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ABSTRACT. We investigated a chaperone mechanism of protein folding using a 36-mer model on a cubic
lattice. The mechanism simulates folding, which proceeds with repetitive cycles of binding, unfolding,
and releasing of misfolded metastable states. We measured the yield enhancement due to this mechanism
for sequences selected by evolutionary design and showed that the binding and releasing mechanism is
efficient for the yield enhancement of folding for sequences that are poorly desigheahere selection

is not adequately strong. From this it follows that the chaperone mechanism can be considered as the
evolutionary alternative to compensate for poor sequence design. On the other hand, random sequences
show a decrease in yield and no effect on the total mean first passage time when the proposed chaperone
mechanism is implemented, thus implying that sequence optimization is a necessary condition for the
efficiency of the proposed mechanism. We qualitatively reproduced experimental results for folding in
the presence of GroEL/GroES, fit our results with the aid of a double-exponential model of folding kinetics,
and characterized the conditions under which this mechanism of chaperone action affects folding.

The classic experiments of Anfinsen (1973) revealed that et al., 1994), accumulate evidence supporting a mechanism
denatured proteins can refold to the native siatgtro and, of multiple rounds of binding and releasing of non-native
consequently, verified that all of the information required forms. On the basis of evidence that protein folding proceeds
for folding into the native state is encoded in the primary through independent slow and fast phases (Udgaonkar &
structure of a protein. Recently it was observed that some Baldwin, 1990; Radforet al., 1992; Bycroftet al., 1990),
proteins with large molecular weights are not able to fald it is proposed (Toddkt al., 1994; Weissmamet al, 1994)
vitro in the absence of a class of proteins that appears tothat, through many rounds of binding and releasing, the
catalyze the folding process and that is present inrthévo protein can fold through a fraction of fast folding events
folding. Instead, aggregates of misfolded intermediates undergoing kinetic proofreading (Hopfield, 1974; Gulukota
appear. These proteins have been characterized as moleculé Wolynes, 1994). Long-lived misfolded intermediates can
chaperones and facilitate folding in a way that always undergo structural changes that will remove them from the
requires the hydrolysis of ATP (Elliet al., 1993; Gething trap and allow them to refold, so that with a finite probability
& Sambrook, 1992; Hendrick & Hartl, 1993; Boshkareata  they proceed through a fast phase.
al., 1988). However, different behavior is observed among proteins

One important and extensively studied family of chaper- wWhose folding is affected by the presence of chaperones.
ones is the chaperonin ring family. A typical representative These are proteins such as rhodanese (Mattal., 1991),
of this family is GroEL, which is known to bind non-native for which the yield in native form under spontaneous
conformations of different proteins in its central cavity (Saibil refolding conditions is insignificant but reaches 75% when
et al, 1991) and release them through a mechanism thatfolding is catalyzed by chaperonins. Other proteins such as
increases the yield in native form. One model for the dehydrofolate reductase (DHFR) (Mart al., 1991, Vii-
mechanism of action of GroEL/GroES proposes (Jackson tanenet al, 1991), which fold spontaneously with high
al., 1993) that metastable misfolded intermediates bind to efficiency, improve their yield very little by binding to
GroEL through their exposed hydrophobic surface (Tandon GroEL. Although it is known that protein substrates bind
& Horowich, 1989; Mendozat al, 1991; Landryet al, directly on GroEL, the presence of another protein, GroES,
1992). They then undergo specific conformational changesis often essential for refolding.
and are released in some conformation that is committed to  In the present study, we differentiate between proteins by
fold to the native state. There is strong evidence that GroEL the extent of optimization performed through an evolutionary
has one conformation with high affinity for binding the sequence design process. We find that a certain degree of
protein substrate and then, with hydrolysis of ATP, it evolutionary selection is a necessary condition for the
undergoes a structural change to another conformation thatefficiency of the binding and releasing model. We demon-
has a low affinity for the substrate (Jacksenal., 1993; strate that this chaperone mechanism is important for the
Todd et al, 1994). However, it is not clear whether the sequences that are poorly designed, so that chaperones can
released protein conformation resembles that of the nativeact as a remedy to the cases where further evolutionary
or the unfolded state. selection is not possible.

