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Abstract B-Lactamase, from which the disulfide bond was
removed by two Cys— Ala mutations, forms stable complexes
with GroEL only during the first 30 s of folding, while wild-type
B-lactamase forms no stable complex under these conditions. The
3-phasic kinetics of folding are very similar between wild-type
and mutant. After 4 s, Trp-210 is already juxtaposed to the
disulfide bond, but proline cis-frans isomerization has not yet
taken place and almost no enzymatic activity is observed. This
shows that GroEL is unable to bind late folding intermediates
and also discriminates between the degree of unfolding possible in
wild-type disulfide-containing B-lactamase and the Cys-Ala
mutant.
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1. Introduction

Molecular chaperones are thought to guide the folding of
proteins inside the cell. In E. coli, the main cytoplasmic cha-
perones are the DnaK/Dnal/GrpE and the GroEL/GroES
systems [1,2]. While the global function of molecular chaper-
ones — preventing aggregation under unfavorable folding con-
ditions — has been well documented, there is controversy in
how they carry out their action [3-5]. In the case of GroEL,
folding intermediates are thought to bind to the chaperone
and are probably released only when they have reached
more native-like forms [1-6]. Aggregation-prone intermediates
may also be released, but would rebind. It is thus crucial to
understand in which states a substrate protein can bind to
GroEL.

We have used RTEM f-lactamase (B-lase) as a model sys-
tem to study the interaction with GroEL [7]. While in the E.
coli cell only the precursor may interact with GroEL before it
is transported to the periplasm [8,9], this model system offers
unique insight into chaperone guidance of protein folding
because of differences in interaction between GroEL and var-
ious forms of B-lase. The precursor of B-lase is known to bind
very tightly [10], while the mature form binds much more
weakly [7], and differences between reduced and oxidized -
lase are also apparent (this study). The thermodynamics and
kinetics of B-lase folding have been extensively characterized
[7,10-13]. B-Lase is able to fold to the native state both in the
cytoplasm and in the periplasm, and it does not need its di-
sulfide bond to reach the native state [14], which can thus serve
as an optional constraint in the structure. In the crystal struc-
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ture [15] a cis-proline at position 167 has been detected, and
the folding kinetics are consistent with a rate-limiting proline
cis-trans isomerization and a kinetic intermediate [11,16].

In this paper, we have examined the interaction of Cys-Ala
B-lase (mature wild-type B-lase with both Cys residues form-
ing the disulfide bond mutated to Ala residues) with GroEL,
and we find that the chaperonin forms a stable complex with
the enzyme at early stages of folding, but is unable to interact
with a late folding intermediate, which is populated before the
slow phases of folding. We have used a comparison of wild-
type and Cys-Ala B-lase to characterize the degree of structure
formation in the intermediates.

2. Materials and methods

2.1. Proteins

Wild-type B-lase and the Cys-Ala double mutant B-lase were both
produced and purified by methods that have been described elsewhere
[17]. The chaperonin GroEL was purified as described previously [7].

2.2. Folding kinetics measured by fluorescence

The folding of B-lase was followed by monitoring its intrinsic fluo-
rescence. Manual mixing refolding experiments were carried out at
25°C. The excitation wavelength was 280 nm (bandwidth 5.0 nm),
the emission wavelength was 340 nm (bandwidth 10 nm). Refolding
experiments were initiated by dilution of denatured fB-lase (in 4 M
GdmCl), into refolding buffer. The final concentration of B-lase was
0.2 uM, that of the denaturant was 0.1 M. Stopped-flow refolding
experiments were carried out at 10°C with a SF61 stopped-flow spec-
trofluorimeter (HI-TECH Scientific, UK). The excitation wavelength
was 280 nm and the emission light was filtered with a cut-off filter of
320 nm. Refolding experiments were initiated by a 20-fold dilution of
B-lase denatured in 4 M GdmCl into refolding buffer. The final con-
centration of B-lase was 1.8 uM, that of the denaturant was 0.2 M.

