addition to the changes in stability, both variants show the analysis of the actual folding reaction (Kiefhaber et al.,

markedly increasedn values compared to the wild-type 1992). It is omitted in Figure 2B for clarity.

protein fneq = dAGY%d[GdAmCI]; Table 1). The effect is As expected from the equilibrium transition curves (Figure

similar both for the C11A/C27S varianfneg = meqwt) — 2A), the minimum of the folding rate constants for both
me(mu) = —0.55 (kcal/mol)/M] and for the C45A/C73A  single-disulfide variants is located at much lower GdmCI
variant [Ameq = —0.42 (kcal/mol)/M]. The increaseth concentrations than for the wild-type protein. In all cases,

values in the single-disulfide variants indicate the loss of the minimum of the rate constants corresponds to the
residual structure in the unfolded state and thus point to amidpoint of the GdmCl-induced equilibrium unfolding
higher degree of solvent accessibility in the unfolded state transitions. It can be seen in Figure 2B that the unfolding
of the mutants. rates are strongly enhanced for both single-disulfide variants
It is apparent from Figure 2A that the choice of conditions compared to the wild-type protein. The C45A/C73A variant
(pH 7.0, 25°C) is well-suited for comparison studies. Under unfolds 250 times faster and the C11A/C27S variant unfolds
these conditions, the unfolding of the wild-type protein can 4250 times faster extrapolated ® M GdmCI. The rate of
still be measured completely, while both mutants are still the refolding reaction is only slightly decreased in both
native in the absence of GdmCI. Errors in the thermody- single-disulfide variants compared to the wild-type protein
namic analysis of the unfolding transitions arise from the (30-fold for the C45A/C73A variant and 8-fold for the C11A/
scarcity of native base line for the single-disulfide variants C27S protein). The GdmCI dependencies of the refolding
and scarcity of unfolded base line for the wild-type proteins. rate and unfolding rate constants yalues) are also changed
Effect of Disulfide Bonds on Tendamistat Folding Kinetics. in both mutants compared to the wild-type protein. The most
Figure 2B compares the GdmCI dependence of the apparensignificant effect is observed for the folding of the C11A/
folding rate constantsi of wild-type tendamistat and of C27S variant. Here the refolding reaction depends much
the two single-disulfide variants. The GdmCI dependence stronger and the unfolding reaction much weaker on the
of the folding reaction was analyzed according to the two- GdmCI concentration than in the wild-type protein (Figure
state model (Schibrunner et al., 1997) with = k, + ki, 2B and Table 1).
assuming linear GdmCI dependencies dfjand Ink; (Aune Accessibility Changes during Tendamistat Refoldimpe
& Tanford, 1969). The values oAG®, and AG%; were increasedm values of the single-disulfide variants offer a
calculated from the extrapolated unfolding and refolding rate unique opportunity to monitor the relative accessibility of
constants 80 M GdmCI according to transition state theory different parts of the protein in the transition state of folding.
by Eyring (1935; eq 1). The resulting values and their The values ofAm, [=m,(wt) — my(mutant)] andAm [=m-
GdmCl dependencies are given in Table 1. For both variants,(wt) — my((mutant)] were compared to the overall change in
themvalues and thGP values calculated from the kinetic mvalue between the wild-type and the variants in the same
parameters agree well with the respective values from way as the changes in free energy are used to calcglate
equilibrium transition curves. This shows that the two-state values (Fersht et al., 1992; see below). These data were used
character of the folding and unfolding reactions is not to calculatex values E—Am/Amgg). o values should give
changed by the disulfide bond replacements. Interestingly, detailed information on the degree of accessibility in certain
the unfolding limb of the C45A/C73A mutant displays a regions of the protein in the transition state for folding. The
prominent kink 44 M GdmCI, which is observed neither regions which can be monitored are those which are forming
for the wild-type protein nor for the C11A/C27S variant. nonrandom structure in the unfolded state when the disulfide
Comparing the kinetic data belo4 M GdmCI with the bond is intact. The native state was chosen as reference state,
respective data from the equilibrium transition (Figure 2) since the disulfide replacements were assumed to have larger
leads to identical values fohG® and meq (Table 1). The effects on the solvent accessibility of the unfolded state
shallower slope of I at higher concentrations of GAmCI compared to the native structure. Table 2 givesithvalues
probably reflects a change in the unfolding mechanism. This for the two single-disulfide variants. The two variants show
phenomenon will be discussed elsewhere (Pappenberger andifferent behavior. For the C45A/C73A variant, 55% of
Kiefhaber, manuscript in preparation). accessibility gain upon mutation is lost in the transition state
As in the wild-type protein, an additional slow refolding of folding (. = 0.55) whereas for the C11A/C27S variant
pathway exists in the single-disulfide variants. On this more than the accessibility gained in the unfolded state upon
pathway, 20% of the unfolded molecules reach the native mutation is lost in the transition state of folding € 1.39).
state slowly £ = 10 s) in a prolyl isomerization limited  Consequently, less change in solvent accessibility occurs
reaction. Since tendamistat folding is faster than prolyl between the transition state and the native state, for the
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Table 2: ¢ anda Values for Single-Disulfide Tendamistat to the Ot_’serYe‘AGoff for the wild-type protein and for both
Variant$ single-disulfide variants. The most dramatic change occurs
in the C11A/C27S variant at Z%. HereTAS®; decreases

