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ABSTRACT. R67 dihydrofolate reductase (DHFR) is a homotetrameric enzyme. Its subunit has a core
structure consisting of five antiparall@istrands that form a compaggtbarrel. Our interest was to describe

the molecular mechanism of the complete folding pathway of Akéheet protein, focusing on how the
oligomerization steps are coordinated with the formation of secondary and tertiary structures all along the
folding process. The folding kinetics of R67 dihydrofolate reductase into dimers at pH 5.0 were first
examined by intrinsic tryptophan fluorescence, fluorescence energy transfer, and circular dichroism
spectroscopy. The process was shown to consist of at least four steps, including a burst, a rapid, a medium,
and a slow phase. Measurements of the ellipticity at 222 nm indicated that about 50% of the total change
associated with refolding occurred during the 4 ms dead time of the stopped-flow instrument, indicating

a substantial burst of secondary structure. The bimolecular association step was detected using fluorescence
energy transfer and corresponded to the rapid phase. The slow phase was attributed to a rate-limiting
isomerization of peptidyl-prolyl bonds involving 15% of the unfolded population. A complete folding
pathway from the unfolded monomer to the native tetramer was proposed and an original model based
upon the existence of early partially folded monomeric intermediates, rapidly stabilized in a dimeric form
able to self-associate into the native homotetramer was formulated. The rate constants of these various
steps were determined by fitting the kinetic traces to this model and supported our mechanistic assumptions.

Efforts to examine the mechanisms of protein folding have detected, as observed for the dimeric P22 Arc repred$or (
largely increased in the past few years, and the folding of a 16). However, the proteins for which transient intermediates
wide variety of protein structures has been studitd4). were detected span a range of complexities in their folding
However, multimeric proteins have remained particularly behavior from the simple association-competent monomeric
under-represented in folding studies despite the fact that suchintermediate 14) to multiple transient intermediates such as
proteins are relatively common in biological systems and those detected in the folding of the multidomgi@ Trp
their oligomeric nature plays an essential role in determining synthase dimerl(/—19). Obviously, such folding processes
their biological function in vivo. Moreover, oligomeric can be very complex, and elementary steps have been
proteins often do not obey all the folding principles characterized in only few cases [review by Jaenickg. (
established for smaller protein8, (5, 6), and the role of Thus, the way in which the amino acid sequence of a
intramolecular forces in folding and stabilizing secondary polypeptide controls both the folding of individual subunits
and tertiary structure of simple monomeric proteins provides and their assembly to higher-order quaternary structure is
little information on how intermolecular associations stabilize far from being well understood.

oligomeric systems. Another weakness in our understanding of protein folding
The folding pathways of a few oligomeric proteins have consists of the relatively few detailed investigations of

been reported and revealed a variety of mechanisins ( predominatelys-sheet proteins. Such proteins are not only
7—11). Some proteins display folding monomeric or dimeric jmportant as models for understanding the formation of
intermediates as reported for tHescherichia coli Trp S-sheets, but also their folding properties may differ signifi-
repressor 12), the ATPase SecA1@), or the human  cantly from those of helical proteins since the interactions
glutathione transferase Al (14), whereas others fold in  that stabilize their secondary structure are predominantly
two-state reactions in which fOldIng and dimerization occur nonlocal in nature. The disorders in the formatiorﬁeﬂheet
simultaneously, i.e., stable folding intermediates are not stryctures observed in Alzheimer's, Huntington’s, and prion

diseases20) strengthen the need for a better understanding
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for several reasons. The R67 DHFR monomer is one of the (32) supported the simplest folding mechanism with only
smallest polypeptide chains (78 residueg))(known to one dimeric intermediate according to the following scheme:
assemble into an enzymatically active quaternary structure.

Though it catalyzes the same reaction as chromosomal 4U=2D=T
DHFRs, it has, interestingly, no sequence or structural )
homology with the chromosomal enzyn2). Its activity where T represents the native tetramer. The free energy value

is responsible for the resistance to the antibiotic trimethoprim Of the dimer-dimer association (2B~ T) was deduced from
(22, 24, 25). The R67 DHFR is active only in the tetrameric  the global analysis of the equilibrium unfolding transitions
state £6) and undergoes a pH-dependent equilibrium, with at pH 8.0 according to the scheme described above and was
a stable dimeric form below pH about 5.0. The crystal consistent with the previousG® values determined from
structures of the dimer and tetramer have been solggd ( the R67 DHFR dimertetramer equilibrium experiments.
28). The homotetramer catalyzes the NADPH-dependent The aim of the present study was to gain a better insight
reduction of 7,8-dihydrofolate (DHF) into 5,6,7,8-tetrahydo- iNto the molecular steps involved in R67 DHFR refolding
folate (THF) in a single active-site pore, passing through and to search for intermediates that could provide direct
the middle of the doughnut shaped macromolec2g: 30). information on the folding mechanisms. For that purpose,
The crystal structure shows that each dirgimer interface  fluorescence and CD stopped-flow methods were applied to
is stabilized by a hydrogen bond formed between the monitor the refolding kinetics. To simplify the kinetic
imidazole ring of the histidine 62 from one protomer and analysis, we chose to investigate first the refolding into
the hydroxyl group of the nearby serine 59 from the dimersatpH 5.0, where tetramerization could not occur. The
symmetry related protome8). Our previous studie2() refolding kinetics will be reported and analyzed in terms of
demonstrated that protonation of this histidine 62 within the @ four steps model which takes into account the heterogeneity
tetramer triggers the dissociation into dimers and that the Of the unfolded state, the dimerization step, and the first very
driving force of dimer-dimer association resides in the rapid phase. The rate constants obtained by fitting the
establishment of four hydrogen bonds per tetramer. experimental data to this model will be reported. The
R67 DHFR is quite interesting not only because of its pH- €xistence of partially folded monomeric intermediates will
dependent oligomerization equilibrium but also because it be discussed. The complete refolding of R67 DHFR into
is a pures-sheet protein. Each subunit has a core structure {etramers at pH 8.0 was then studied and will be described
consisting of five antiparalled-strands 28). Two monomers N terms of a general refolding pathway leading from the
associate to form a dimer with three strands from each unfolded monomer to the native tetramer.
monomer meshing to form a compact six-stranfidshrrel
at the subunit interface. R67 DHFR thus constitutes an ideal MATERIALS AND METHODS
model to address the relative contributions of long range and  Materials and Protein PurificationUltrapure guanidine
local interactions in the initiation g8-sheet protein folding  hydrochloride (GuHCI) was purchased from ICN Biomedi-
and to understand how the coordination of the various levels cals Inc. and used without further purification. Fluorescent
of structural organization along the folding process of an labeling reagents were purchased from Molecular Probes
oligomeric protein proceeds. (Leiden, The Netherlands). The cyclophilin (eCyp) was
Previously reported folding studie81) led to the conclu-  kindly provided by Dr. J. M. Betton, Institut Pasteur, Paris,
sion that R67 DHFR undergoes at pH 5.0, a simple two state France. Wild-type R67 DHFR was overexpressed in BLi5
unfolding equilibrium described by the following reaction bacteria (corresponding to BL21 laclQpACYC €uterived
scheme: from Novagen) transformed with thet R67 dhfr gene
subcloned in the expression vector pET19b (Novagen) and
D=2U purified using the same protocol as previously descrigay (
Protein concentrations were routinely measured spectropho-
tometrically using an extinction coefficient of 15 400~M
cm!t at 280 nm 81) and were expressed in monomer
molarity. Dihydrofolate reductase activity was assayed as

where U and D represent the unfolded monomer and the
native dimer, respectively. No evidence was found for folded
monomers as intermediate species in the unfolding of dimeric
R67 DHFR since the equilibrium unfolding transition curves : :

