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GroE, the chaperonin system of Escherichia coli, prevents the aggregation
of partially folded or misfolded proteins by complexing them in a form
competent for subsequent folding to the native state. We examined the
exchange of amide protons of cyclophilin A (CypA) interacting with
GroEL, using NMR spectroscopy. We have applied labeling pulses in
H,O to the deuterated GroEL-CypA-complex. When ATP and GroES
were added after the labeling pulse, refolding of CypA could be acceler-
ated to rates comparable to the amide proton exchange. This allowed the
calculation of protection factors (PF) for the backbone amide protons in
the GroEL-bound substrate protein. A set of highly protected protons in
the native state (PF 10° to 107) was observed to be much less protected
(PF 10 to 10% in complex with GroEL and, in contrast to the native
structure, the protection factors were found to be quite uniform along the
sequence suggesting that CypA with native-like structure undergoes mul-
tiple cycles of unfolding while bound to GroEL, which are faster than
unfolding in free solution. Because of the small sequence dependence
of the protection factors, unfolding must be global, and in this way the
chaperone appears to resolve off-pathway intermediates and to support
protein folding by annealing. Although in the complex with GroEL
native-like states still predominate over globally unfolded states, this
equilibrium is shifted 10* to 10*fold toward the unfolded state when
compared to CypA in free solution. Repeated global unfolding may be a
key step in achieving a high yield of correctly folded proteins.
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Introduction

large complex of 14 identical 57 kD subunits that
form a double toroid with a central cavity (Saibil
et al., 1993; Braig et al., 1994; Roseman et al., 1996).

Protein folding in vivo is mediated by helper pro-
teins, the “molecular chaperones” (Gething &
Sambrook, 1992). Among the best characterized in
terms of structure and function are the Escherichia
coli chaperonins GroEL and GroES. GroEL is a
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Each subunit is made up of three domains, a large
equatorial domain forming the central core of the
ring structure and containing the nucleotide bind-
ing site, a small intermediate domain and a large,
flexible apical domain. The apical domain contains
the binding sites for non-native proteins and
GroES (Chen et al., 1994; Fenton et al., 1994). By
binding to unfolded proteins, mainly by hydro-
phobic interactions (Fenton et al., 1994; Zahn &
Pliickthun, 1994; Zahn et al., 1994a; Braig et al.,
1995; Lin et al., 1995), GroEL creates an environ-
ment with high affinity for non-native proteins. By
reversible binding of aggregation-prone intermedi-
ates the aggregation of the polypeptide is pre-
vented (Goloubinoff et al., 1989; Buchner et al.,
1991; Zahn & Pliickthun, 1994).
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GroES is a dome-like heptamer with 10 kDa sub-
units (Hunt et al., 1996) that binds to one end of
the GroEL-cylinder in the presence of adenine
nucleotides, thus forming an asymmetric complex
which contains two distinct substrate binding sites
on the two toroids (Chen et al., 1994). Initially,
non-native proteins bind to the side opposite from
GroES, but they can be enclosed by subsequent
binding of GroES to the same side, and folding of
substrate proteins may occur at least partially in
the complex (Zahn & Pliickthun, 1992; Gray &
Fersht, 1993; Weissman et al., 1995, 1996, Mayhew
et al., 1996). GroEL may unfold proteins because it
binds with high affinity to the unfolded form and
thereby simply shifts the equilibrium towards the
unfolded state (Laminet et al., 1990; Walter et al.,
1996).

Binding and release of substrate proteins and
GroES are controlled by the ATPase activity of
GroEL (Martin et al.,, 1993; Todd et al., 1994;
Weissman ef al., 1994; Burston et al., 1995). Nega-
tive cooperativity of substrate and GroES binding
has been demonstrated: when one ring is occupied,
the second ring has lower affinity for substrate and
GroES (Chen et al., 1994; Todd et al., 1994; Yifrach
& Horovitz, 1996). GroEL has high affinity for non-
native proteins in the absence of nucleotides or in
the presence of ADP, but low affinity in the pre-
sence of ATP (Yifrach & Horovitz, 1996). ATP and
GroES cause dissociation of stable GroEL-protein-
complexes, and ATP turnover is observed in con-
cert with cycles of substrate binding and release
(Todd et al., 1994).