On the other hand, recent experimestg,, on monomeric

rhodanese (Weissmatal,, 1994) and dimeric rubisco (Todd MODEL
Interest in the theoretical study of the effect of chaperones
t This work was supported by the Packard Foundation. has already been demonstrated (Gulukota & Wolynes, 1994;

® Abstract published idvance ACS Abstract®ecember 15, 1995.  Thirumalai, 1994). Here we describe a numerical experiment
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sequences with small enhancement are called “poorly
designed”. The criteria and optimization scores for the
sequences used as representatives throughout this work are
given in the Appendix. Sequences that are chosen without
any optimization and labeled as “random” correspond to
higher energies of the “native” conformation and have much
slower folding times.

For the purpose of investigating the chaperone mechanism,
however, the most striking feature of designed sequences is
that the distribution of folding times is nonexponential
(Abkevich et al, 1994a; Guo & Thirumalai, 1995). This
implies that the folding of designed sequences proceeds
(a) ®) through independent multiple phases in which a fraction of

Ficure 1: (a) Maximally compact structure with 40 contacts for a the runs rqpldly fold to the native state, where others fold at
36-mer on a cubic lattice. Folding of a well-designed (NKTv- Very long times through metastable traps. In that sense, the
VGEPWHCLLFPRRDKNQMSYLTGIAGEDSAAI) and a poorly ~ folding kinetics of these sequences resembles the folding
designed sequence (TNLWALNGRDFAVLKTQKPRDESECGI- kinetics of studied proteins (Udgaonkar & Baldwin, 1990;
o s st 12 bosh e 1 s ver Racordet l, 1992 Byorofetal, 1990). The appearance
used as the r?ative structure for theyrandom seqL?ence (LLNKECI- of nonexpopentlallty observed for d‘??'gned sequences 1S
PHEVAQKWTGSRFTLDINYVDGSPRMAAG). related to this slow/fast phase competition. It must be noted
that these two phases are due to independent pathways, and
on a lattice model of proteins by adopting the model with every run (molecule) can follow either one. This kind of
rounds of binding and releasing (Chan & Dill, 1995; Todd interplay between the slow and fast pathways of folding
et al, 1995). We model a protein sequence by a self- should be differentiated from the effect of proline isomer-
avoiding walk of 36 residues on a cubic lattice (Abkevich ization and the observed nonexponentiality due to this effect.
et al, 1994a). The amino acids on the sequence interactin that case, molecules that contais-proline cannot follow
through contact potentials, and the total energy of eachthe fast folding pathway unless they isomerize. Therefore,

conformation on the lattice is given by the proposed chaperone mechanism can have no effect on
N such nonexponentiality.
1) — CNTAL The numerical experiment performed here involving the
E{ai}) =[Bo+ Z U(O'OJ)]A'J (1) chaperone binding and releasing mechanism allows a 36-

1<]