. ) reviously describe .
monitored by fluorescence and CD were superimposable and0 y a8

hasic. Th i ted that the folded Stopped-Flow Fluorescence Measuremelisthe kinetic
monophasic. These resufts suggested that the folde mono'experiments were carried out with an SFM3 mixing device

mer is not stable as an isolated species and that folding andfrom Bio-Logic (Pont de Claix, France) equipped with two

dimerization are tightly coupled events. Moreover, with large (18 mL) syringes injecting through the first mixer and

increasing pH, dimeric R67 DHFR associates to form a 3 small syringe (5 mL) injecting into the second mixer. The

tetramer which constitutes the true native state, and equi- ., : : :
o : . . ' mixing device, equipped with an F15 (1.5 mm 1.5 mm
librium folding studies on tetrameric R67 DHFR at pH 8.0 55 section) fluorescence cell, was combined with the

optical bench and detection module of Bio-Logic. Two

1 Abbreviations: DHFR, dihydrofolate reductase; MTA buffer, 50 hotomultipliers wer ne for the detection of th
mM MES, 100 mM Tris, 50 mM acetic acid polybuffer; GuUHCL, photomuttipliers were used, one fo etection o €

guanidinium hydrochloride; IANBDIN,N -dimethyI-N-(iodoacety)N'- emitted light through a 350 nm high pass filter for intrinsic.
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine; DCIA, 7-diethyl- fluorescence measurements and the second for the detection
amino-3-((4-(iodoacetyl) amino) phenyl)-4-methylcoumarin; IANBD of the excitation light (295 nm). The ratio of the two signals

DHFR, R67 DHFR monomer covalently linked to IANBD; DCtA ; ; ; . ; s
DHFR. R67 DHFR covalently linked to DCIA: FRET, fluorescence V@S electronically determined in the Bio-Logic dual amplifier

resonance energy transfer; eCygscherichia colicyclophilin; CD, and recorded by means of the Bio-Kine software package
circular dichroism. of Bio-Logic. Kinetic measurements of R67 DHFR refolding




14990 Biochemistry, Vol. 41, No. 50, 2002 Bodenreider et al.

were obtained by 40-fold dilution of 24 (from the small Scheme 1

syringe) of denatured protein in MTA buffer, pH 5.0, 4 M Ucis — lcis

GuHCI with 780uL (390 uL from each large syringe) MTA T « lk'

buffer, pH 5.0, containing different amounts of GuHCI for l ! ko ks
achieving final concentrations ranging between 0.1 and 0.8 Utrans —> ltrans — I' —— D

M GuHCI. The final concentration of DHFR R67 in the r

observation cell ranged from 0.5 to a04. The duration of o
the injection was 75 ms resultingi ia 5 msdead time. 6.5 for 5 h at 20°C. Excess reagent was _removed t_)y filtration
Recording of the fluorescence intensity was triggered at the ©n & PD10 column (Pharmacia) equilibrated with 50 mM
end of the injection. All the solutions were filtered and Sodium phosphate buffer, pH 6.5, 4M GuHCI. The amount
extensively degassed immediately before they were used. The&f covalently bound probe was found to be respectively 1
stopped-flow temperature was controlled by means of an mole of IANBD group per mole of DHFR R67 monomer
external thermostated water bath and a high flux pump to @nd 0.75 mol of DCIA per mol of DHFR R67 monomer.

circulate the water between the bath and the stopped-flow The molar extinction coefficients used to determine the
apparatus. Standard temperature was@5 labeling yield were 25 000 M cm™* at 478 nm for IANBD

Fluorescence resonance energy transfer (FRET) experi-2nd 31 000 M*cm™* at 384 nm for DCIA. The fluorescence

ments were conducted on proteins labeled with DCIA as the SPectra of the labeled proteins were monitored at@0n
donor or IANBD as the acceptor. A premix of equimolar an LS5B (Perkin-Elmer) spectrofluorometer in 50 mM MES,
quantities of the two denatured labeled proteins, DEIA 100 mM Tris, 50 mM acetic acid buffer (MTA) at pH 5.0.
DHFR and IANBD-DHFR, was introduced into the small  The protein concentration was@/mL. The excitation and
syringe and the refolding kinetics were initiated in the €mission bandwiths were 5 nm, and the scan speed was 30
stopped-flow as described above for the intrinsic fluores- nM/min. _ _ -
cence. The quenching of fluorescence of the donor was Data AnalysisFor each set of experimental conditions,
monitored by exciting at 384 nm and measuring the light 10—30 kinetic traces were obtained, and_the accumula_ted
emitted above 450 nm using a high pass filter. The sampling Kinetic data were averaged and converted into an ASCIl file.
interval and filtering time constants will be specified in the In the first approach, the resulting file was analyzed with
legend of figures. the Figure P software (version 2.7 fqr Wmdows, Biosoft,
Time-Resaled CD ExperimentsCD experiments were ~ Cambridge, U.K.) on a model consisting of a sum of
performed on a CD6-circular dichroism spectropolarimeter €xponentials. o
(Jobin-Yvon ISA, Longjumeau, France) equipped with a Seve_ra_l_refo_ldmg k|net|(_: schemes were the_n teste(_j for
SFM-3 stopped-flow module (Bio/Logic, Claix, France). The compatibility with the.experlmental date} mechamsm. Various
stopped-flow unit and the observation cell (path length of Programs were routinely used: the fitting routine Power-
1.5 mm) were thermostated at 2. Kinetic measurements ~ BASIC v. 2.1, an in-house software program using nonlinear
of R67 DHFR refolding were obtained by rapid mixing (45 !€ast-squares method and the Simplex and Newton-Gauss
ms injection time) of 1%L of denatured protein in MTA ~ MiNimization algorithms, the program Scientist (Micromath
buffer, pH 5.0 4 M GUHCI with 585uL of MTA buffer, Inc., USA), and the program DynaFit by Petr Kuzme)
pH 5.0. Two final protein concentrations were used: 6 and The final kinetic model was refined until no significant
30 uM. The dead time of the instrument was 3 ms. The improvement of the fit was observed as judged from the
ellipticity at 222 nm was recorded, using a filtering time residual errors. All parameters (rate constakitskz, ks,
constant equal to the sampling interval. For each sample,SP€cies qoncentratlons) were then Qeterm|ned according to
several traces were averaged (from 20 to 400, depending orfh€ reaction scheme proposed in this paper (Scheme 1).
the signal). Controls with refolding buffer and GuHCI  Inthe case of FRET experiments, fitting of DCHOHFR
solutions alone were recorded for correcting the kinetic tracesfluorescence extinction data was performed with the