Although many detailed biochemical studies
have been performed in order to understand the
molecular mechanism of GroEL action, very little is
known as yet about the conformational properties
of non-native proteins bound to the chaperonin.
Because of the large size of the complex, these stu-
dies are inherently difficult. However, amide pro-
ton exchange studies in combination with two-
dimensional (2D) nuclear magnetic resonance
(NMR) spectroscopy have been shown to be a
powerful tool to investigate the structure of folding
intermediates (Roder & Wiithrich, 1986; Roder
et al., 1988; Udgaonkar & Baldwin, 1988). Proton/
deuterium-exchange experiments monitored by 2D
NMR have been used to study the conformation of
GroEL-bound cyclophilin A (CypA) (Zahn et al,,
1994b) and barnase (Zahn et al., 1996a,b). For o-
lactalbumin (Robinson et al.,, 1994), B-lactamase
(Gervasoni et al., 1996) and dihydrofolate reductase
(DHFR) (Grofs et al., 1996) similar experiments
were monitored by mass spectrometry. Amide pro-
ton exchange may be slowed down by hydrogen
bonding, steric blockage and electrostatic inter-
actions in folded proteins, as expressed by a pro-
tection factor (PF) that can be related to the local
stability of secondary or tertiary structure
(Wiithrich, 1986; Bai et al., 1994). From these stu-
dies, a wide range of conformational states has
been proposed for different substrate proteins. In
the case of a-lactalbumin with one of its disulfide

bonds reduced and the other three reshuffled, the
bound protein was weakly protected from ex-
change to an extent similar to that of an uncom-
plexed molten globule state (Robinson et al., 1994).
For B-lactamase very slow exchange rates were
observed, suggesting that a native-like state, yet
devoid of enzymatic activity, is bound at high
temperature (Gervasoni et al., 1996). In GroEL-
bound DHFR some 20 deuterons remained, de-
monstrating that there are sites highly protected
from hydrogen exchange (Grofs et al., 1996). For
barnase, the exchange of deeply buried amide pro-
tons was shown to be accelerated by catalytic
amounts of GroEL (Zahn et al., 1996a).

In the present studies, CypA was used as substrate
protein, because it had been extensively character-
ized by NMR and crystallography (Wiithrich et al.,
1991; Kallen et al., 1991; Braun et al.,, 1995;
Ottiger et al., 1997) and its peptidyl-prolyl cis/
trans-isomerase (PPlase) activity (Fischer et al.,
1984) can readily be measured. Native CypA pos-
sesses a number of very slowly exchanging amide
protons, which can be used to test the substrate
protein for exchange enhancement when bound to
GroEL. It was previously shown that all amide
protons of CypA exchange with deuterium during
three association-dissociation cycles with GroEL,
indicating that the complete secondary structure of
CypA is considerably destabilized in the complex
with GroEL (Zahn et al., 1994b). In order to get
more detailed information about amide proton
exchange in the GroEL-bound polypeptide, we
extended the previous NMR experiments by
inclusion of a labeling pulse of variable length
(two minutes and 15 minutes) in H,O after CypA
was deuterated during three association-dis-
sociation cycles. From the changes in signal intensi-
ties during the labeling pulse, amide proton
exchange rates in GroEL-bound CypA were calcu-
lated and compared with exchange rates in the
native CypA and in random coil polypeptides to
obtain refined information on the conformational
state of the bound protein.

Results

As a reference for structural interpretations of
the amide proton exchange data presented in this
paper, Figure 1 shows the locations of the regular
secondary structural elements in the three-dimen-
sional structure of native CypA (Figure la). All
amide protons with exchange rates smaller than
1x10~ min™' in the native conformation
(Figure 1b) are involved in backbone-backbone
hydrogen bonds in regular secondary structural
elements or turns (Ottiger et al., 1997).

Influence of pH on binding of CypA to GroEL

In order to establish conditions of maximal
CypA-GroEL-complex formation without irrevers-
ible denaturation of the substrate protein upon
release, we examined the complex formation and
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inactivation of CypA in the presence of equimolar
amounts of GroEL by measuring the enzymatic ac-
tivity during complex formation. The percentage of
complexed, inactive CypA is strongly dependent
on pH (Figure 2a). The lower the pH, the more
complex is formed. These results are consistent
with the observed decrease of the melting tempera-
ture of CypA with pH (data not shown). Below pH
5.0, however, CypA aggregates irreversibly and
GroEL loses function. An important additional ob-
servation with regard to proton exchange studies
is that complex formation between GroEL and
CypA in H,O and ?H,O leads to the same results,
when identical pH and pD,,, values are used
(Figure 2b). pD,,, is the value which has been cor-
rected for the isotope effect at the glass electrode:
PDeorr = PDreaa + 0.4 (Glasoe & Long, 1960). Unless
stated otherwise, we always mean pD_,,, when re-
ferring to pD.