mer to attempt folding up to a certain window tintg, If
The identity of each amino acid in the sequence is repre-the molecule has not reached the native state beéfoieis
sented by a parameter, and the interaction energy matrix unfolded and given another try from a different random
U(oioj) between amino acids is taken from Miyazawa and starting conformation. Thi, corresponds to the typical time
Jernigan (1985). The functiofy represents two residués  that a protein molecule can spend free in solution between
andj in contact on a cubic lattice as, for example, residues consecutive bindings on a chaperone.
18 and 23 in Figure 1a, where 18 and 24 are not in contact. The moment at which we reach thig without having
We also omit the contribution of interactions between reached the native state corresponds, in terms of the real
consecutive monomers along the chain, because they conbiological problem, to the moment when an unfolded or
tribute only by a constant factor identical for all conforma- misfolded protein molecule encounters a chaperone molecule
tions. The overall attraction fact& only contributes toward  and binds to it. According to the model of Todtal (1994)
the compactness and stability of the ground state. and Weissmaet al. (1994), the protein molecule undergoes
We designed the selected sequences on the basis of tha conformational change, so that it is released in a less folded
following plan: we select a maximally compact structure state and with high probability is removed from a trap. Then
shown in Figure 1a. Once a structure is randomly selectedthe molecule has another chance to fold through a fast folding
and labeled as “native”, a design algorithm (Shakhnovich pathway, if such a pathway exists, instead of remaining in
& Gutin, 1993), as outlined in the Appendix, is used to select the trap for a very long time and eventually aggregating.
sequences that deliver low energy to this “native” structure In our model, the equivalent plan of action for the
compared to unfolded or misfolded structures. Folding is implemented chaperone mechanism resides in the fact that,
started from a random coil conformation and proceeds when a conformation other than native reachgs the
through a Monte Carlo set of moves (Abkevigtal., 1994b). molecule is unfolded and the folding attempt continues from
The goal of selection through sequence design is to makea different randomly chosen unfolded conformation. This
native structures more stable thermodynamically. Extensive instantaneous unfolding corresponds to the structural changes
studies of this kind of designed sequences for the 36-merthat are proposed in the model of Todt al (1994) and
on the cubic lattice showed that design accelerates folding. Weissmaret al. (1994). In the real system, such encounters
These studies show direct correlation between the energy ofof the misfolded protein with the chaperone molecule are
the “native” state for a particular designed sequence and themore frequent as the concentration of the chaperone in-
mean folding time [Figure 9b in Abkevichkt al. (1994b); creases. Equivalently, in our numerical model the frequence
Sali et al, 1994; Socci & Onuchic, 1994): the lower the of these encounters increases as the window tige
energy the faster the folding time. On the basis of this decreases. This analogy allows qualitative comparisons
correlation, we characterize sequences with greatly enhancedetween our results and the corresponding experiments with
stability of the “native” state as “well-designed”, where real chaperones.
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Ficure 2: (a) Reaction profile for the well-designed sequence (see Figure 1a) for spontaneous folding and chaperone folding with a
window (binding period)}, = 100 000 MC steps at temperatufe= 0.15 and overall attractioB, = 0.05. (b) Reaction profile for the
poorly designed sequence (see Figure 1a) for spontaneous folding and chaperone folding with ayind6®& 000 MC steps at temperature
T = 0.15 and overall attractioB, = 0.05. (c) Reaction profile for the random sequence (see Figure 1b) for spontaneous folding and
chaperone folding with a windowy, = 700 000 MC steps at temperatufe= 0.15 and overall attractioB, = 0.0.

The final folding time is evaluated from one successful 1007 6 000
folding into the native conformation to the next. For every ;& ¢ Pee,
given observation time,, we examine the percentage of 80 T OO
those runs that fall withity, and calculate the yield. L ° o _
RESULTS = i
The reaction profile of yield against observation time in = 201 N @3
Monte Carlo (MC) steps is given in Figure 2a,b for two O
sequences folding into the same “native” structure (Figure 20l ‘ °s
la) at the same temperature= 0.15 and overall attraction
By = 0.05. Results are presented for folding with the -
chaperone mechanism with the satpe= 10° MC steps and ot e o o

also for spontaneous folding for each sequence. The well- . .
designed sequence (Figure 2a), which has very low energy Window size, MC steps
for the native conformation relative to misfolded conforma- Figure 3: Yield as a function of the windowy, (binding period)
tions, folds very efficiently in spontaneous folding conditions, for the poorly designed sequence at an observation tige 25
and the chaperone binding and releasing mechanism im-x 10° MC steps at temperatuie= 0.15 andB, = 0.05. As the
proves the yield very little. It should also be noted that at Window size increases to 26 10° MC steps, the yields decrease

