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INTRODUCTION

Parallel folding channels and partially folded intermediates

seem to be commonplace in folding reactions of proteins of

moderate to large size. For instance, the refolding of the a-sub-
unit of tryptophan synthase (aTS), a monomeric, single-do-

main, (b/a)8-barrel protein, displays multiple kinetic phases

spanning a large time scale.1 Mathews and coworkers1–3 pro-

posed that the refolding mechanism of aTS involves both off-

and on-pathway intermediates, as well as the occurrence of at

least four parallel reaction channels. Most likely, some of these

intermediates are partially folded forms, identified in previous

equilibrium and kinetic studies4,5 as autonomous folding units,

each comprising a particular region of the polypeptide chain.

Formation of the most stable intermediate apparently corre-

sponds to the folding of the first six b/a modules (i.e., residues

1–188); after this event, the remaining two b/a units fold and

assemble to the rest of the protein2,4; accordingly, aTS is said

to follow a 6 1 2 folding model. This proposal notwithstand-

ing, reports on the stability of amino-terminal fragments of

aTS6,7 indicate a different, 4 1 2 1 2 folding model. In this

regard, the presence of both on- and off-pathway intermediates

and of several folding channels in aTS may be a reflection of

the many ways in which discrete bab modules can associate to

form native-like or nonnative-like structures.2 Currently, there

is also some lack of agreement regarding the folding mechanism
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ABSTRACT

Triosephosphate isomerase (TIM), whose structure is ar-

chetypal of dimeric (b/a)8 barrels, has a conserved salt

bridge (Arg189–Asp225 in yeast TIM) that connects the

two C-terminal b/a segments to rest of the monomer. We

constructed the mutant D225Q, and studied its catalysis

and stability in comparison with those of the wild-type

enzyme. Replacement of Asp225 by Gln caused minor

drops in kcat and KM, but the catalytic efficiency (kcat/

KM) was practically unaffected. Temperature-induced

unfolding–refolding of both TIM samples displayed hys-

teresis cycles, indicative of processes far from equilib-

rium. Kinetic studies showed that the rate constant for

unfolding was about three-fold larger in the mutant than

in wild-type TIM. However, more drastic changes were

found in the kinetics of refolding: upon mutation, the

rate-limiting step changed from a second-order (at sub-

micromolar concentrations) to a first-order reaction.

These results thus indicate that renaturation of yTIM

occurs through a uni–bimolecular mechanism in which

refolding of the monomer most likely begins at the C-ter-

minal half of its polypeptide chain. From the temperature

dependence of the refolding rate, we determined the

change in heat capacity for the formation of the transi-

tion state from unfolded monomers. The value for the

D225Q mutant, which is about 40% of the corresponding

value for yTIM, would implicate the folding of only three

quarters of a monomer chain in the transition state.
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of N-(50-phosphoribosyl) anthranilate isomerase (PRAI),

another monomeric (b/a)-barrel protein.8–12 It is clear,

however, that the most stable region of, and also the first

to be folded in, both aTS and PRAI includes four to six

a/b modules, starting from the N-terminus of the chain.