tendamistat variant a . . .
SIS ‘g”;l :;9 from —8.36 kcal/mol in wild-type to-18.07 kcal/mol in the
CUBAICTIA 0.39 055 variant. However, this decrease TAS*; is compensated

a ¢ values were calculated from theG° values given in Table 1 for by a large decrease IRH% (6.68 keal/mol in the wild-
using ¢us [=AAG¥(wt-mutant)AAGO(wt-mutant)]. « values are typ_e protein vs-1.84 kcall mql in the C_llof/C27S variant)
defined aso. = Amy(wt-mutant)Amewt-mutant). o values were which leads an Over‘?‘” small increaseAs™ (Table 3). In
calculated using the data given in Table 1. They indicate what fraction the C45A/C73A variantAH%; is increased strongly, and
of the increase in solvent accessibility of the unfolded state in the TAS*; increases slightly, leading to a larger ChangAGf)*f
disulfide variant is lost in the transition state of folding. than observed in the C11A/C27S variant (Table 3).

The temperature dependence of the unfolding reactions

was monitored to obtain information on the changeAli?,

' ) A, andAC, between the transition state and the native state.
2r E The data were analyzed in the same way as the refolding
b 8T reactions described above. This analysis could, however,

only be performed for the wild-type protein and the C11A/
C27S variant. The pronounced kink in the GdmCI depen-
dence of the unfolding reaction of the C45A/C73A variant
(Figure 2B) leads to large uncertaintiesrnm and conse-
quently ink, at 0 M GdmCI at higher temperatures. The
. . 0 . , ‘ results of the Eyring plots for the unfolding reaction (Figure
0.0032 00034 00036 0.0030  0.0032 0.0034 0.0036 3B) show thatAS¥, is nearly identical for the wild-type
YT () VT (K protein and the C11A/C27S variant whergds®, is larger
in the wild-type protein (Table 3).

ln(kl/T)

In(k /T)

Ficure 3: Temperature dependence of (A) the refolding rate
constantsk;) and (B) the unfolding rate constantg)(at pH 7.0
extrapolatedd 0 M GdmCI for wild-type tendamista®), C45A/ DISCUSSION

C73A (©), and C11A/C27S®), shown as Eyring plots. Nonlinear . . .
least-squares fits of the curves to eq 15 yield the parameters given _ V€ compare folding of wild-type tendamistat and of two

in Table 3. single-disulfide variants. We have previously shown that
wild-type tendamistat folds in a two-state manner (Seho

C11A/C27S variant compared to the wild-type protein. brunner et al., 1997). The good agreement between@fe