of any instrument offsets. PowerBASIC v. 2.1 program assuming various dimerization
Double-Jump Experiment€lassical double jump experi- models. _ _ o o
ments (native-unfolded-native) were performed by fluo- The model of an irreversible association from two distinct

rescence stopped-flow measurements. In the first mixing step,molecular species Xand X stemming from an isomeriza-
denaturation was initiated by the dilution of native dimeric tion, with the mixed formation of the heterodimep, and

R67 DHFR in MTA buffer pH 5.0 to final denaturing the o homodimers X, and XX, was selected. The
conditions of 10 mM acetate, pH 1.8 M GUHCI, 5 mM reaction scheme associated to this system is represented as
DTT. The second mixing step was applied after varying follows:

denaturation times (1 s to 45 min) and transferred the protein

into renaturing conditions (MTA buffer, pH 5.0) to monitor X, + xzia» D with X* LA X,
refolding. The final concentration of protein was Q. K K
The excitation wavelength was 295 nm, and the emission Xy + X,— XX, X* =X,
was measured using a high-pass filter with a 350 nm cutoff. Kk,

Fluorescence Labeling and Fluorescence Spedine R67 Xy + Xy XX,

DHFR was reduced fdl h (50 mM sodium phosphate buffer,

pH 7.0, 5 mM DTT) and denatured by dialysis against 10 where X and X are respectively the trans prolyl isomers
mM acetate, pH 5,04 M GuHCI. The single reactive SH of the DCIA and IANBD labeled monomers, D is the
residue was labeled by incubating reduced and denaturecheterodimer, XX,, X;X;, and XX are the homodimers, and
R67 DHFR (0.1 mM) with 1 mM IANBD or DCIA at pH ki is the association rate constang*X&nd X,*, the cis prolyl
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isomers of X and X, are isomerized into the trans conformer
with a rate constank; which will be fit and the cis/trans
proportion is allowed to vary between 10% and 15% (see
Results).

If [X17] and [Xor] represented, respectively, the total
molarity of the DCIA-DHFR monomer and the total
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molarity of the IANBD—-DHFR monomer, [Xp] the con-
centration of X in the homodimer XX;, and [Xp] the
concentration of Xin the homodimer XX, the differential -
equations system was <
©
d[D] S
“q = kXX = k(X 17] = @[X 0] + [P]) x s "
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T = kX = KXol — @D T OD)? (@)

where [XlT] = [Xl] + Z[XDl] + [D] and [Xz'r] = [XQ] +
2[Xp] + [D].

The time course of fluorescence change was described by
the equation

F(t) = ¢1[X4] + €,[X,] + €p[D] + €,5[X 1] + €20[X 0]
(4)
whereF(t) is the total amplitude at timg ej,¢2 , €1p, €20,

and ep are, respectively, the specific fluorescences gf X
X, X1p, Xop, and D, withe; = €1p > 0 andes = e;p = 0.
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folding of R67 DHFR was.investgated &t pH 5.0, b rime, sec

i was investi . Y . S

S : . Ficure 1: Refolding kinetics of R67 DHFR at pH 5.0 and 26
monltorl.ng the tryp@o.phan quorechnce intensity at 340 nm monitored by fluorescence (panel A) and circular dichroism (panel
as function of guanidine hydrochloride (data not shown). As B). The kinetic traces shown result from the average of 10
previously described3@), the transition of R67 DHFR from  recordings in fluorescence and 200 in circular dichroism. The solid
native to denatured conditions resulted in a red shift of the lines represent the best fits of bi- or triphasic sequential kinetics to
the experimental points, and the residuals of the fits are shown

emission spectrum with an overall decrease in fluorescence . .
P above panel A and B, respectively. Panel A shows a typical trace

intensity. The denaFuration and rengturation reacFions WEreopserved by stopped-flow fluorescence and, in the inset, an enlarged
shown to be reversible at 3;BVl protein concentration, 25  view of the firsts two seconds. An excitation wavelength of 295
°C, and pH 5.0, and transition curves were consistent with nm was used, and fluorescence was collected above 350 nm using
a two-state equilibrium between native dimers and unfolded & high pass cutoff filter. The concentration of R67 DHFR in the

; ; observation cell was 0.6M. The horizontal arrow indicates the
monomers without any detectable thermodynamically St"j‘lblefluorescence intensity value for the denaturated protein at 0.1 M

intermediates. The free energy of unfolding in the absence gyHcl, pH 5.0, extrapolated from the variation with the final

of GUHCI were calculated to be 128 0.4 kcal/mol in GUHCI concentration, of the fluorescence intensity measured at the
agreement with previousG° values reported in the literature  end of the dead time of the stopped-flow apparatus. Recording of
(AG® = 12.3 kcal/mol) 81, 32). the fluorescence was triggered at the end of the injection for a

: P : duration of 100 s with a sampling interval of 100 ms on one channel
Refolding Kinetics Monitored by Tryptophan Fluorescence and for 10 s with a sampling interval of 10 ms on a second channel

and Circular Dichroism.Refolding kinetics of R67 DHFR  (see inset). For both recordings, the filtering constant was 10 ms.
were examined in stopped-flow experiments by analyzing The fluorescence intensity is in arbitrary units. Panel B shows a
tryptophan fluorescence and ellipticity changes during the kinetic trace of ellipticity changes at 222 nm. The concentration of

refolding br Unfol roteinsaM HCl and pH R67 DHFR in the observation cell was @8¥. The horizontal arrow
efolding process. Unfolded proteint4M GuHCI and p indicates the value of the ellipticity of unfolded R67 DHFR at pH

5.0_Were_ d"!ﬂed 40-fold t_o induce _ref(_)ldl_ng. Figure 1 shows 5.0 obtained by repeated injections of R67 DHFR in 4.0 M GuHClI,

typical kinetic traces monitored by intrinsic fluorescentg&{  pH 5.0. The sampling interval and filtering constant were 5 ms.