The folding of dimeric (b/a)-barrel molecules has not

been so extensively studied. However, recent results about

the temporal order on which different regions of the bar-

rel fold are in contrast with those mentioned above for

aTS and PRAI. Indeed, by means of amide exchange and

mass spectrometry, Pan et al.13 have shown that the

monomer of rabbit muscle triosephosphate isomerase

(rabbit TIM) may be divided into halves: a fast folding

domain, comprising the four C-terminal b/a units, and a

slow folding domain, which is formed by the remaining

N-terminal modules. Furthermore, folding of the C-ter-

minal half apparently leads to a partially folded mono-

mer of marginal stability, which can be detected as a

kinetic intermediate in low concentration of guanidine

hydrochloride (GuHCl).13 It should be mentioned, how-

ever, that monomeric, partially folded conformations of

yeast (Saccharomyces cerevisiae) TIM have been found to

be well populated states at equilibrium in about 1.0M

GuHCl.14,15 In particular, Silverman and Harbury16

used the method of misincorporation proton-alkyl

exchange to determine the apparent stabilities of three

subdomains of the yeast TIM monomer; their results

indicate that unfolding proceeds along a sequential

model, with two intermediate states, in which the first

three N-terminal b/a units comprise the most stable sub-

domain. Interestingly, bioinformatical approaches17,18

have revealed two important folding-initiation sites in

the family of TIM proteins. One of them resides precisely

in a DX(D/N)G motif located just before b-strand 8. In

all TIM structures, the conserved Asp residue in this

motif forms a salt bridge with a basic residue in helix

6.19,20 The relevance of this salt bridge may be found in

the fact that it acts (together with other residues forming

a network of hydrogen bonds) as a link that anchors the

C-terminal (b/a)7–8 segment to the rest of the pro-

tein.20,21 Indeed, as reported by Kursula et al.,21 disrup-

tion of the aforementioned interaction (i.e., Arg191–

Asp227 in Trypanosoma brucei TIM) by substitution of

either of both charged partners leads to mutant enzymes

with good catalytic activity, but whose refolding effi-

ciency (after being unfolded in GuHCl) was drastically

abolished in comparison with the wild-type enzyme.

Since it is not known how the disruption of the con-

served salt bridge affects the stability and refolding

kinetics of TIM, in this work we have investigated these

matters in a point mutant of Saccharomyces cerevisiae

TIM (yTIM), in which Asp225 (equivalent to Asp227 in

trypanosome TIM) was substituted by Gln. As has been

shown previously,22 when present in submicromolar

concentrations thermally unfolded yTIM recovers its sec-

ondary structure through a second-order reaction charac-

terized by a compact, main transition state (TS). In con-

trast, here we report that refolding of the D225Q mutant

follows first-order kinetics and the main TS seems to

bury much less surface area. On the other hand, the

mutation of Asp225 only barely affected the unfolding

reaction and the catalytic efficiency of the enzyme.

MATERIALS AND METHODS

Mutagenesis and protein expression
and purification

The change of the Asp225 for Gln was performed by

polymerase chain reaction (PCR)-based overlap extension

mutagenesis.23 Mutagenic oligonucleotides were as fol-

lows: 50-AAGGACAAGGCTCAGGTCGATGGTTTC-30 for
the forward extension, and 50-GAATCCATCGACCT
GAGCCTTGTCCTT-30 for the reverse. Promoter and ter-

minator T7 oligonucleotides were used to complete the

amplification of the gene. The mutant gene was cloned

in the pET3a vector (pET System, Novagen). After verify-

ing the mutagenic codon incorporation by gene complete

sequence, the plasmid was used to transform BL21(DE3)-

pLysS cells.

Overexpression and purification of the wild-type and

D225Q TIM were carried out as described by Vázquez-

Contreras et al.24 Anion-exchange FPLC and SDS-PAGE

analysis showed that TIM preparations were homogene-

ous. Protein concentration was determined using the

absorption coefficient at 280 nm, A1 cm
1% 5 10.0.25

Activity assays

Enzyme activity was determined by a coupled assay

with a-glycerophosphate dehydrogenase (a-GDH) in the

direction of D-glyceraldehyde 3-phosphate (DGAP) to

dihydroxyacetone phosphate (DHAP), following NADH

oxidation by absorbance changes at 340 nm.26 Routinely,

assays were made at 25.08C in a 1.0-mL mixture contain-

ing buffer A [100 mM triethanolamine (TEA), 10 mM

EDTA, pH 7.4], 0.20 mM NADH, 0.02 mg of a-GDH,

and 2.0 mM DGAP. The reaction was initiated by the

addition of 3.0 ng of TIM. For the determination of Km

and kcat, the concentration of DGAP was varied between

0.05 and 4.0 mM.