Kinetic analysis of the refolding of CypA from
the complex with GroEL under various
conditions

Dissociation of the GroEL-CypA-complex can in
principle be achieved either by lowering the tem-
perature, or by the addition of GroES and either
ATP or ADP. In the absence of nucleotides, refold-
ing of CypA from the complex with GroEL was

Figure 1. Views of the polypeptide
backbone of human CypA. (a) Rib-
bon drawing of the structure of
CypA including eight B-strands,
labeled sequentially (residues 5 to
12, 15 to 24, 53 to 57, 61 to 64, 97
to 100, 112 to 115, 127 to 134 and
156 to 163), two a-helices, labeled
H1 and H2 (residues 30 to 41, 136
to 145) and a short 3;4-helix (resi-
dues 120 to 122). (b) Stereo view of
the polypeptide backbone in one of
the 20 conformers used to represent
the 3D NMR solution structure of
CypA (Ottiger et al, 1997). The
backbone atoms N, C* and C’ are
shown for all residues. The 56
backbone amide protons with slow
exchange on the time scale of the
experiments used are also shown
and the corresponding residues (6
to 12, 15, 20 to 25, 29, 33 to 41, 48,
51, 53, 57, 60 to 64, 97 to 100, 112
to 115, 129 to 133, 139 to 143, 157
to 160, 162) are colored in blue.
The hydrogen bonds which show
slow amide proton exchange are
represented by yellow broken lines,
and the acceptor CO group is
shown in red. The orientation of
the molecule is the same as in (a).
These drawings were prepared
with the program MOLMOL
(Koradi et al., 1996).

found to be very slow, with a rate of 1.4 x 1073
min~" at 6°C (Table 1), which is in good agreement
with earlier measurements (Zahn et al., 1994b). The
yield of active protein was only 74% under these
conditions. However, to apply a labeling pulse to
GroEL-bound CypA with a sharp end point, re-
folding has to be fast compared to the amide pro-
ton exchange. In search for suitable conditions we
measured refolding kinetics in the presence of
nucleotides and the co-chaperonin GroES at differ-
ent temperatures (Table 1). Under all conditions
tested, the recovery of CypA activity follows first
order kinetics. The addition of ADP to the refold-
ing buffer increases the rate to 3.5 x 107> min™"
and the yield to 78%, while ATP gives 4.8 x 1073
min~! and 88% yield. If, additionally, GroES is pre-
sent during refolding, the yield reaches about
100%, and the rates increase by another factor of 4
to 6. At higher temperatures refolding becomes
even faster: at 30°C in the presence of GroES in ad-
dition to either ADP or ATP reactivation reaches
rates as high as 5.6 x 107! min~! and 7.2 x 107!
min~!, respectively. The results do not depend sig-
nificantly on whether ADP or ATP is used, leading
to the conclusion that no cycling of GroES is
necessary for the release of active CypA from a ki-
netically stable CypA-GroEL-complex. The fastest
reactivation rate in Table 1 is now only 140-fold
slower than the amide proton exchange in a com-
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Figure 2. GroEL-dependent inactivation of CypA. The
enzymatic activity of an equimolar CypA/GroEL-sol-
ution was recorded as a function of time at 30°C.
(a) Unfolding in H,O at pH 6.4, 6.0 and 5.6. (b) Unfold-
ing in H,0 and ?H,O at the same values of pH and
PDeor respectively. Under the same conditions, but in
the absence of GroEL, the enzymatic activity of CypA at
30°C does not change during the observed time period.

pletely unstructured random coil peptide, thus
making the kinetic evaluation of amide proton ex-
change in a stable GroEL-bound state a realistic
proposal.

Experimental design of amide proton
exchange studies with GroEL-bound CypA

To characterize the conformation of the GroEL-
bound substrate protein, we carried out measure-
ments of amide proton exchange rates by quanti-
fication of the H/?H ratio by NMR (Figure 3). The
intended goal of the experiment was to apply short
labeling pulses to the GroEL-bound protein, and to
determine the exchange rate for each residue in the
bound state. From these data we should obtain in-
formation on local versus global unfolding, and on
the conformational stability of CypA while bound
to GroEL. In the absence of nucleotides and GroES,
binding of CypA to GroEL occurs at 30°C, and dis-
sociation at 6°C (Zahn et al., 1994b). The extent of