Energy Changes during Tendamistat FoldinGo assess and themeq values obtained from equilibrium measurements
the energy changes occurring during the refolding and and from kinetic data shows that the two-state mechanism
unfolding of the tendamistat variants, we followed the 'S also valid for both single-disulfide variants (Table 1). They
method introduced by Fersht and co-workers (Fersht et al., thus offer excellent systems to examine the nature of the
1992) and calculated values ¢f: [=AAG(wt-mutant)/ transition state for an afi-sheet protein and to investigate
AAGY(wt-mutant)], which represents the relative change in the role of_ preformgd correct tertiary contacts in folding of
free energy occurring in the folding reaction (Table 2). A @ fast folding protein.

value of 1 forgy: indicates that the change in free energy Effect of Disulfide Replacement_s on Protein Stability_.
introduced by the mutation is also present in the transition Replacements of each of the two disulfide bonds results in

state. Consequently, this interaction is already completely & large decrease in stability. THeAG® values for the C11A/
formed in the transition state of folding. @u: value of 0, ~ C27A and the C45A/C73A mutants are 6.0 and 5.1 kcal/
in contrast, indicates that the interaction is completely absent M0l respectively. These effects on protein stability are much
in the transition state and is formed after the rate-limiting '2rger than expected from the entropic stabilization of the
step in refolding. Both disulfide variants of tendamistat have Unfolded state in the wild-type protein due to the disulfide
¢ values in between these extremes. The C11A/C27S varianto0nds which is believed to be proportional to the loop size.
has ap value of 0.21, and the C45A/C73A variant haga |t Was estimated to be (Pace et al., 1988)

value of 0.39. , , AS,y = —2.1— (312RIN(N) (15)
Temperature Dependence of Tendamistat Foldiige

results from the accessibility changes during tendamistatwith n being the number of residues in the looped formed
folding showed that in the case of disulfide replacements py the disulfide bond. This would lead to a decreasa@?
the transition state can change in its position on the reactiongf 3.1 kcal/mol for the C11A/C27S variant and of 3.6 kcal/
coordinate. This effect is particularly pronounced for the mg| for the C45A/C73A variant. The large deviations in
C11A/C27S variant, and it obstructs the molecular interpre- AG? from the expected entropic stabilization of the unfolded
tation of the changes iInG*. We therefore determined the  state upon replacement of the disulfide bonds are probably
activation parameters for all three tendamistat variants to due to additional contributions from enthalpic destabilization
assess the thermodynamic properties of their transition State%f the native state. Also entha'pic stabilization of the
relative to the unfolded state and to the native state. unfolded states of the single-disulfide variants due to
Refolding kinetics for all three variants were measured at increased hydrogen bonding to solvent may contribute to the
various temperatures. This allows analysis of the data usingobserved strong destabilizing effect of the disulfide replace-
Eyring plots (Figure 3A, eq 14) which givaH%, AS¥, and ments (Doig & Williams, 1991). Calorimetric studies on
AC,*. Table 3 shows the contributions AH% and TAS the role of disulfide bonds in the stability of tendamistat have
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Table 3: Activation Parameters for Tendamisat Foléing

tendamistat AH% TASY ACy AG%; AH%, TASH, ACpu AG*,

variant (kcal/mol) (kcal/mol) [(kcal/mol)/K] (kcal/mol) (kcal/mol) (kcal/mol)  [(kcal/mol)/K] (kcal/mol)
wild type 6.68+0.06 —8.36+0.06 —0.49+0.01 15.04-0.12 28.80+1.49 5.36+1.40 0.60+0.03 23.44+ 2.92
C11A/C27S —1.84+0.13 -—18.07+0.13 —-0.57+0.04 16.23-0.26 23.46+-0.28 5.13+0.28 0.3740.003 18.33: 0.56
C45A/C73A 10.740.06 —6.48+0.06 —0.39+0.02 17.25+0.12

2 The data are given for pH 7.0, 2&, and were determined from the temperature dependence of the refolding and unfolding reactions. The
values represent the results of nonlinear least-squares fits of the data shown in Figure 3A,B to eq 14. The subscripts f and u denote the parameters
for the folding reaction and the unfolding reaction, respectively.