Spectroscopic methods

Fluorescence spectra were obtained at 25.08C in a PC1

spectrofluorometer (ISS, Champaign, IL). TIM samples

(0.050 mg mL21) were excited at 280 nm, and emission

was collected from 300 to 400 nm. Circular dichroism

(CD) studies were carried out using a J-715 spectropo-

larimeter (JASCO, Easton, MD) equipped with a PTC-

348WI Peltier-type cell holder for temperature control

and magnetic stirring. Protein solutions of about 0.10

mg mL21 were placed in a 0.10-cm quartz cell for
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recording of spectra (2502190 nm). For thermal scans

and kinetic experiments, we employed 1.00-cm cells

wherewith protein concentration can be lowered to �10

lg mL21, thus reducing the risk of protein aggregation

after thermal denaturation. Temperature-induced unfold-

ing transitions were followed by continuous monitoring

of the ellipticity at 220 nm while the sample was heated

at a rate of 3.08C min21; the actual temperature of the

protein solution was measured with the external immer-

sion probe of the Peltier accessory. After unfolding had

been completed, the sample was cooled at the same rate

to register the refolding profile.

Tracings of the kinetics of unfolding and refolding

were obtained by following ellipticity changes at 220 nm,

as described before.22 Unfolding was initiated by adding

a small aliquot of concentrated TIM solution to a cell

containing buffer equilibrated at a desired temperature.

In refolding experiments, TIM samples were first sub-

jected to a temperature high enough to induce unfolding

of the protein in �1.5 min. Then, the temperature con-

trol of the Peltier accessory was set to a value 4.08C
below the temperature intended for the study of the

refolding reaction, thus allowing for a fast cooling

(�158C min21) of the sample; the final temperature

value was entered into the cell-holder control when the

cell was 0.58C above the desired value, and the CD signal

was registered thereafter. Inside the cell, temperature

came to equilibrium (�0.158C) in �40 s. An alternative

procedure was also used to study refolding of the wild-

type enzyme, which has proven to be more resistant to

irreversible aggregation than its mutants.22,27 In this

case, a concentrated protein sample (100 lg mL21) was

unfolded at high temperature, as mentioned above; 200–

300 lL of this solution was added to 2.700–2.800 mL of

buffer previously equilibrated to the temperature of the

study. Thermal equilibration of the final solution took

about 25 s.

RESULTS AND DISCUSSION

Expression, catalytic, and structural
properties of the D225Q mutant

Production of the mutant enzyme from transformed

Escherichia coli cells was about 3.0 mg per liter of culture,

which is four times less than the amount of wild-type

enzyme obtained from similar cultures. As SDS-PAGE

indicated, lower yields of the mutant are apparently due

to lower expression levels, and not to aggregation of the

expressed protein (Fig. S1 in Supplementary Material).

CD and fluorescence spectra (recorded at 25.08C) of

purified D225Q TIM display no significant differences

with respect to those of yTIM (Figs. S2 and S3 in Supple-

mentary Material). Similarly, the catalytic properties of the

enzyme changed only slightly upon mutation of Asp 225

(Table I). As can be seen, minor drops in kcat and KM com-

pensate each other so that the catalytic efficiency (kcat/KM)

of the enzyme is unaffected by this mutation.

Thermal scans

Melting-transition profiles of wild-type and D225Q

TIM were first obtained by temperature scanning (3.08C/
min) of samples dissolved in 0.01M Tris buffer, pH 7.4.

The apparent Tm for the mutant was �3.08C below that

for the wild-type enzyme. In this regard, it should be

mentioned that the method iPREE-STAB28 predicts this

particular mutation as slightly structure destabilizing.

When the wild-type protein was cooled to 258C, after

being thermally unfolded, more than 80% of the mole-

cules were able to refold, giving rise to the hysteresis

unfolding–refolding cycle that has been reported previ-

ously.22,27 The thermally unfolded mutant, however,

showed only about 20% refolding upon cooling. Poor

refolding capacity (i.e., ca. 2% recovery of enzymatic ac-

tivity) has also been found in Trypanosoma brucei brucei

TIM variants in which the conserved salt bridge had

been broken by point mutations.21

Nevertheless, we found that the refolding efficiency of

D225Q yTIM notably improved in the presence of phos-

phate ions. Figure 1 shows unfolding–refolding cycles for

the two enzymes under study, recorded with samples pre-

pared in 0.01M phosphate buffer, pH 7.4. In this buffer,

the mutant enzyme showed better refolding (i.e., ca.

60%), as judged from its CD spectrum and the recovery

of enzyme activity after refolding. Besides, Tm values

were �28C higher in phosphate than in Tris buffer, indi-

cating that phosphate ions, which are weak inhibitors of

TIM enzymes,29 exert stabilizing effects on both proteins.