= 295 nm; emission above 350 nm) (Figure 1A) and

ellipticity at 222 nm (Figure 1B). The kinetics in fluorescence

were complex. The fluorescence first very rapidly decreased phase during the dead time of the stopped-flow instrument,
(see inset, Figure 1A) and then increased to finally reach the initial fluorescence intensity of the unfolded protein was
the fluorescence of native dimers. To detect a potential burstdetermined at 0.1 M GuHCI by extrapolation from the
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variation of the first measurable fluorescence intensity of 2
R67 DHFR at GuHCI concentrations ranging between 2 and
4 M. The extrapolation yielded a fluorescence intensity value
at time zero corresponding to 35% of the total fluorescence
of native R67 DHFR, indicating that the rapid phase of
fluorescence decrease was in fact preceded by an even faster
one that occurred during the 4 ms dead time of the machine

iy
o

Rate constant (s7)

0,5
and resulted in a significant fluorescence variation. The low

amplitude of the first observable phase and the very limited i T T
number of experimental points available prevented a quan- 0 5 10 15 20 25 30
titative analysis of this phase. Protein Concentration (uM)

_ Unlike the rapid ﬂuor_escenc_e de_crease, the fluorescencerigure 2: Dependence of the rate constant of the medium refolding
increase could be satisfactorily fitted to a sum of two phase on the protein concentration. Experiments similar to those

exponential functions with a random distribution of the depicted in Figure 1 monitored in fluorescend® @r in circular
residuals (see Figure 1 above the kinetic trace). The ratedichroism @) were repeated at various protein concentrations. The

tants of the di h i dtob kinetics were analyzed as indicated in Figure 1, and the resulting
constants ot the two corresponding phases were 1ound 10 D&4ie constants obtained for the medium phase are plotted as a

about 1.7 s* for the medium phase and 0.04'for the function of protein concentration. An approximate second-order rate
slow phase at 6uM protein and 25°C. The relative constant is determined in the low protein concentration range (below

amplitudes of these medium and slow phases accounted fo #M) from the slope of the plot and yields a rate constant value
about, respectively, 65% and 35% of the visible part of the ©f about 0.56x 10° M~ s,
kinetics. Thus, an initial burst phase followed by three kinetic _ o . —
phases was identified that gave rise to fluorescence variationéjsed for a qualitative characterization of the different kinetic
of different signs and amplitudes. phases. o ) ) .

The kinetics of R67 DHFR refolding were also analyzed ~1he Dimerization StepTo investigate specifically the
by monitoring the ellipticity at 222 nm (Figure 1B). As d|me_r|zat|on stt.ap.on the pathway of R67 DHFR foldlng_, the
expected from the spectra of the unfolded monomer and physmal association of the monomers had to be monitored
native dimer, the refolding was reflected by a gain of d|rectly.. Energy transfer between quoresce'nt probgs bound
ellipticity amplitude. 50% of the total ellipticity amplitude 0 the isolated monomers seemed a suitable signal for
was reached at the end of the dead time, indicating that amonitoring the associatior3$, 36). To introduce a covalent
very rapid phase was completed within the first 4 ms. Then fluorescent label on each monomer, we took advantage of
the signal decreased more slowly to reach the ellipticity of the presence of a unique cysteinyl residue (C47) per
the native dimeric protein. As observed for the fluorescence monomer exposed to the solvent. The distance of 19 A
increase, the ellipticity change could be fitted to a sum of Petween then-carbons of cystein 47 and cystein 147 (or
two exponential functions. The procedure provided good fits Petween C247 and C347) in the R67 DHFR tetramer
of the kinetic traces (lowX? and random residuals) and structure 28) is compat|t_)le Wl_th a po;entlal Qnergy_transfer.
allowed to estimate the rate constants to be about 26 s Moreover, the C47 residue is the first amino acid residue
and 0.05 s, close to those determined for the slow and belonging to thef-strand involved in the intermonomgr
medium phases observed in fluorescence at the same proteiRarrel and thus should be a direct reporter group for the
concentration. Thus, the circular dichroism signal obeyed a dimerization.
complex kinetic model that could be decomposed in at least Analogues of the coumarin and benzoxadiazol fluorescent
three distinct phases: a burst, a medium and a slow phaseprobes were chosen as fluorescent donor and acceptor,

Concentration Dependence Experimefisice native R67 ~ respectively. The reduced R67 DHFR was specifically
DHFR at pH 5.0 is a dimer, its folding must include a labeled with DCIA (iodoacetyl derivative of coumarin) or
bimolecular reaction and hence a step with a rate constant!ANBD (iodoacetyl derivative of benzoxadiazol) in the
dependent on the protein concentration. To find out which unfolded state and renatured either separately or as a
of the observed phases might correspond to the dimerizationstoichiometric mixture. Figure 3 shows the fluorescence
step, refolding experiments were carried out at various protein€mission spectraifx. = 384 nm, corresponding to the
concentrations. In fluorescence as in circular dichroism, only maximum excitation wavelength of the donor group) of the
the medium phase was dependent on the protein concentratwo individual labeled proteins and their mixture. It can be
tion whereas the rate constant of the slow phase appeared téeen that DCIA-DHFR alone exhibited a strong emission
be concentration-independent. The relative amplitude of the band with a maximum at 470 nm whereas a weak fluores-
burst phase observed in fluorescence and CD, and that ofcence emission of IANBBDHFR was centered around 535
the rapid phase detected in fluorescence were unchanged withm and undetectable at 470 nm. When the two labeled
the protein concentration. Figure 2 shows the plot of the proteins were mixed and renatured together, the fluorescence
medium rate constant as a function of protein concentration. Spectrum showed a clear decrease of the donor (BCIA
Fitting the portion of the plot below 4M of monomer to a DHFR) emission, consistent with an energy transfer occur-
straight line provided a slope of 0.56 10° M~ s°1, which ring between the donor and the acceptor.
can be considered as a rough estimate of the second-order The refolding kinetics of IANBD-DHFR alone were
association rate constant at 26 and pH 5.0. Therefore, investigated by monitoring the intrinsic tryptophan fluores-
though fitting the fluorescence kinetics to the sum of cence above 350 nMid,= 295 nm), and the rate constants
exponential terms is obviously inconsistent with the presence of the two major refolding phases were determined. The rate
of a bimolecular reaction, this simple fitting procedure was constants were unchanged as compared to those obtained
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Ficure 3: Comparison of the fluorescence emission spectra
(excitation at 384 nm) of the labeled proteins DGIRHFR and
IANBD —DHFR, either isolated or renatured as a mixture. All
labeled proteins were in MTA buffer pH 5.0 at the protein
concentration of Ztg/mL. The DCIA-DHFR (@) and IANBD— Time, sec
DHFR (a) spectra are described by solid line and the mix (1:1)