. . - . to the spontaneous one (Figure 2b).
early times the chaperone yield is lower, as in the case of
DHFR (Martin et al, 1991). On the contrary, the poorly It is also interesting to examine the effect of chaperones
designed sequence (Figure 2b), with higher relative energyon random sequences. We took a random sequence and
of the native conformation, in which spontaneous folding found the structure with the lowest energy, which we labeled
provides a very low yield within a certaiy,, dramatically as “native”, with 28 instead of 40 native contacts shown in
improves in yield due to the kinetic proofreading of the Figure 1b. At all temperatures examined, we found that
chaperone mechanism. The vyield for the poorly designed chaperones have a small but strictly retarding effect, as shown
sequence as a function of the window size at a fixed in Figure 2c.
observation timé,, = 25 x 10 MC steps is given in Figure The discrimination in the behavior of different kinds of
3. We see that a very wide rangetgfvalues produces a  sequences under the influence of the chaperone mechanism
large enhancement in yield. The average time of the is a crucial result of this work. Previously, a similar
successful chaperone foldings is longer than the average timenechanism of kinetic proofreading applied to a numerical
of the spontaneous foldings within the same observation time spin model resulted in an indiscriminate increase in yield,
(results not shown). even for random sequences (Gulukota & Wolynes, 1994).
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Ficure 4: (a) Mean first passage time (MFPM)(against 1T for the well-designed sequenceBat= 0.05. The Arrhenius behavior starts

at aboutl = 0.23. The MFPT for chaperone foldin@®@) shows significant acceleration because of the acceleration of rare but very strong
traps. The chaperone window ig = 5 x 10° MC steps. At this window size, MFPT acceleration is optimum (see Figure 5). The
deviation from single-exponential behavior is indicated by the deviatidp.8h 2 from MFPT for the spontaneous foldingr). (b) Same

results for the random sequence (Figure 1b). We see that the chaperone mechanism does not affect the MFPT because of the single-
exponential behavior. The results are showntfor= 1.5 x 10° MC steps, which corresponds to the fastest of the results observed. The
positive deviation is reminiscent of the effect of lag time.

Our results can be explained by proposing the following
simple scheme: As mentioned earlier, desighed sequences
follow nonexponential kinetics with independent fast and
slow phases of folding. Well- and poorly designed sequences
may have almost equally rapid fast phases of folding, but
well-designed sequences have a much larger amplitude of
the fast phase and therefore fold efficiently in the absence
of chaperones. This corresponds to the fact that traps are
relatively rare and spontaneous folding works very efficiently
in well-designed sequences, although a few folding attempts ‘ ‘ ‘ ‘ ‘
that go through the slow phase can result in folding times ‘ 2107 4100 610 8100 1.10°
that are orders of magnitude longer than the average time. Window Size. MC steps
We see here how, in the case of poorly designed sequences, ’

the propOSed Chaperone mechar"Sm acts as a repalr mecH:_lGl?RE 5: Chaperone MFPT against window .Size for the well-
designed sequence®t= 0.19. For a very large window, chaperone

anism to compensate for the weak evolutionary design. MFPT relaxes to the spontaneous time (Figure 4a) at this temper-
In order to support this scheme, we studied the behavior ature. For very small times it increases drastically due to a lag

of the mean first passage time (MFPT) with temperature for time period. The fit of eq 3 is shown fdr= 4.52,7, = 1.09 x

the kinds of sequences examined here. We allowed all runsloe' andz, = 2.437 x 10"

to reach the native state and then calculated the average . . o

folding time. The results for the well-designed sequence are also a small lag time, possuply related to a fast compactization

shown in Figure 4a. We see that below some temperatureStage’ S0 that very short times are not observed.