2.3. B-Lase enzymatic activity assay

The B-lase activity was determined spectrophotometrically at 486
nm at 25°C using the chromogenic substrate nitrocefin (BBL Micro-
biology Systems, Cockeysville, MD) [14]. B-Lase solution (typically
S ul) was mixed with 1 ml of refolding buffer (10 mM MOPS,
50 mM KCl, 5 mM Mg-acetate, pH 7.2) containing 0.2 mM nitrocefin
and 0.5% DMSO (from the nitrocefin stock). The final concentration
of GdmCl in refolding buffers was 0.1 M and kept constant for all the
experiments. BSA was found to stabilize the Cys-Ala B-lase [14] and
therefore added to all refolding buffers at 1 uM concentration. Initial
rates of hydrolysis were measured at 486 nm during 30 s [14].

2.4. Folding kinetics measured by enzymatic activity (discontinuous)

For carrying out folding experiments wild-type and the Cys-Ala
double mutant B-lase were both first denatured overnight in 4 M
GdmClI pH 7.2. After dilution 1:500 into refolding buffer the regain
of activity was followed by withdrawing an aliquot and monitoring
the change in absorbance as described in Section 2.3. The final con-
centration of the wild-type and the double mutant B-lase in the cu-
vette was always 8.0 nM.

2.5. Folding kinetics measured by enzymatic activity (continuous, with
optional prefolding)
Denatured B-lase was first diluted 1:40 in folding buffer (Section
2.3) and allowed to refold for different lengths of time (prefolding).
This premixed solution was further diluted 1:14 into refolding buffer
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containing 0.2 mM nitrocefin and 0.5% DMSO in the presence of a
10-fold molar excess of GroEL over B-lase. In all folding buffers the
concentration of the denaturant was 0.1 M and BSA was added to
1 uM. Identical experiments were performed in the absence of GroEL.
The folding of the enzyme is biphasic [11] and can be given [18] by

dE - -

at = Eiot—/a (Bt —Eg)e klt_(l_fA)(Etot_EU)e kat (1)
where Eq,; is the total amount of enzyme added in denatured form, Eg
is any enzyme folded during the prefolding step, and k; and k, are the
rate constants of folding. fi is the fractional amplitude of the first
phase. Product P is due to the accumulated enzyme

P(6) = keat /0 t (%) dt =
s (1—/a)

Etotkcatt_kcat (Etot_EO) [k_l (1 _eiklt) + k—2 (l _eith) (2)

where ke, is the turnover number of the enzyme (k.,; =742 s for the
Cys-Ala double mutant B-lase and k., =806 s~! for the wild-type P-
lase [14]), and substrate is assumed to be saturating. Upon fitting the
experimental data to Eq. 2, E.y, Ey and both k; and ks are obtained.
In the absence of GroEL, Ei; equals the total enzyme added in
denatured form, while in its presence smaller values were obtained,
since part of B-lase forms a stable complex with GroEL and escapes
folding. The amount of enzyme bound to GroEL as a function of
prefolding time was estimated by comparing E, in the presence and
absence of GroEL. In the absence of prefolding, E, was found to be
less than 1% of Ey; and Eq. 2 could then be simplified by setting
Ey =0, without significantly changing the result.
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3. Results

Wild-type B-lase, which contains a disulfide bond between
Cys-77 and Cys-123, and the Cys-Ala double mutant B-lase
both fold to the native state with multiphasic kinetics (Fig. 1),
which can be observed by Trp-fluorescence (excitation at 295
nm). The peak of the wild-type B-lase shifts from 352 nm to
342 nm, while that of the Cys-Ala B-lase shifts from 352 nm to
340 nm upon folding, consistent with transferring the Trp
residues from a hydrophilic to a more hydrophobic environ-
ment (Fig. 2). The fluorescence of both proteins, denatured in
4 M Gdmdl, is lower than that of the corresponding native
proteins, consistent with previous reports [7,11]. The peak
maximum of the native Cys-Ala B-lase is 20% higher than
that of the native wild-type protein (Fig. 2), which suggests
that the intrinsic fluorescence of Trp-210 is quenched by the
presence of the disulfide bond (Fig. 3). The similar structure
of native wild-type and Cys-Ala B-lase is demonstrated by the
similar peak maxima, and by the very similar kinetic param-
eters of the enzymatic activity for both proteins [14].