(m) of DCIA—DHFR and IANBD-DHFR by dashed lines. B
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with the unlabeled protein, confirming that alkylation of the
C47 residues did not affect the R67 DHFR refolding kinetics.
Thus, the extinction of the emission fluorescence of the
donor (DCIA-DHFR) above 450 nmA(exc = 384 nm)
could be used to monitor the kinetics of the monomer
monomer association. Figure 4A shows a typical kinetic trace
from a FRET experiment at 0.1 M GuHCI and 26. The
DCIA emission fluorescence first rapidly decreased and then
slowly reached a stable value. Various attempts to fit the
FRET kinetic data led us to retain an irreversible dimerization
model from two molecular species; dnd X, arising from
an isomerization reaction, with the mixed formation of
heterodimer (XX;) and homodimer (XX;) and (%&X3). In Time, sec '
this model (described in Materials and Methods), we assumedFicure 4: Kinetics of quenching of fluorescence during refolding
that the first order isomerization rate constant was the sameupon association of DCIADHFR and IANBD-DHFR monomers
for both species, the reactions of heterodimerization and in Standard conditions (panel A) and at 42 and 0.7 M GuHCI

. - . final (panel B). An excitation wavelength of 384 nm was used,
homodimerization occurred concurrently with the same a4 ihe fluorescence was collected above 450 nm. Each trace results

association rate constarit), and the fluorescence decrease from the accumulation and averaging of 10 kinetic runs. Under
was only due to the heterodimer appearanceg{gX Using standard conditions (panel A) a premix of the two denatured labeled
the non linear least squares curve fitter PowerBASIC v. 2.1, DCIA—DHFR (20 uM) and IANBD—DHFR (27 uM) in 4M

: ; : . GUuHCI, pH 5.0 (from the small syringe), was diluted at’Z540-
FRET experimental data (Figure 4A) were satisfactory fitted old in MTA buffer pH 5.0 (from the large syringe). The

. - . . . f

according to this reaction scheme as judged by the residualy,orescence was recorded for 50 s with a sampling interval and a
errors (see above Figure 4A). They provided a first-order filtering constant of 50 ms. However, because of limitations of the
isomerization rate constakt= 0.037 st and a bimolecular fitting routine PowerBASIC used for FRET data analysis, the 1000
rate constant ok, = 2.8 x 10f M~ s%, in reasonable  experimental data points were averaged two by two in 512 points

; ; " represented by open circles. The solid line represents the best fit
agreement W't.h the approximate value estlmateq above fromto the experimental points according to an irreversible dimerization
the concentration de_pendence of Fhe apparent flrst-ord_er ratgrom two species X and X, stemming from an isomerization
constant of the medium phase (Figure 2). The proportion of reaction, with the mixed formation of homodimers and heterodimers
cis species was found to be 9%. (see Material and Methods). The residuals of this fit are shown

; inati above the kinetic trace. In panel B, the premix of the two denatured
Dﬁﬁgaéqranttr?e%%r;dgr;ﬁ:elqof the Refoldln? _Kln?tlcs 0f|R67 labeled DHFR species was diluted at’240-fold in MTA buffer
S ||jce e .monomer cor_1 a|n§ Ive pro ',ne 0.6 M GuHCI, pH 5.0, to reach a GuHCI final concentration of 0.7

residues in trans conformation in the native dimer, proline m. The fluorescence was recorded for a duration of 50 s on one
isomerization reactions could be expected to occur during channel and fo5 s (see inset) on a second channel. For both
the refolding process. To test the existence of proline recordings, the sampling interval and the filtering constant were
isomerization, the kinetic behavior of the refolding phases 20 Ms:
was analyzed at different denaturant concentrations. The
apparent amplitude of the rapid phase increased whileresidual GuHCI using a three steps model and the sum of
increasing the final GuHCI concentration, whereas the three exponential functions
amplitude of the two other phases seemed unaffected (data Figure 5 shows a linear denaturant dependence &C25
not shown). This made it possible to perform a satisfactory of the logarithm of the refolding rate constants of the rapid,
fit of the complete kinetic traces obtained in the presence of medium, and slow folding phases. The apparent rate constant

1, AU

Signa




14994 Biochemistry, Vol. 41, No. 50, 2002 Bodenreider et al.

4 = rate-limiting step for folding of this species being the
isomerization of at least or@s-proline into the native trans
conformation.

Refolding Model and Data FittingAs already pointed out,
the above analysis according to a sequential pathway,
° including only monomolecular reactions did not take into
account for bimolecular reaction of monomenonomer
association. Nor did it include the heterogeneity of the

A a denatured state. A more complex model therefore had to be

' ' ' ' imagined to provide a rigorous quantitative description of
the folding process. This was done on the basis of the

following observations: (i) the refolding kinetics were a

FiGURE 5: Denaturant dependence of rate constants measured bymultiphasic process with a burst phase followed either by

intrinsic fluorescence at pH 5.0 and 2& in stopped-flow two other phases (medium and slow) in CD or by three

fluorescence. Experiments similar to those depicted in Figure 1A phases (rapid, medium and slow) in fluorescence. (ii) The

were repeated in which the buffer contained in the two large meqiym phase was the unique phase dependent on the protein
syringes was supplemented with GUHCI. The kinetics were analyzed trati hich implies that th
as indicated in Figure 1 and the resulting rate constants obtainedcOncentration which implies that the monorenonomer

at each GUHCI concentration. The logarithm of the rate constant @ssociation step occurred during the medium phase and not
corresponding to the rapidj, medium @), and slow &) phases before. Hence monomeric folding intermediates were gener-

are plotted as a function of the GUHCI concentration. ated before the association step by processes occurring during
the burst and rapid phases. (iii) The 200 ms lag observed in
Table 1: Catalytic Effect of eCyp on the Rapid and Slow Refolding the FRET experiments confirmed the existence of an event

2+

Lnk(s ')
o

2k

0 0,2 0,4 0,6 0,8 1

GuHCl residual concentration (M)

Rate Constantsduring Refolding of DHFR R67 at 25C and pH occurring before the dimerization step. (iv) A proline
5.0 isomerization was responsible for the slow refolding phase
eCyp concentration (nM) of R67 DHFR, as shown by the lack of dependence on

rate constant (¢) 0 12 30 120 300 600 denaturant concentration of the slow rate constant and by
medium 065 069 093 079 086 069 its acceleration in the presence of eCyp.
slow 0.04 005 009 011 016 0.15 With these considerations in mind, several sequential and
aRate constants are determined by fitting to a two exponential parallgllrefolding pathways have. been simulated and a model
process the refolding traces obtained in the presence of variousdescr'bmg the R67 DHFR refolding pathway at pH 5.0 could

concentrations of eCyp. The DHFR R67 concentration wasland be proposed and is depicted in Scheme 1. The experimental
the final buffer conditions were 0.1 M GuHCI, MTA buffer, pH 5.0.  evidences on which this model is based will be discussed
later.