It is important to note that CD spectra of thermally

unfolded TIM variants recorded at 688C (Fig. S4 in Sup-

plementary Material) indicated that the loss of secondary

structure in unfolded TIMs is essentially the same either

in Tris or phosphate buffer. Thus, although the phos-

phate ion does not significantly affect the residual struc-

ture of thermally unfolded yTIM, its presence seems to

help unfolded molecules to avoid side reactions that lead

to irreversible aggregation. Weak, specific or nonspecific,

binding of phosphate ions to the unfolded molecule

might be causing a reduction of solvent-exposed ‘‘sticky’’

surfaces, which are prone to form aggregates.

Table I
Catalytic Properties of yTIM and its D225Q Mutanta

kcat 3 1023 (s21) KM (mM) kcat/KM 3 1026 (s M)21

yTIM 6.9 (0.4) 1.13 (0.2) 6.1
D225Q 4.6 (0.04) 0.91 (0.08) 5.0

akcat and KM were determined from activity assays carried out at 258C, pH 7.4,

with D-glyceraldehyde 3-phosphate as substrate.

C.A. Reyes-López et al.
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It is also noted in Figure 1 that substitution of Asp225

for Gln brings about a larger shift in the apparent Tm
corresponding to, and also some broadening of, the

refolding arm of the hysteresis curve. Because under the

experimental conditions imposed the overall unfolding–

refolding process is kinetically controlled, one should

expect the mutation to cause larger alterations on the

refolding kinetics of the protein.

Unfolding kinetics

Temperature-induced unfolding of wild-type yTIM was

studied in the 56–658C range, in 0.01M phosphate buffer,

pH 7.4. Results (Fig. S5 in Supplementary Material) indi-

cated that phosphate ions do not change the general

characteristics of the unfolding reaction that were found

before22; that is, the reaction follows simple first-order

kinetics and leads to complete unfolding (as judged by

the CD signal) at all temperatures studied. At 65.08C,
unfolding was completed in �1.5 min; rapid cooling of

the sample to temperatures below 508C allowed the

enzyme to refold �90%, and also to recover its catalytic

activity in a similar percentage. However, as the unfold-

ing process took longer time, the enzyme lost its ability

to refold and recover catalytic activity upon cooling. As

discussed before,22,27 these characteristics of TIM

unfolding point out not only the absence of equilibrium

between native dimer and unfolded monomers, but also

the occurrence of further reactions that lead to irreversi-

bly unfolded species (i.e., aggregates).

Unfolding studies carried out with the mutant gave

similar results, except that maximal refolding was some-

what smaller (ca. 85%) than in the case of the wild-type

enzyme. Besides, the mutant proved to be kinetically less

stable than yTIM; that is, the unfolding rate constant, ku,

for the mutant was approximately three times larger than

that for the wild-type enzyme, as can be seen in the Eyr-

ing plots of Figure 2. These plots show that ku behaves

according to Eyring’s equation:

lnðku=TÞ ¼ lnðkB=hÞ þ DSz=R � ðDH z=RÞð1=TÞ ð1Þ

for the particular case in which the activation enthalpy

(DH{) and entropy (DS{) are both independent of tem-

perature; kB and h stand for Boltzmann’s and Planck’s

constants, respectively. From least-squares fits of Eq. (1)

to the experimental data, DH{ was calculated as 495 and

400 kJ mol21 for the wild-type and the D225Q enzymes,

respectively. Results obtained from these fittings are sum-

marized in Table II.

Refolding kinetics

It has been found22,27 that refolding of yTIM follows

second order kinetics when studied in Tris buffer (pH

Figure 1
Temperature-induced unfolding and refolding profiles of wild-type yeast TIM

and its D225Q mutant. Transitions were registered by continuous monitoring of

the ellipticity at 220 nm, with heating or cooling rates of 3.08C min21. Protein

solutions of 10 lg mL21, in 0.01M phosphate buffer (pH 7.4), and 1.00-cm

cuvettes were used. Curves 1 and 2 correspond to the heating of the wild-type

enzyme and the mutant, respectively. When unfolding had been completed,

samples were quickly cooled to 53–528C and recording of the refolding transition

(curve 3, yTIM; curve 4, D225Q mutant) was then started. The dashed line

extending from 68 to 758C shows the posttransition CD signal, which was

registered in separate experiments.