complex formation is also dependent on pH
(Figure 2). Based on these data, we pulse-labeled
the deuterated GroEL-bound CypA with protons
as outlined in Figure 3. Since CypA can be rena-
tured to recover PPlase activity in good yield only
in the presence of GroEL (unpublished results), a
mixture of GroEL and CypA was subjected to
three association-dissociation cycles in *H,O to
ensure that most substrate molecules had been
bound at least once (Figure 3, top). Repeated cycles
were necessary, because only about 50% of the
total CypA were bound to GroEL in each individ-
ual cycle under the experimental conditions used:
after a solution of 20 pM CypA and 25 pM GroEL
in ?H,O-buffer was kept at 30°C, pD 6.1 for eight
hours and incubated at 6°C for 16 hours (three
cycles), about 44% of the initial PPlase activity was
retained and 56% of CypA was in complex with
GroEL (Figures 4 and 5b). To measure amide pro-
ton exchange that had occurred during these
cycles, an aliquot of the CypA-GroEL-complex was
dissociated at 6°C (Figure 3, A) without any
further dilution.

In Figure 3, B and C, an H,O labeling pulse of
variable duration was applied to aliquots 2 and 3
of the complex. The duration is defined by a first
dilution of the complex into H,O, which starts the
labeling exchange, and a second dilution into dis-
sociating buffer, which stops the exchange. A mu-
tual control with refolding in either ?H,O (Figure 3,
B) or H,O (Figure 3, C) was carried out to check
for exchange subsequent to quenching, i.e. after the
labeling pulse. The yield of active protein after re-
folding in the presence of GroES and ATP was
100%. After completed folding, CypA, which was
now dissociated from GroEL and exchange-inert at
the positions of prime interest here (Wiithrich ef al.,
1991; Ottiger et al., 1997), was isolated, concen-
trated and 2D ['°N,'H] single quantum coherence
(HSQC) NMR spectra were recorded.

To estimate the optimal pulse length in the ex-
periments of Figure 3, B and C, we calculated the
intrinsic random coil exchange rate of each individ-
ual amide proton (k) from the amino acid se-
quence of CypA according to Bai et al. (1993)
(Figure 6b). Most of the very slowly exchanging
backbone amide protons (k,,, < 10> min™') are in-
volved in backbone-backbone hydrogen bonds be-
longing to regular secondary structure elements
(Figures 1 and 6a). The protection factors
(PF =k, ./k,,;) (Figure 6c) are therefore a measure
for the stability of the various secondary structures.
The average exchange rate in a random coil pep-
tide under the experimental conditions used here
(pH 6.0, 30°C) is about 10> min~', which corre-
sponds to 1;,, = 6.9 x 107 min. To obtain detect-
able exchange, we used time intervals of two
minutes and 15 minutes for the labeling in H,O. In
the random coil polypeptide under these con-
ditions, this corresponds to about 285 and 2140
amide proton exchange half lives, respectively. We
did not use higher pH and shorter labeling times,
since the intrinsic stability of CypA is strongly pH
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Figure 3. Flow diagram of the NMR experiments used to monitor amide proton exchange of CypA in the presence of
GroEL. Depending on the external conditions, the polypeptide associates with or dissociates from GroEL. A mixture
of the two proteins is subjected to three association-dissociation cycles in 2H,O to ensure maximal ?H-labeling of all
exchangeable amide proton positions. (A) Control: after the third association phase, the complex is dissociated for 48
hours in ?H,O to measure the extent of deuteration of CypA during the three temperature cycles. (B) Refolding in
2H,0: after the third temperature cycle, the complex is subjected to a labeling pulse (shaded) of variable duration
in H,O under conditions of stable complex maintenance; this is followed by quenching of the exchange by
refolding in 2H,0. (C) Refolding in H,O: same as B, except that the quench by refolding is performed in H,O.

dependent, which could interfere with the inter-
pretation of such data.

Analysis of the NMR data obtained with the
pulse labeling experiments

The same general considerations apply for the
NMR analysis of the 15 minutes labeling pulse ex-
periment and the two minutes experiment
(Figure 5). Before the labeling pulse the signal in-
tensity is taken to be zero, since the protons of
GroEL-bound CypA have been exchanged to deu-
terons (Figure 5). During the labeling pulse in
H,O, deuterons in GroEL-bound CypA are ex-
changed with protons. CypA refolds when it is di-
luted into refolding buffer containing ATP and
GroES at 30°C, but slowly exchanging protons are
still to some extent exchange-competent during the
folding step. Because refolding is carried out for
one aliquot in *H,O (sample B) and for the other
aliquot in H,O (sample C), exchange should occur
in both samples to the same extent, albeit in differ-
ent directions (H — ?H versus ’H — H). Taking the
isotope effect into account, values for the intensities
directly after the labeling pulse, Iy, have been

back-calculated from the measured spectra. These
manifest the levels of the plateaus B and C on the
far right of Figure 5a. Since further exchange
during sample preparation can be neglected (see
below), proton exchange occurring subsequently to
the pulse is limited to the folding reaction (15 to

temperature
100 3°cle6°c 130°c]_6°c |30°Cl 6°C
¥ 754 ¥
>
g control
£ 50 (A
g
[
2 25 \
& dilution
(B) and (C)
0 T I T T I | T T
0 12 24 36 48 60 72 84 96
time (h)