of the rapid phase was clearly slowed in the presence of |n Scheme 1, it is assumed that two subpopulations, named
residual GUHCI, and its value at 0.1 M residual GUHCl could Ugs and Uans 0f monomeric intermediates are present in
be reliably determined by extrapolation from the denaturant the unfolded state and differ from one another by the
dependence of the rate constant. A value of 46 was conformation of their prolyl residues.

obtained. The apparent first-order rate constant of the Since the reactions &d — Ugans and kis — lyans are
medium phase decreased almost 10-fold as the concentratio’pectroscopically indistinguishable, the proline isomerization,
of denaturant increased from 0.1 to 0.8 M GuHCI, whereas responsible for the slow phase, might occur either in the
the rate constant for the slow phase showed only a weakynfolded state or in the corresponding Bnd kans burst
denaturant dependence. The weak dependence of the refoldntermediates generated extremely rapidly (less than 4 ms).
ing rate of the slow phase on denaturant concentrationThe burst intermediate with all proline residues in trans
suggested that this kinetic phase might correspond to aconformation would be directly converted into a second
peptidyl-prolyl isomerization ste[87). To test this hypoth-  intermediate 'l able to associate to form the native dimer,
esis, refolding kinetics were performed in the presence of ahile the cis conformers would have to first isomerize to
peptidyl-prolyl isomerasesQ). The periplasmic cyclophilin-  trans conformers before being converted into From

type cis-trans peptidyl-prolyl isomerase frdincoli (eCyp) ~ Scheme 1, a simplified fitting model 1 was formulated:
is an effective peptidyl-prolyl isomerase that catalyses the

slow isomerization of peptideproline bond 89). Table 1 ky
shows the effect of increasing concentrations of eCyp on 28is ™ 2lyvans
the refolding kinetic rate constants of the medium and slow

phases. The relative amplitudes of the two kinetic phaseswhere S represents the slow folder species with proline
were unaffected by the presence of eCyp, and the rateresidues in cis conformation.d and U;s from Scheme 1)
constants were determined as previously described. Whileand kans represents a monomeric intermediate with proline
the rate constant of the medium phase was practically residues in trans conformation; represents a second
unaffected by the presence of eCyp, the rate constant of themonomeric intermediate and D the native dimlaris the
slow phase was accelerated approximately 4-fold in the slow cis—trans proline isomerization rate constak,the
presence of 0.&M eCyp suggesting the involvement of a rapid intermediate rate constant, dadhe dimerization rate
cis—trans isomerization as a rate limiting step. Thus the slow constant. According to this model, the typical kinetic traces
phase clearly arose from a subpopulation of unfolded described in Figure 1A,B were processed using the nonlinear
molecules with non-native cis peptidyproline bonds, the  least-squares fitting described in Materials and Method with

ky

k
=22 =D



Folding Kinetics of R67 DHFR Biochemistry, Vol. 41, No. 50, 20024995

Table 2: Comparison of the Rate Constant Values of the Three
Refolding Kinetic Phases of R67 DHFR at pH 5.0

fitting method £ fitting method 2
phase rate constant rate constant
rapid (o) 46st 23st
medium ks) 0.56x 10°M-1s1d  0.664+0.03x 1PM-1s?t
slow (k) 0.040 st 0.0364 0.012 st

a All rate constants are determined from the fitting of the experi-
mental kinetic traces described in Figure 1 af@5n the standard
refolding buffer conditions (0.1 M GuHCI in MTA buffer, pH 5.0), .
except thek, value extrapolated at 0.1 M residual GuHCI from the Y 500 1000 1500 2000
denaturant dependence of the rapid phase rate con%fEme. fitting Denaturation time (s)
method 1 consists of the fitting of the experimental data on a sum of
two or three exponential function$The fitting method 2 is based on
the model 1 and described in Materials and Meth8dhe bimolecular
rate constanks is calculated from the slope in the linear portion of the
protein concentration dependence of the corresponding first-order rate
constant (Figure 2).

0 p £ L 1 1 I L 1

Percent of slow folding species %

FiGURe 6: Stopped-flow fluorescence double-jump experiments The
native protein (5«M of monomer) was unfolded for varying times
as described in Material and Methods and then refolded at 0.1 M
residual GUHCI in MTA pH 5.0. The percentage of slow folding
species &;s), determined from the fitting of the refolding kinetics
according to the model 1, is plotted as a function of the denaturation
time. The refolding kinetics starting afté s ofdenaturation were

the relative cis-trans protein population fixed to 15% (see fit with a fixed value ofS;s = 0.

below, Double-Jump Experiments). This procedure provided

good fits of the fluorescence and CD traces with low values ) o .

for the sum of the residuals squared and random distribution Figure 6 shows its variation expressed in percent of the total
of the residuals (data not shown) and allowed to estimate protein po_pulatlon as afun_ct|0n of the time of denaturation.
simultaneously the two rate constakisandks at 25°C and The fraction of slow folding species reached a plateau
pH 5.0 (Table 2). corresponding to 15%- 5% of the tot:_:tl protein population

The slow rate constant value was close to that estimated@fteér 250 s of denaturation and did not affect the rate
previously according to a monomolecular reaction and was constantsks, ko, and ks. All the fits reported here were
in good agreement with peptidyl proline isomerization rate there_fore started with an initial proportion of 15% of cis
constants reported in the literature for a variety of proteins SPecies that was allowed to vary between 10% and 20%
(40, 41). during the fitting.

The medium rate constant value was consistent with the From the Unfolded Monomer to the Nagi TetramerTo
bimolecular rate constant value estimated from fitting the investigate the complete folding of the tetrameric functional
FRET experiments (Figure 4A) on an irreversible dimeriza- R67 DHFR, folding kinetics had to be performed at pH 8.0,
tion and in the range of values reported for monomer where the dimertetramer equilibrium is shifted toward the
monomer association rate constants of various oligomeric tetramer. It could however be envisaged that the pH might
proteins b, 14, 15). also affect the process of folding into dimer described above.