Figure 2
Eyring plots for the unfolding (ku) and refolding (kr) rate constants of yTIM

and its D225Q mutant. Rate constants were determined from far-UV CD

kinetic experiments carried out in 0.01M phosphate buffer, pH 7.4. Data for

yTIM are shown with filled (unfolding) and open (refolding) circles. Filled and

open triangles indicate unfolding and refolding data for the D225Q mutant,

respectively. Lines shown correspond to least-squares regressions to Eq. (1)

(unfolding) or Eq. (2) (refolding).

Refolding Kinetics of the D225Q Yeast-TIM Mutant
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8.4), at submicromolar concentration. Because in the

present work we used phosphate buffer (pH 7.4), we first

checked whether the presence of phosphate ions alters or

not the known features of the reaction. According to pro-

cedures described in Materials and Methods, the time

course of yTIM refolding was studied in the range from

41 to 498C. The kinetics of this process (see Fig. 3) was

found to differ from previous results in two aspects.

First, about 15–20% of the protein ellipticity was recov-

ered within the dead time of experiments; in studies car-

ried out in Tris buffer (pH 8.5) no significant fast-folding

phase had been observed. Second, the major slow phase,

which was the one actually registered, followed second-

order kinetics only when protein concentration was less

than 20 lg mL21 (i.e., 0.75 lM TIM monomers), as

indicated by the dependence of the reaction half-time

(t1/2) on the protein concentration (see Fig. 4). For a sec-

ond-order reaction, t1/2 is related to the total concentra-

tion of reactant, C0, by t1/2 5 1/2C0kr, where kr is the

rate constant. However, it is seen in Figure 4 that at con-

centrations above 20 lg mL21 t1/2 slightly deviates from

the expected trend, suggesting that the limiting step for

the reaction is changing from second to first order.

Refolding of the D225Q mutant was also studied in

phosphate buffer (pH 7.4), but at temperatures varying

from 19 to 388C. The kinetics resembled the behavior of

wild-type TIM in that a fast phase of small amplitude

was observed (see Fig. 3); nevertheless, the reaction half-

time for the second, slow phase was in this case nearly

independent of protein concentration as in a first-order

reaction (see Fig. 4). Such a change in the molecularity

of the rate-limiting folding step suggests that the TIM

molecule refolds through a sequential uni-bimolecular

pathway in which an unstable, monomeric intermediate

appears before the association step. Formation of second-

ary structure in the intermediate would involve, at least,

helix 6 and the two C-terminal b/a units, which are

regions linked together by the salt bridge Asp225–

Arg189. Weakening or disruption of this interaction

would then increase the folding barrier for the unimolec-

ular step, thus making it rate limiting, as observed with

the mutant D225Q. Furthermore, the refolding rate-

enhancing effect of phosphate seems to indicate that the

intermediate is stabilized by this ion. If so, the region

structured in the first step may extend to the loop con-

necting b-strand 6 to helix 6, in as much as this loop

comprises some residues that interact with the phosphate

group of the substrate.30 We must remind, however, that

a small amount of secondary structure might remain in

thermally unfolded TIM.22 Nevertheless, such a residual

structure should be very limited in extent and stability,

as judged from the calorimetric enthalpy of TIM unfold-

ing which, when normalized on a per residue basis,

results in a value close to that observed for small proteins

regarded as completely unfolded from a thermodynamic

point of view (see Refs. 22 and 31). It is possible indeed

that parts of the C-terminal b strands persist as flickering

structures at high temperature, but they consolidate into

native b/a modules by interaction with their adjacent a-heli-
cal regions at temperatures where the native protein is

stable.

Results presented above suggest, therefore, that parts

of the C-terminal half of yTIM conform a structural nu-

cleus that is folded in an initial stage of the folding path-

way of this protein, in agreement with the idea that Pan

et al.13 proposed based on their studies with rabbit mus-

cle TIM. In contrast, the apparent stabilities of yTIM

subdomains that were determined by Silverman and Har-

bury16 might lead one to think that the three N-terminal

b/a units, which are the most stable region in equilib-

rium GuHCl-induced unfolding experiments, represent

the site of initial structure formation on the monomer

folding pathway. However, as these authors recognize,16

‘‘knowledge of the equilibrium unfolding pathway can-

not, in itself, determine the kinetic folding pathway.’’