In a detailed analysis of the manual mixing folding kinetics
(Fig. 1A,B), both wild-type and Cys-Ala B-lase gave the same
rate constant for the slow phase (k=5.5x1073 s71). The fast
phase of folding was 1.5 times more rapid for the wild-type
(k=4.6x10"2 s7! vs. 3.0x1072 s71), however, suggesting
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Fig. 1. Refolding of wild-type and Cys-Ala B-lase followed by fluorescence spectroscopy (A and B) and by recovery of enzymatic activity (C
and D). A: Manual mixing refolding kinetics at 25°C; the mixing dead time was about 10 s. B: Stopped-flow refolding kinetics at 10°C (see
Section 2.2). C: Refolding kinetics of the regain of enzymatic activity. After initiation of refolding by dilution, aliquots were withdrawn and
the yield of native -lase was measured by enzymatic activity. D: Regain of enzymatic activity after dilution of the denatured enzyme into re-
folding buffer containing the substrate nitrocefin, monitored by the absorbance change of nitrocefin at 486 nm (see Section 2.5).
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that the presence of the disulfide bond accelerates this phase.
In addition to this phase, another faster phase can be detected
by stopped-flow measurements. In the wild-type enzyme, first
a decrease of fluorescence is seen, with a kinetic constant of
about £k=0.22 s7!, and a subsequent slower phase with in-
creasing fluorescence (k=2.6x 1072 s™1). In contrast, under
identical conditions, the Cys-Ala B-lase gives rise to a fast
stopped-flow phase with increasing fluorescence (k=1.1 s7})
followed by a slower phase (k=4.9x1072 s™!) also with in-
creasing fluorescence. The slower phases seen in stopped-flow
kinetics may be identical to the corresponding fast manual
phases, but since a cut-off filter had to be used in the
stopped-flow apparatus, they are not directly comparable.
However, the ratio of the kinetic constants of the wild-type
B-lase and Cys-Ala B-lase is 1.53 for the respective slow
stopped-flow phases and 1.61 for the respective fast manual
phases. Thus, it appears that the disulfide bond may quench
the fluorescence of Trp-210 within the first 4 s. While a similar
fast phase is also seen in the mutant enzyme, no quenching is
observed. Therefore, Trp-210 must come close to the disulfide
bond within the first 4 s. Fig. 3 shows the structure of the
wild-type B-lase [15] in which Trp residue 210 is clearly seen
overlaying the disulfide bond.

Fig. 1C,D shows refolding of B-lase followed by recovery of
enzymatic activity. The curves in Fig. 1C were fitted to the
sum of two exponential terms, both with relative amplitudes
and rate constants similar to those obtained by fluorescence
measurements (k=8.0x107% s and k=6.9x107% s~ for
the slow phase of wild-type and Cys-Ala B-lase, respectively).
To obtain the fast folding rate constant in the regain of activ-
ity (too fast to be correctly obtained from the data of Fig.
1C), the method of Gray et al. [18] was used, modified to fit
double-exponential curves (Eq. 2) (Fig. 1D). Refolding of
wild-type and Cys-Ala B-lase denatured in 4 M GdmCl was
started directly by dilution into refolding buffer in the pres-
ence of the substrate nitrocefin. Accumulated product was
measured during the first 30 s of folding. From the fits to
Eq. 2, using the amplitudes from Figs. 1A and 1C and taking
into account that the denaturant already inhibits the reaction
at a low concentration (0.1 M) and can be considered a com-
petitive inhibitor (K; =0.38 M) [11], the fast folding rate con-
stants for the regain of enzymatic activity were obtained. For
the wild-type, a rate constant of k=5.0X1072 s™! and for the
Cys-Ala mutant a rate constant of k=4.7x1072 s7! was de-
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Fig. 2. Trp fluorescence spectra of the wild-type and the Cys-Ala B-
lase using an excitation wavelength of 295 nm at 25°C. All protein
solutions were at 0.2 pM.
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Fig. 3. Polypeptide backbone of RTEM [-lase showing the position
of the disulfide bridge between Cys-77 and Cys-123 and the four
Trp residues (Trp-165, Trp-210, Trp-229, Trp-290).