also shown that deletion of the 427 disulfide affects the  As discussed above, replacement of either disulfide bond
stability more than the 4573 disulfide, even though the loop  leads to large changes in the, values, which are most likely
connected by it is shorter (Vogl et al., 1995). The changes caused by a loss of residual structure in the unfolded state
in stability obtained from calorimetric data extrapolated to of the single-disulfide variants. This gives us the unique
25 °C are 5.0 kcal/mol for the C11A/C27S variant and 3.5 opportunity not only to monitor changes in the energetics
kcal/mol for the C45A/C73A variant. These values are of the folding reaction but also to follow the degree of
smaller than those obtained from the GdmCI-induced unfold- compactizationd values) in distinct parts of tendamistat in
ing curves at 25C. One reason for this discrepancy might the folding process. The regions which can be monitored
be that calorimetric data were extrapolated from 55 to 25 are those which form nonrandom structure in the unfolded
°C, which depends strongly oAC,. The AC, values state when the respective disulfide bond is intact.

obtained in calorimetric measurements on tendamistat have The 45-73 disulfide bond is a rather global tertiary contact
quite large errors, especially for the C11A/C27S variant, in the protein connecting two distant parts in the polypeptide
which could only be measured over a small pH range (Vogl sequence which are located in the two outer strands of the
et al., 1995). In this case, th&C, value had to be taken  secondg-sheet (Figure 1B). The value for this variant
direCtly from the calorimetric curve. Addltlona”y, the native therefore reflects the degree of Compaction in the region of
base line in the GdmCI-induced unfolding transitions is not the secongB-sheet. Thex value of 0.55 shows that in the
well-defined for the single-disulfide variants (Figure 2A)  refolding reaction of the C45A/C73A variant, 55% of the
which can lead to errors in the determination &G accessibility gain in the unfolded state upon mutation is lost
However, the thermodynamic parameters obtained from thejn the transition state. The overall accessibility change in
GdmCl-induced equilibrium transitions agree well with the the transition state of tendamistat folding derived from the
values determined from the kinetic data (Table 1). m, andm values of both the wild-type protein and the C45A/
In addition to the large decrease in stability, both single- C73A variant is 63%fm/(mx + m,); Table 1], indicating
disulfide variants show a large increase in thg, value, that the region of the secoridsheet is slightly less compact
which reflects the changes in solvent-accessible surface arean the transition state than the rest of tendamistat.
upon unfolding. Based on the native structure of the protein,  petermination of the activation parameters for the C45A/
the change in solvent-accessible surface area upon unfoldingc73 variant shows that the replacement of the-43
of tendamistat is estimated to be 6006 Wthh should give disulfide bond has little effect Omsﬁf but leads to a
anmyvalue of 2.1 (kcal/mol)/M (Myers et al., 1995). Wild-  pronounced increase inH%; (Table 3). This suggests that
type tendamistat has a significantly smafiexalue of 1.28  in the wild-type protein the presence of the-483 disulfide
(kcal/mol)/M, which was interpreted as residual structure in hond leads to favorable interactions even in the unfolded
the unfolded chain (Scimbrunner et al., 1997). The C11A/  state and thus enthalpically stabilizes the unfolded state.
C27S mutant has ame,of 1.85 (kcal/mol)/M Ame;= —0.58  These interactions are not formed in the transition state of
(kcal/mol)/M], and the CA5A/C73A variant has anvalue  folding when the C45C73 disulfide bond is not present.
of 1.70 (kcal/mol)/M AAmeq = —0.43 (kcal/mol)/M], sug-  Thus, a largely unfavorabl&H® is observed for the C45A/
gesting that both variants have significantly less residual c73 variant compared to the wild-type protein. This view

structure in the unfolded state.