T: the system exhibits Arrhenius behavibe,, the logarithm Folding with the chaperone mechanism of binding and

of MFPT becomes a linear function of the inverse temper- releasing shows a dramatic decrease in the MFPT, up to 2

ature. This implies that below this temperature the energy orders of magnitude, for a designed sequence Witk
of the barrier does not depend on temperature. 500 000 MC steps (Figure 4a), while it shows no effect at
0.';lII for the random sequence (Figure 4b). This behavior of

sequences follow nonexponential behavior for temperatures@1dom sequences is also in contrast with the results in
slightly belowT;. For this purpose, we calculate the median Culukota and Wolynes (1994).

time ty,, the time required for successful folding of 50% of ~ The plot of Figure 5 shows MFPT for folding of the well-
the attempted spontaneous runs. For a single-exponentiadesigned sequence at temperaflire 0.19 as function of
time distribution,ty,, divided by In 2 must be equal to the the chaperone window sizg. We see that for a very large
MFPT. Deviation from this rule signals more than one window size the MFPT relaxes to the spontaneous folding
exponential phase. This deviation from single-exponential time. For very short window size, the existence of the lag
kinetics is shown in Figure 4a and is a property of designed time period decreases the number of successful foldings in
sequences only (V. |. Abkevich, A. M. Gutin, and E. I. this short period and increases MFPT sharply. For inter-
Shakhnovich, unpublished results). The random sequencemediate windows we see a minimum far below the sponta-
tested earlier follows, on the basis of this criterion, single- neous MFPT, which corresponds to the acceleration effect
exponential kinetics as shown in Figure 4b. The multiex- of the chaperone mechanism on MFPT. A short chaperone
ponential behavior is a result of fast and slow phases of window timet, corresponds to a high concentration of the
folding, and to the lowest approximation we can consider chaperone and a large binding frequency. The results of
them as one fast and one slow exponential phase. There id=igures 3 and 5 are in agreement with the results for

MFEPT, MC steps

From these data, we can demonstrate that designe



338 Biochemistry, Vol. 35, No. 1, 1996 Sfatos et al.

reconstitution of native rubisco (Goloubinaét al., 1989) through thet,,,; test, that the chaperone folding times follow

for different concentrations of the chaperone. single-exponential kinetics. Fdy < 7;, we can estimate
that for largef (good design)in[~ 71, while forf < 1 (bad
DOUBLE-EXPONENTIAL MODEL design) .0~ 7/f. The chaperone mechanism will be
For any arbitrary time distribution of folding time(t), effective as long ain[= 75, i.€, as long a$> 7,/7,. From
the average chaperone tini, as a function of the window  this analysis itis seen that foy/7, < f < 1 the performance
size is given by of _the chaperone mechanism will be S|gn|f|cantly more
efficient than the spontaneous double-exponential process.
= (P_/Pt, + @0 (2 Furthermore, we can estimate a maximum performance

in yield enhancement fan/t, < f < 1 as follows. Forfy]
whereP_ and P, are the prObabi”ties that a given run will ~ Tl/f < top K T2, the Chaperone y|e|d is almost 100%. The
not or will be completed, respectively, within the given yield enhancement will be ~ 1/(f + to/r2). We can
window timet,, and i, Lis the average time for the runs (distinguish two limiting cases: forr{/z)}2 < f < 1, the
that are completed withirt,. For a single-exponential  yjeld enhancement will be ~ 1ff; for (td/1) < f < (d/
distribution with a decay time, this formula givest[l= 75)Y2, the enhancement is ~ 7.f/r;. Between these two
7, i.e, chaperones do not have any effect on single- |imiting cases there is an optimum it~ (z/2)Y2 The
exponential kinetics. If we ignore the lag time effect, for corresponding yield enhancementris- (za/71)Y2.
large window size we can represent our nonexponential
process with a double-exponential distribution. THR&f CONCLUSIONS

is given b
S gV y In this work the efficiency of the binding and releasing

fry(l — e Wm) + (1 — e W7 mechanism of chaperone-assisted folding has been tested for
3) sequences with different degrees of evolutionary optimiza-
tion. It was demonstrated that poorly designed sequences
are the ones that benefit the most in yield enhancement.