termined. The initial enzymatic activities calculated for 1=0
are insignificant (1.5% and 0.2%, respectively). Taken to-
gether, these results suggest that the folding mechanism of
wild-type and Cys-Ala enzymes is very similar. Thus, while
we have to use the Cys-Ala mutant for the binding studies to
GroEL, the comparison to the wild-type enzyme allows some
conclusion about the folding events within the first few sec-
onds of folding, leading to a better interpretation of the
GroEL binding data.

To investigate up to which time point GroEL can interact
with Cys-Ala B-lase and block its refolding, this protein, de-
natured in 4 M GdmCl, was first premixed with refolding
buffer in the absence of GroEL and then allowed to refold
for different periods of time. After this prefolding step the
protein solution was diluted again in refolding buffer, now
in the presence of GroEL and the B-lactamase substrate ni-
trocefin. The regain of B-lase activity was then measured di-
rectly in this mixture. The increase in enzymatic rate over time
is a direct measure of the increase of active enzyme due to
folding. The curves were fitted to Eq. 2 which describes lag
kinetics under the assumption that the substrate (nitrocefin)
interacts only with the native enzyme. That GroEL is not able
to denature either native wild-type or Cys-Ala B-lase was
shown in control experiments (Gervasoni and Pliickthun, un-
published results). From the fits to Eq. 2 the percentage of -
lase bound to GroEL was determined as a function of pre-
folding time (Fig. 4). Without prefolding (¢=0), the amount
of Cys-Ala B-lase bound to GroEL was 90%, which decreased
to 20% after the mutant enzyme was allowed to prefold for
30 s prior to adding GroEL (Fig. 4). After 30 s refolding in
the absence of GroEL, however, only 25% of Cys-Ala B-lase is
active, suggesting that 55% of the enzyme is still in an inactive
conformation which is not recognized by the chaperonin. This
result suggests that GroEL only binds effectively to the Cys-
Ala B-lase during the early phases of folding. In contrast, no
binding of wild-type B-lase to GroEL was observed upon
starting the refolding either from urea [7,10] or from GdmCl
(data not shown) at 25°C.

4. Discussion

GroEL can discriminate between non-native and native
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Fig. 4. Refolding of Cys-Ala B-lase measured by following the re-
gain of enzymatic activity during the first 30 s of folding (open cir-
cles). Percent of Cys-Ala B-lase unable to bind to GroEL as a func-
tion of prefolding time (closed circles), calculated from Eq. 2 (see
Section 2.5).