The addition of the effects of the two mutations would
give anmgq value of 2.25 (kcal/mol)/M for a completely

is supported by the almost unchanged valuaA8¥; which
suggests that the increase in chain entropy of the unfolded
state upon replacement of the453 disulfide bond is not

reduced protein, which is not able to fold to a stable native compensated for in the transition state of folding. This,
conformation. This value is close to the expected value, again, suggests that formation of the secgnsheet is not

suggesting that the residual structures induced by thecomplete in the transition state of folding. Strand 1 and
disulfide bond are independent of each other. This is to be strand 3 do not seem to make contact until very late in the

expected since the disulfide bonds are not overlapping. Thefolding process, when the C4%73 disulfide bond is not

meq Values of other small proteins which do not contain
disulfide bonds are close to those of the single-disulfide
variants of tendamistat; e.g., tieq value of the 89 amino
acid protein chymotrypsin inhibitor 2 is 1.81 (kcal/mol)/M
(Jackson & Fersht, 1991).

Effect of Disulfide Replacements on FoldinGomparison
of the folding reaction of wild-type protein and the two
single-disulfide mutants allows us to monitor interactions in
well-defined regions of the protein during the folding process.

present.

The 11-27 disulfide bond is a rather local tertiary contact
connecting the ends offhairpin (Figure 1A). The residual
structure in the unfolded state formed in the presence of this
disulfide bond must therefore be located in thdairpin
region. Studies on model peptides showed that this region
of tendamistat has a tendency to form a hairpin loop even
in the absence of the disulfide bond (Blanco et al., 1994). In
peptides containing the 27 disulfide bond, the tendency
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of the hairpin to form is enhanced as judged by changes inrefolding studies and shows that the conformational entropy
the CD spectrum upon oxidation of the disulfide bridge gained upon mutation is completely compensated for in the
(wildegger and Kiefhaber, unpublished results). transition state of folding, again arguing for the formation
The C11A/C27S variant shows a strongly increasged  of the -hairpin in the transition state. These results also
value and a reduced, value (Table 1) compared to the wild-  rule out major entropic changes in the native state caused
type protein. The transition state of this variant is 90% by the replacement of the CXL27 disulfide bond. The
native-like in respect to its accessibility to solvent, andiits  increased rate constant of the unfolding reaction seems to
value is larger than 1. Thus, more than the increase inbe exclusively due to an enthalpic destabilization of the
accessibility upon mutation is regained during the refolding native state, which leads to the observed strong decrease in
reaction. This shows that th&-hairpin formed between AH%, (Table 3).
residues 11 and 27 has become solvent inaccessible in the |mplications for3-Sheet Formation.Kinetic analysis of

transition state of the folding reaction. Thevalue of greater  the single-disulfide variants of tendamistat shows that the
than unity could indicate local structural changes in the two regions of theS-sheet structure monitored by the
transition state and/or in the structure of the native state. mytations form at different stages in refolding. Formation
Local structural changes in the native state were also of the5-hairpin structure between residues Vall12 and Gly26
postulated from the large changes AG° and AH® upon occurs in the rate-limiting step in the folding process and
replacement of the 127 disulfide bond (Vogl et al., 1995).  seems to be complete in the transition state. This points to
Determination of AS*; and AH%; of the C11A/C27S g crucial role of this hairpin in tendamistat folding. Even
variant reveals that major compensating energetic changesyhen the disulfide bond is replaced and the two ends of the
occur in the refolding reaction of this variant compared to haijrpin are not forced to interact, this region forms a compact
the wild-type protein. The value &S decreases strongly, and energetically very favorable structure in the transition

indicating that the increased conformational entropy in the state. We do not know at present whether the formation of
unfolded state upon replacement of the disulfide bond is lost this hairpin represents a nucleation Step in a nucleation/

in the transition state. The observed changd 8% is growth type of folding reaction.
much larger than expected from changes in chain entropy
upon replacement of the ¥27 disulfide bond (9.7 kcal/
mol vs 3.1 kcal/mol), suggesting that side chain rotations
may already be restricted in the transition state. This large
effect onAS™ is very likely not caused by changes in the
entropy of the solvent upon formation of the transition state
in the C11A/C27S variant, since the burial of hydrophobic
side chains upon formation of the transition state should lead
to an increase ithS™. Taking this effect into account, the
actual decrease in conformational entropy might be even
larger than indicated bpS*;. The large decrease ihS
in the C11A/C27S variant is consistent with the results from
the accessibility changea-+{values) and supports the finding
that the-hairpin between residues 11 and 27 is already
formed in the transition state.