Indeed, a partially folded intermediate state that is

stable at some denaturant concentration may not be

populated at all when the protein refolds in the absence

of denaturant.

It may be thought, on the other hand, that the fast

kinetic phase detected in our CD studies could be a

reflection of an early development of secondary structure

in the polypeptide chain that occurs even before the

structural consolidation of the C-terminal b/a modules.

To elucidate this point, we studied the recovery of

enzyme activity during renaturation. For both, yTIM and

D225Q, a minor amount of activity (i.e., ca. 15% in the

wild-type enzyme and 20% in the mutant) was recovered

Table II
Unfolding and Refolding Activation Parameters of yTIM and its D225Q Mutanta

Unfolding Refolding

DH{ DS{ DG{ DCp
{ DH{ DS{ DG{ DCp

{

yTIM 495 (14) 1190 (43) 126 (2) 0 2230 (47) 2873 (160) 41 (12) 232 (6)
D225Q 400 (15) 920 (46) 115 (1) 0 2129 (7) 2712 (20) 92 (3) 213.4 (0.7)

aDCp
{, as well as DH{ and DS{ for unfolding, are temperature independent parameters. All other values are given at 378C. DH{ and DG{ are in kJ mol21, DCp

{ is in kJ/

(mol K), and DS{ is in J/(mol K). Standard deviation is shown in parentheses below each value.

C.A. Reyes-López et al.
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within the dead time of kinetic experiments (see Fig. 5).

The remaining regain of activity took place with a half

time only slightly longer than that observed for the

major, slow-refolding phase. Therefore, the fast kinetic

phase is most likely due to the coexistence of fast-folding

(UF) and slow-folding (US) unfolded states which can

both refold through parallel pathways leading to the fully

renatured enzyme, rather than to the formation of an

early, rudimentarily folded intermediate. In this regard, it

is frequently found that the slow interconversion between

US and UF species is associated to prolyl peptide bond

isomerization; in general, however, a high fraction of US

is expected only when the native state has one or more

cis prolyl bonds,32 which is not the case of yTIM whose

five proline residues are all in trans conformation. Fur-

thermore, since the amplitude of the fast renaturation

reaction of yTIM and its mutant seems to depend on the

presence of phosphate groups, the occurrence of a signifi-

cant fraction of UF species might be attributed to a con-

formational change linking unfolded forms with different

affinity for this ligand. Respecting this matter, the dis-

crepancy between our proposal for the refolding pathway

of yTIM and that inferred from the results of Silverman

and Harbury16 may be due to the presence of phosphate

ions in our studies. In any case, since phosphate is a

ubiquitous component of living organisms, its presence

must be taken into account in any model that looks for

an understanding of how proteins fold in vivo.

Temperature dependence of refolding
rate-constants

Figure 2 shows the variation of kr with temperature, in

the form of Eyring’s plots for yTIM and its mutant. Data

were analyzed by using Eq. (2),22

lnðkr=TÞ ¼ A� Bð1=TÞ � ðDCz
p=RÞ lnð1=TÞ ð2Þ

where DCp
{ represents the change in heat capacity upon

formation of the refolding TS. Coefficient B can be

Figure 3
Effect of protein concentration on the refolding kinetics of the D225Q mutant

(A) and wild-type TIM (B). Refolding was followed by the change in ellipticity

at 220 nm, in a 1.00-cm cell. In panel A, kinetic tracings correspond to protein

concentrations of 10 (dotted line) and 30 lg mL21 (solid line in gray), both

registered at 30.08C. Curves shown in panel B were recorded at 49.08C with

protein concentrations of 7.5 (dotted line) and 20 lg mL21 (gray line).