states of substrate proteins. Non-native forms of pre-B-lase
[10], a carbamidomethylated variant of RNase T1 [19],
DHFR [20], rhodanese [2]1] and o-lactalbumin [22] among
others, have been shown to interact and bind tightly to
GroEL, although for DHFR these results have not been con-
firmed by more recent works [23,24]. For the latter three pro-
teins it has been proposed that they are bound in a molten
globule state [20,25], while for an antibody Fab fragment a
very late folding intermediate was suggested to bind to GroEL
[26]. However, cyclophilin becomes globally destabilized [27],
and barnase [28] can transiently bind to GroEL in a complete-
ly unstructured conformation. Thus, very different proposals
for the bound states have been made, and this is almost cer-
tainly related to intrinsic differences in the substrate proteins.
To obtain more information, we have now studied the
stable binding of Cys-Ala B-lase during its folding to GroEL
and related it to the folding pathway. The equilibrium folding
of B-lase, both from Staphylococcus aureus [12] and from E.
coli [11], follows a three-state behavior. The refolding kinetics
reveal the existence of three phases and thus at least two
transient intermediates (Fig. 1). Since refolding from the ther-
modynamically stable intermediate and the native state is also
biphasic, the late kinetic intermediate is not identical to the
thermodynamic one, but lies between the latter and the native
state. The last slow refolding step is due to proline trans-cis
isomerization [11]. Stopped-flow kinetics using the fluorescent
probe ANS have shown that a transient molten globule state
is formed within 0.1 and 0.2 s [13]. Furthermore, the reactive
sulfhydryl groups were protected from alkylation during fold-
ing of the reduced B-lase during the manual mixing time,
suggesting that the two Cys residues become buried in the
core of the protein during the early stages of folding [29]
and that the protein assumes a compact structure very fast.
At about 4 s into refolding of the wild-type enzyme, the
Trp-210 fluorescence is fully quenched by the disulfide, and
Trp-210 and the disulfide must be already juxtaposed (Fig. 1),
and the topology of at least this part of the protein must be
correctly formed. Because of the similar shape of the kinetics
it is likely that the topology is formed to a similar degree in
the Cys-Ala B-lase. At this point, the mutant enzyme is still
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able to interact with GroEL. At about 30 s, the ability of the
mutant B-lase to bind to GroEL has decreased to 20%. This
corresponds about to the time of formation of the intermedi-
ate visible in manual fluorescence kinetics (Fig. 1A). At this
time, the enzyme has little or no activity, possibly because the
cis-trans isomerization of Pro-167 is still to follow. The neigh-
boring Glu-166 acts as a general base and probably needs a
cis residue in position 167 to be in the right conformation for
catalytic activity. After folding of Cys-Ala B-lase is started,
the capacity of GroEL to interact with the enzyme, preventing
regain of enzymatic activity, decreases exponentially with a
rate constant of k=3.6x107% s™! (Fig. 4), which is similar
to the rate constant of the faster manual phase of folding,
measured by Trp fluorescence and by regain of enzymatic
activity (Fig. 1). Therefore, the ability to bind to GroEL is
lost with the conversion into the late intermediate.

Cys-Ala B-lase thus presents an example of a protein which
can form stable complexes, but only in an early phase of
folding. Nevertheless, it is not a completely unfolded state
which binds, but an intermediate with partially native-like
topology, since at least Trp-210 is at its approximate position
in the first 4 s of folding when 80% of the protein can still
form a complex. The late folding intermediate prior to the cis-
trans isomerization does not interact with GroEL.

Even though the kinetic phases are very similar for wild-
type and Cys-Ala B-lase, the early intermediate of wild-type
may not be able to unfold enough to expose sufficient hydro-
phobic surface to lead to stable binding, probably because of
the constraining effect of the disulfide bond. While the inter-
action of pre-B-lase with GroEL is very tight, probably be-
cause of additional hydrophobic interactions with the signal
sequence, mature 3-lase interacts much more weakly [7,10]. As
long as the disulfide bond is intact, a stable complex for the
mature -lase is only formed at higher temperature [7], and no
interaction is seen at room temperature. Proton exchange ex-
periments show [17] that a native-like conformation is pre-
served under these conditions. When the refolding of dena-
tured reduced P-lase was started by dilution into refolding
buffer in the presence of one molar equivalent of GroEL, still
no complex formation was detected by measuring enzymatic
activity [10]. In the presence of a 10-fold molar excess of
GroEL the refolding of the Cys-Ala B-lase can be quantita-
tively prevented, but only if GroEL is already present in the
refolding buffer during the first seconds of refolding. GroEL
can therefore discriminate between wild-type and Cys-Ala B-
lase before the slow cis-trans isomerization phase. Taken to-
gether these data will be helpful in the further structural char-
acterization of the bound state of B-lase.
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