The strongly unfavorable effect of the replacement of the

Formation of the secong-sheet, in contrast, is not
complete in the transition state of folding. The interactions
of the outer strand with the rest of the secghdheet seem
to form mainly in the final steps of the folding process, after
the transition state.

These results suggest that the transition statg-sifieet
folding comprises mainly local interactions liehairpins.
The formation of these structures is obviously energetically
most favorable. This picture of tendamistat folding is
consistent with theoretical considerations/®aheet forma-
tion (Finkelstein, 1991). The interactions between strands |
and Il of the firstj-sheet seem to be very strong in the
transition state as seen by the favorahlg®, by the large
decrease iMAS%; in the C11A/C27S variant, and by the
complete loss of the solvent accessibility in this region in
11—27 disulfide bond om\S™; is opposed by a large decrease the transitio_n stgte. Th_e magnitude of these effects sugge_sts
in AH%. Formation of the transition state actually has a that extensive side chain interactions might already occur in

negativeAH%; in the C11A/C27S variant at 2&, indicating the transition state.
that the interactions in the transition state are more favorable Role of Preformed Correct Tertiary Contacts in Two-State
than in the unfolded state. This large changeAHR%; Folding. Tendamistat is the first disulfide-bonded protein
Compared to the Wiid_type protein could be caused by whose fOldlng and UnfOIding reactions were shown to be two-
favorable interactions in the unfolded state of the wild-type state (Schobrunner etal., 1997). The results of the disulfide
protein introduced by the residual structure in the hairpin Variants thus offer the opportunity to determine the role of
region. These interactions are lost in the unfolded state of Preformed tertiary contacts in the folding process of a fast
the C11A/C27S variant, but they seem to be regained in thetwo-state folder, without having to consider the effects of
transition state of the folding reaction, leading to the observed the mutations on the stability of folding intermediates.
favorableAH%;. Alternatively, the large changes ikH%; The observed large changes in the unfolding rate constants,
in the C11A/C27S variant could indicate favorable structural which are exclusively caused by a decreagétf*, in the
changes in the transition state. Changes in the structure ofC11A/C27S variant, indicate that interactions in the native
the transition state of the C11A/C27S variant would be protein at the locations of the cross-links are weakened by
compatible with the large changesrig andnmy as discussed  replacement of the disulfide bonds. This enthalpic destabi-
above. The increased conformational freedom at the endslization of the native state is reflected in the large loss of
of the hairpin structure might allow the hairpin to optimize stability upon the replacement of the disulfide bonds, which
its side chain contacts and thus lead to a favoratH;. cannot be explained solely on the basis of entropic stabiliza-
Comparison of the activation parameters for the unfolding tion of the unfolded state. The enthalpic stabilization of the
reaction of the wild-type protein and of the C11A/C27S native state creates a high energy barrier for the unfolding
variant shows that the disulfide replacement has no effectreaction and leads to a high kinetic stability of the native
on AS¥, (Table 3). This supports the results from the state.
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The rate constants of the refolding reactions are much lessDenton, M. E., Rothwarf, D. M., & Scheraga, H. (19Bipchem-
effected by the mutations than those of the unfolding reaction. _ istry 33 11225-11236. _
This shows that preformed tertiary interactions in the DP0ig: A.J., & Williams, D. H. (1991). Mol. Biol. 217 389-98.
unfolded state do not have a major rate-enhancing effect inEg:;”h%' :' élgﬁﬂsgfduigﬁ?k ihyz' 'gle?:;nlolSL (1e@2Mol. Biol
the refolding process, even if they connect parts of the 224,’77'1_'7’82. e T ' '
molecule which have to find each other in the transition state Finkelstein, A. V. (1991Proteins: Struct., Funct., Genet, 93—
of folding, as in the case of the +27 disulfide bond. As 27.
shown by the detailed analysis of the energetics of the Flory, P. J. (1956). Am. Chem. Soc. 78222-5235.
refolding reaction and of the unfolding reaction, the small Gruenewald, B., Nicola, C. U., Lustig, A., & Schwarz, G. (1979)