Figure 4
Dependence of the half-life time (t1/2) of the refolding reaction on protein

concentration. Data for wild-type TIM (circles) were obtained from kinetic

experiments carried out at 49.08C; for the D225Q mutant (squares), data

correspond to 30.08C. The bottom X axis indicates the reciprocal of monomer

micromolarity, which was calculated with Mr 5 26,650, whereas protein

concentration in lg mL21 is shown on the top axis. The line is the expected

trend for a second-order reaction.
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expressed as a combination of activation ‘‘thermo-

dynamic’’ functions as follows: B 5 (DHr
{ 2DCp

{ TR)/R,

from which the enthalpy of activation, DHr
{, can be cal-

culated at any particular temperature, TR, chosen as ref-

erence. The temperature-independent term, A, is given

by: A 5 ln(kB/h) 1 (DSr
{ 2DCp

{ 2 DCp
{ lnTR)/R. Fitting

of Eq. (2) to refolding data yielded negative values of

DCp
{, in accord with the downward curvature of plots

shown in Figure 2. For wild-type TIM, DCp
{ was deter-

mined as 32 � 6 kJ/(K mol), which is identical to the

value found at pH 8.522; in comparison, the value of

DCp
{ found for refolding of D225Q TIM was only 13.4 �

0.8 kJ/(K mol). Because it is thought that heat capacity

changes taking place in protein structural transitions are

roughly proportional to the respective changes in sol-

vent-accessible surface area, the aforementioned values of

DCp
{ indicate that the TS for the mutant buries only

�40% of the area buried in the TS of wild-type TIM.

Further characterization of TS can be obtained by means

of a well-known parameterization relating thermody-

namic functions to polar and apolar surface areas that

become buried on protein folding.31 The equations per-

tinent to the analysis of refolding kinetics are written as:

DH z
r ¼ DH� DASAz

pol þ DCz
pðT � THÞ ð3Þ

DCz
p ¼ DCp; pol DASA

z
pol þ DCp; ap DASA

z
ap ð4Þ

wherefrom changes in polar (DASA{
pol) and apolar

(DASA{
ap) solvent-accessible surface area occurring when

TS is formed can be computed from experimentally

determined values of DCp
{ and DH{; other terms appear-

ing in Eqs. (3) and (4) represent parameters of general

validity whose values are31: DH* 5 35 cal (mol Å2)21;

TH 5 373 K; DCp, pol 5 20.26 cal K21 (mol Å2)21;

DCp, ap 5 0.45 cal K21 (mol Å2)21. By introducing data

for the mutant D225Q into the aforementioned equa-

tions, we found that the main TS on the folding pathway

buries 6400 Å2 of polar and 10,800 Å2 of apolar area,

adding up to a total of 17,200 Å2. Since the total area

buried in folded proteins amounts on an average to 90–

100 Å2 per residue,31 the total area buried when TS is

formed would be equivalent to the folding of about 180

residues (i.e., three-quarters of the 248-residue-long

chain of a TIM monomer). In the case of wild-type TIM,

similar calculations gave a total buried area in TS of

41,200 Å2 (15,300 and 25,900 Å2 of polar and apolar

areas, respectively); this quantity would be compatible with

the folding of about 430 residues, thus conveying the

notion of a dimeric TS with native-like conformation.

CONCLUDING REMARKS

To disrupt the conserved Arg189–Asp225 salt bridge in

yeast TIM, the aspartic residue was replaced by gluta-

mine. This mutation only barely affected the catalytic

activity of the enzyme, but otherwise largely reduced the

enzyme’s refolding rate. Furthermore, the D225Q muta-

tion changed the kinetics of the rate-limiting step in

refolding from second to first order; concomitantly, the

magnitude of the (negative) heat capacity change associ-

ated to the formation of the TS decreased more than

two-fold in the mutant. These results indicate that rena-

turation of the TIM dimer starts with the refolding of, at

least, three of the C-terminal b/a units, which are linked

together by the conserved salt bridge; hindering of this

interaction, as in D225Q TIM, causes the first folding

step to become rate limiting. The monomeric intermedi-

ate resulting from the above reaction seems to be largely

structured, but unstable under physiological conditions.

The ensuing bimolecular association step is fast and

becomes rate limiting (in wild-type TIM) only at sub-

micromolar concentrations.
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27. González-Mondragón E, Zubillaga RA, Saavedra E, Chánez-Cárdenas
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