The rapid rate constaikt could be determined according To test this possibility, we used a R67 DHFR variant S59A
to model 1 from the kinetic traces obtained in the presence which folds into a stable dimer but is unable to associate
of residual GUHCI. The extrapolation from the denaturant into tetramers whatever the pi21). Refolding kinetics of
dependence of the rate constant at 0.1 M residual GuHCIthis variant were investigated both at pH 8.0 and pH 5.0
yielded ak, value of 23 s? close to that determined from and showed that the pH affected neither the rate constants
the rate values fitted on an exponential function. nor the amplitudes of the various phases of dimer folding

Double-Jump ExperimentsTo determine the relative  (data not shown). Refolding kinetics of wild-type R67 DHFR
amounts of s and Usansin the unfolded state, double-jump ~ at pH 8.0 were therefore investigated in the stopped flow to
experiments were performed. The native protein was first relate kinetically the dimerization and tetramerization steps.
rapidly mixed with the denaturing buffer, incubated for The specific activity of R67 DHFR measured at the outlet
various times (ranging betwed. s and 45 min) and diluted ~ of the stopped flow was that of the native enzyme, confirm-
into refolding buffer. The refolding kinetics monitored by ing that the protein obtained was the native tetramer.
fluorescence were fit according to model 1 as indicated aboveMonitoring the intrinsic fluorescence provided complex
except that the fraction of slow folding species (i.e., species Kinetic trace (Figure 7). The fluorescence intensity rapidly
in cis conformation) was allowed to vary. After one second increased during the first 2 s, reached a maximum after about
in the denaturing buffer, nearly all the proline residues are an additional 1 s, and finally decreased slowly to reach a
expected to still be in the trans conformation and the fraction plateau after about 100 s. The first fluorescence increase was
of slow folder species should be negligible. The correspond- already observed in Figure 1A and corresponded to the
ing refolding kinetic was therefore fit according to model 1  transition of the W45 from a hydrophilic to an hydrophobic
starting from the Jans State. That provided a good fit of the  environment during monomer refolding and dimer formation.
trace, and the resulting rate constaktsindks, as well as The second part of the kinetics reflected a fluorescence
the specific signals ofyhs I', and D, were used as first decrease that could be correlated with the tetramer appear-
estimates for the fitting of the other kinetics (fn2 s to 45 ance since at 350 nm the tetramer specific fluorescence is
min of denaturation time). The fitting of the complete set of about 60% that of the dimegJ).
double-jump kinetics allowed the determination of the  The kinetic traces at pH 8.0 were analyzed according to
fraction of slow folding species for each denaturation time. the following model 2 (see below), corresponding to model




14996 Biochemistry, Vol. 41, No. 50, 2002 Bodenreider et al.

not exclude that there might exist additional rapid phases

2 0.04
% 0.00 me e e 2 s s d that could not be observed in our experimental conditions.
) &4 i B © i
@ 004 DISCUSSION
28 | As a complement to previously reported thermodynamic
- investigations performed at equilibrium on an oligomeric
< .l protein, the homotetramer of R67 DHFR6( 42), the
E experiments reported above deal with kinetic aspects of its
2 refolding. They were aimed at understanding how the
24 development of quaternary interactions is coordinated with
the formation of secondary and tertiary structure during the
P S S R folding reaction and, more specifically, the role of long-range
0 10 20 30 40 50 interactions in the folding of an afi-sheet structure.

Time, sec The R67 DHFR refolding kinetics were performed at pH
Ficure 7: Overall refolding kinetic of R67 DHFR at pH 8.0 5.0 (Ief_;\dlng to the stable dimer) _and at pH 8.0 .(Ieadlng to
Experiments similar to those depicted in Figure 1A and monitored the native tetramer) and were monitored by three independent
in fluorescencedex. = 295 nm; emission measured above 350 nm) criteria: far UV CD, which mainly reflects the formation of
were performed at pH 8.0 and 2&. The trace depicted results  secondary structure; intrinsic fluorescence, which character-

from the accumulation and averaging of 10 kinetic runs. The ; :
fluorescence was recorded for a duration of 50 s on one channelIZeS the polarity of the environment of the tryptophan

with a sampling interval of 200 ms and for 10 s with a sampling residues located at each proteprotein interface; and energy
interval of 10 ms on a second channel. For both recordings, the transfer between two labeled monomeric species, which
filtering constant was 10 ms. The solid line represents the best fit allows direct detection of the monomemonomer associa-

to the experimental points according to the model 2 as describedijgn.

in Material and Methods, and the residuals of this fit are shown

above the kinetic trace. The experiments reported above led to the identification
and the characterization of four distinct phases during R67
1 completed with a final tetramerization step: DHFR dimer folding: a burst, a rapid, a medium, and a
slow phase. The burst phase occurs during the 4 ms dead
Ky K, Ks Kass time of our measurements. The rapid phase is a unimolecular
4S5 — Myans— 4' —2D—T process with a rate constant of 23.sThe medium phase

corresponds to a second-order process with a rate constant

In this model, T represents the native R67 DHFR tetramer of 0.66 x 10° M~! s71 and reflects the dimerization step.
andkassthe dimer-dimer association rate constant. Taking The slow phase with a rate constant of 0.036®rresponds
as starting estimates the k,, andks values obtained from  to the isomerization of cis prolylpeptide bonds of either
the refolding kinetics at pH 5.0 and thgssvalue of 40x the unfolded proteins, or some very early intermediates into
10° M~ st determined in a previous worRY), the fitting the native trans conformation. The structural changes as-
of the kinetic traces provided good fit and random distribu- sociated with each phase will now be discussed and
tion of the residuals (Figure 7). A reliable estimate of the integrated into a consistent description of the refolding of
dimer—dimer association rate constakf{= 58 x 10° M1 R67 DHFR from the unfolded monomer into the native
s 1) could thus be obtained. The good agreement betweentetramer.
this estimate and the reported value suggested that the The Burst Intermediatdhe first evidence indicating that
tetramer refolding kinetics display a unique visible additional an early intermediate was formed in a burst phase was
phase compared to the dimer refolding kinetics. provided, in typical refolding kinetics of R67 DHFR, by the