? ot : . Biophys. Chem. 9137—147.
change ilAG%; in the C11A/C27S variant is a result of two Haas-Lauterbach, S., Scharf, M., Sprunkel, B., Neeb, M., Koller,

large and opposing effects mHm_f andAS*. Similar kinds K.-P., & Engels, J. (1993)ppl. Microbiol. Biotechnol. 38719—
of entropy/enthalpy compensations have been found for the 727

effect of disulfide bond replacements on the equilibrium Huang, G. S., & Oas, T. G. (199Broc. Natl. Acad. Sci. U.S.A.
stability in several proteins (Doig & Williams, 1991). 92, 6878-6882.

The effect of enthalpy/entropy compensation on the 'tzggf‘ﬁgo?'z’s%tze”’ D. E., & Fersht, A. R. (1993) Mol. Biol.
activation parameters of the folding reactions can be Jackson, S. E., & Fersht, A. R. (L99Bjochemistry 3010428
explained on the basis of residual structure in the unfolded ™1 g435
state introduced by the disulfide bonds. The residual gjefhaber, T., Kohler, H. H., & Schmid, F. X. (1993) Mol. Biol.
structure leads to an unfavorable entropy in the unfolded 224 217-229.
state, but it also introduces interactions in the unfolded stateKiefhaber, T., Bachmann, A., Wildegger, G., & Wagner, C. (1997)
which seem to be enthalpically favorable. If the structural _ Biochemistry 365108-5112. _
element which is stabilized by a disulfide bond is folded in mg 2- g-’ g‘r;’zl;th\;:fh&mﬁi?w(;ggg- m Eé??lg%z}
the transition state, the presence of the disulfide bond reduces™ ¢7c" 754’ T T B '
the loss of chain entropy upon formation of the transition kramers, H. A. (1940Physica 4 284-304.
state and will thus have favorable effects®®&. However, Kraulis, P. (1991). Appl. Crystallogr. 24946—950.
at the same time, formation of this structural element will Lin, S. H., Konishi, Y., Nall, B. T., & Scheraga, H. A. (1985)
contribute less taAH%, since many of the interactions are Bochemistry 242680-2686.
already present in the unfolded state. Micke, M., & Schmid, F. X. (1994Biochemistry 3314608~

. : : : 14619.
T_hese_ con5|d_erat|0ns suggest that introducing preform_edMyers, J. K., Pace, C. N., & Scholtz, J. M. (199Bjotein Sci. 4
tertiary interactions between parts of the unfolded chain 5133 5148
which have to interact in the transition state of folding will pace, C. N., Grimsley, G. R., Thomson, J. A., & Barnett, B. J.
favor the folding reaction by decreasing the loss of chain  (1988)J. Biol. Chem. 26311820G-11825.
entropy but it will at the same time not allow the folding Pflugrath, J., Wiegand, I., Huber, R., & ¥esy, L. (1986). Mol.
chain to gain conformational enthalpy upon formation of the _ Biol- 189 383-386.

transition state since many of the favorable interactions are Sag(t)cérg, M. M., & Bolen, D. W. (1988Biochemistry 278063~

already formed in_ the urjfolded_ state. ,AS a result, the Schindler, T., Herrler, M., Marahiel, M. A., & Schmid, F. X. (1995)
preformed correct interactions will have little effect on the Nat. Struct. Biol. 2663-673.

rate of protein folding. Schmbrunner, N., Koller, K.-P., & Kiefhaber, T. (1997) Mol.
Biol. 268 526—538.
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