In the traditional sense, a well-designed sequence is one
fast to the slow phase amplitudes. that delivers very low energy to the native conformation and

By using this equation, we made a fit of the data of Figure provides numerous fa§t fc_)lding pathway§. A poorly designed
5 for large window size where the lag time does not affect Sequence uses the binding and releasing <_:haper0ne mecha-
the result and the double-exponential process should beNiSM 0 compensate for the weak evolutionary sequence

adequate (Abkevickt al, 1994a). The fit gavé~ 4.5,7; selection. Therefore, we can propose that the chaperone
~ 1 x 10° MC steps aHdrz ~ 24 % 100 MC steps.. This  Mechanism evolves as an alternative to allow for folding to

fit reveals the existence of a fast and a slow phase whereoccur in cases where the traditional sequence optimization
is not a preferred or possible evolutionary route.

the fast phase has a 4.5 times larger amplitude. This meandS N ad
that it is 4.5 times more likely that this well-designed It |s_also shown that unoptlmlzed random sequences cannot
sequence will fold through a fast rather than through a slow benefit from such a mechanism because of the lack of any
folding pathway. For the poorly designed sequence, we weredistinct fast folding pathway. Evolutionary design is the
able to estimaté ~ 0.1 by fitting the data for a short range factor that allows fo_r multiexponential kinetics, with well-
of t, after the optimal window; if we assume < t, < 1, separated decay_ times betvyeen_ fast and slow pha_ses.
we can estimate from eq 3 th@t,O~ t,/f. Thereforef gvquUonary s_ele_ctlon is a necessary cond_mon
It is clear that the action of chaperones eliminates, to a for the efficiency of the binding and releasing mechanism.
large extent, the slow phase. As far as MFPT is concerned, It is reasonable to propose that the parameters that
well-designed sequences are relieved from folding through determine the enhancement in yield, such as the amplitude
rare but strong traps that greatly contribute to the MFPT in ratiof and the separation between the different decay times
spontaneous folding without chaperones. of the spontaneous multiexponential process, may also
The experimentally interesting parameter for proteins, depend on the chain length. One may think that it is harder
however, is the yield at a given observation time because, o design long sequences with laryeo that the assistance
due to aggregation, not all folding events are allowed to go Of chaperones is badly needed in the folding of long proteins.
to completion. When the system does not follow single- Such studies of the effect of the length are in progress.
exponential kinetics, the yield depends on the ratio of the It can be seen from Figure 3 that very small window times
amplitude of the fast phase to the amplitude of the slow tw resultin a decrease in the yield. Smiglineans a higher
phase. The chaperone mechanism is more efficient infrequency of restarting, which, as explained in the Model
increasing the yield under conditions for which this ratio is section, corresponds to a higher binding frequeriay,
small. Under these conditions, the spontaneous folding yield higher concentration of the chaperone in the real biological
is very small as in the case of poorly designed sequencesproblem. The trend described in Figure 3 is in agreement
Inversely, when this ratio is large, spontaneous folding is with the results of Figure 3b of Goloubinoét al. (1989),
very efficient as in the case of well-designed sequences.where the yield in native rubisco decreases with an increasing
When the slow phase is eliminated to a large extent, due toconcentration of GroEL.
the action of chaperones, the increase in yield is apparently One must note that certain proteins with efficient spon-
larger for the first case with the smaller ratio of fast to slow taneous folding, such as (DHFR) (Marttal., 1991), show
phase amplitude. little increase in yield and a retardation effect upon the action
In addition to a small value of the amplitude rafiahe of chaperones like the one shown for well-designed se-
two decay times must be well separated. It was confirmed, quences (Figure 2b), as well as no drastic effect of GroES.

h —

f(l _ e*tW/‘[l) 4 (1 —e tW/tz)

where7; and t, are the two time scales of the proposed
double-exponential time distribution, ahi$ the ratio of the
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