Because the cosubstrate NADPH binds to R67 DHFR only strong increase of the negative ellipticity amplitude that
when the enzyme is tetrameric, the tetramerization step couldoccurred in the stopped-flow dead time. Usually, such very
be specifically monitored by observing the energy transfer fast far UV CD signals are interpreted as an indication that
between the tryptophan residues (W38) from the dimer a significant fraction of secondary structures have been
dimer interface and the NADPH bound inside the tetramer. building up during the burst phase. However, it was shown
Refolding kinetics (data not shown) performed at pH 8.0 in that the aromatic side chains of W38 and W45 residues
the presence of an excess of NADPH and observed at 420contribute significantly to the far-UV CD signal of R67
nM (Aexc = 295 nm) showed a 500 ms lag without any DHFR (@3, 44). It therefore could also be assumed that the
fluorescence variation, followed by a fluorescence increase far-UV CD change observed during the burst in R67 DHFR
corresponding to the appearance of the tetramer. Analysisfolding might reflect the tight packing of side chains that
of the kinetic trace according to the complete model 2 might occur without formation of secondary structure. This
provided a good fit with a set of rate constanks, ., ks, alternative appears unlikely on the basis of the following
kasy close to the previous values. This result brings additional considerations. For tryptophan side chains to produce
direct evidence indicating that the tetramer results from the significant ellipticity signals, they must be rigidly im-
association of two dimers such as those obtained at pH 5.0mobilized in an asymmetrical environment, which usually
and that no observable dimer isomerization separates thds strongly hydrophobic. Indeed, during the R67 DHFR
dimerization and tetramerization steps. Thus, the model 2folding burst phase, the intrinsic fluorescence increases,
we proposed is able to describe the entire refolding processindicating that the tryptophan residues enter a hydrophobic
at pH 8.0. This is, however, a minimal model, and it does environment. However, it is a frequent observation that, when
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a far UV—CD burst is observed in the folding of a protein, respectively) and was directly visualized by the energy
the near-UV CD signal does not change during the burst transfer occurring between two labeled monomers. R67
phase although tryptophan residues become shielded fromDHFR contains two tryptophans per monomer, one (W45)
the solvent 40, 45). The interpretation is that aromatic located at the monomemonomer interface, the other (W38)
residues, though in a hydrophobic environment, are still at the dimefr-dimer interface in the tetrameric proteig7(
loosely packed and, hence, cannot give rise to a far UV CD 28, 31). Studies on the effect of single-tryptophan mutations
signal at the end of the burst. Thus, the far UV signal on the R67 DHFR fluorescencel4) suggested that the
observed at the end of the burst phase in R67 DHFR folding fluorescence signal due to W45 should decrease upon
most probably arises from secondary structure formation. refolding and thus could not account for the fluorescence
Such a very rapid formation of secondary structure in an increase observed either during the burst, or during the
all-p protein might seem surprising since mgstsheet medium phase. It therefore seems likely that the fluorescence
proteins fold more slowly than adi-proteins or mixedy,s- change is dominated by W38. Then, during the association,
proteins. Yet some exceptions have been observed, such ashanges of environment occur not only around W45, but also
the very rapid folding (time constant about 1.5 ms) of the around W38. This indicates that the association of two partly
all- cold shock protein CspB46). folded monomers occurs, within the resolution of our
Finally, because the second-order step leading to the dimerstopped-flow experiments, simultaneously with a secondary
is observed later on the pathway (see association step) anénd tertiary structure rearrangement involving a large part
because no energy transfer could be detected during the bursdf the polypeptide chain.
in the FRET-monitored kinetics, it can be concluded that Concentration dependence experiments revealed that this
the burst intermediate is a monomer. Thus, the intermediatephase consisted in a second-order process and a rate constant
resulting from the burst phase is monomeric and has aof about 0.66x 10° M~! s™! was determined from fitting
significant secondary structure content (native or non-native), analysis according to the model 1. This value is similar to
and its tryptophan residues shielded from water. the values reported for association rate constants of several
The Rapid Phaséhe rapid phase, located in the proposed other dimeric proteinsy, 14, 15). Folding studies on small
sequential pathway between the burst phase and the associatimeric proteins have shown a variety of molecular mech-
tion step, was first detected as a fluorescence decrease oénisms and a broad range of rate constants for the association
very low amplitude suggesting minor local rearrangements step: (i) association via a collision of two partially folded
in the environment of tryptophan residues. However, far UV monomers (P22 Arc repressotl, (ii) association occurring
CD failed to unveil it, indicating that either no secondary concomitantly with the hydrophobic collapse (Trp repressor)
structure change is involved in this step or the structural (12), and (iii) formation of stable monomer prior dimerization
change is so small that it is spectroscopically silent. The last (1 repressor) 47). Three features seem to influence the
possible explanation is that this step involves redistribution, association rate: (i) the number of residues involved at the
but no change in the total amount of secondary structure.interface (the association is faster when the number of
The conformational change associated to the rapid phaseresidues relative to the whole sequence is high), (ii) the
is a prerequisite for the association. This is shown by the presence of hydrophobic clusters, and (iii) the possibility for
refolding kinetics monitored by energy transfer (Figure 4B). the primary interaction to be non-native like. All these
Indeed, at 0.7 M GuHCI and 12ZC, where the rapid phase conditions are satisfied in the case of the Trp repressor where
was strongly slowed, FRET-monitored kinetics showed a lag the association is nearly diffusion limitek,& 108 M1 s1).
of 1 s that preceded the signal decrease due to association. This is obviously not the case of R67 DHFR, where the
No association reaction occurred during the first second, contact area between the two monomers forming the native
while much of the intrinsic fluorescence variation corre- dimer is one of the smallest observed (53%.At consists
sponding to the rapid phase occurred within this time. Hence, of an intersubuni-barrel formed by the interaction between
the formation of the intermediatéis a prerequisite for the  the-sheets from each monomer. Only three residues, G44,
dimerization step. W45, and Y46, constitute the intersubunit hydrophobic core.
It can therefore be concluded that the monomeric inter- A network of van der Waals interactions with C47, T48,
mediate |, formed during the burst phase, though having aand M26 from the pre-strand a loop stabilizes this interaction.
significant secondary structure content, is association in- The low number of residues involved in the interface imposes
competent, presumably because it has an ill-defined tertiarythat residues should be all precisely adjusted to provide a
structure at the monomemonomer interface. The tertiary  stable interaction. This is evidenced by the fact that the
rearrangement occurring during the rapid phase would leadassociation can be strongly affected even by a single point
to a second monomeric intermediateHat is association-  mutation @8). Taken together, these arguments explain why
competent. One could speculate that this tertiary rearrange-the monomermonomer association rate constant of R67
ment involves the monomemonomer interface. For asso- DHFR is much slower than that expected for a diffusion-
ciation to take place, W45 from one monomer should be limited process, and why some local secondary and tertiary
exposed to the solvent to be able to interact with W45 from structuration is needed prior to association.
a second monomer. The transient exposure to the solvent of Formation of Natie TetramerFor some proteinsl@, 49)
W45 would result in a decrease of its fluorescence abovethe dimerization step leads to the formation of a non-native
350 nm that could correspond to the small fluorescence dimeric intermediate and must be followed by further
change observed during the rapid phase. conformational rearrangements before the native state is
The Association Stehe medium phase was character- reached. This seems not to be the case for R67 DHFR
ized by the largest change in fluorescence and CD signalsfolding. Indeed, analysis of the R67 DHFR refolding kinetic
(65% and 45% of the total observable amplitude change with model 1 at pH 5.0 showed that adding a post-association
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isomerization did not provide a better fit of the traces. Thus, of the intermediate ensembles and to reach a better under-
if such an additional step did exist, it should be either very standing of this “folding by association” process.

rapid (and hence appear coupled to the association) or

spectroscopically silent. The kinetics obtained at pH 8.0 for ACKNOWLEDGMENT
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