Figure 4. PPlase activity of CypA during the associ-
ation-dissociation cycling. The activity before the first
heating step is set to 100%. The final activity after
refolding of sample A (control) at 6°C was 80%.
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sample directly after the labeling pulse.

25 minutes in Figure 5a). Assuming monoexponen-
tial behavior the exchange rate during the pulse (0
to 15 minutes), where the intensity changes from
Iy, =0 to Ik, was calculated with equation (13) (see
Experimental Procedures).

Figure 7 shows the relative intensities of the
peaks from the ["*N,'H]-HSQC spectra obtained
from samples A (control, no pulse), B and C (15
minutes labeling pulse). During three association-
dissociation cycles, about 80% of all slowly exchan-
ging proton positions became deuterated. This
leads to an average signal intensity for the slowly
exchanging protons of about 0.2 (Figure 7a). The
residual intensities originate from molecules that
have never been bound to GroEL (Figure 5b).
Compared to the control spectrum, the intensities
of the slowly exchanging protons had increased
after the 15 minutes labeling pulse (Figure 7b and
¢), indicating that these positions were solvent-
accessible in the complex and could thus exchange
during this time. Since folding is not infinitely fast,
further exchange during refolding could not be
completely avoided (Figure 5). In Figure 7d the
differences between the signals from samples B
and C are plotted versus the amino acid sequence.
Most of the negative differences are associated
with overlapping peaks, or with broad peaks with
small intensities, which are both difficult to inte-

H-signal intensity originating from CypA that was

never in complex with GroEL, and did not exchange.

y Calculated iniensity from (B) and (C) for the

\ Measured intensity originating from the labeling pulse
in H,0, and some gain of protons during refolding in H,0.

Figure 5. (a) Schematic representa-
tion of the protonation state of one
slowly exchanging proton position
during the different experimental
steps of the experiments in Figure 3
B and C. (b) Scheme illustrating the
calculation of the protonation in
the GroEL-bound protein at the
end of the labeling pulse (point X in
(@)), as described in Experimental
Procedures.

grate. The rapidly exchanging amide protons are
all 90% protonated, since the NMR spectra were
measured in 90% H,0/10% 2H,0O.

After refolding, both samples were stored over-
night at 4°C until CypA was separated from GroEL
and GroES by chromatography. Under these con-
ditions, no CypA-GroEL-complex is formed. The
theoretically expected further change of signal in-
tensities during the preparation of the samples for
the NMR measurements was calculated using the
exchange rates for native CypA (Ottiger et al,
1997), converted to the actual experimental con-
ditions of pH and temperature during incubation
and separation. For the 54 slowly exchanging pro-
tons which were used in the present analysis, this
anticipated change in signal intensity is less than
2% for 47 positions, and between 2% and 5% for
seven positions, and was therefore neglected as in-
dicated by the horizontal lines in Figure 5a.

The analysis of the NMR data had to account for
the presence of CypA that had never been in com-
plex with GroEL after three cycles (Figure 3), so
that the slowly exchanging protons had not been
exchanged (Figure 5b). This residual intensity (15
to 20%, depending on the pH used) is the same for
all three samples A, B and C (Figure 3). Further-
more, one has to take into account that during the
labeling pulse only 56% of CypA are in complex
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Figure 6. Exchange rates of backbone amide protons in
CypA,.: (native protein) and CypA,. (random coil) and
resulting protection factors plotted against the amino
acid sequence. (a) H/*H-exchange rates in native CypA
(k,..) at pH 6.0 and 30°C as determined by Ottiger et al.
(1997). (b) Calculated intrinsic H/?H-exchange rates, k,,
in a random coil polypeptide with the amino acid
sequence of CypA (see the text). (c) Protection factors
(PF =k, /k,,) for the amide protons in native CypA.

with GroEL (Figure 4) and thus exchange-compe-
tent. On this basis, the measured NMR intensities
can be related to the intensities for the GroEL-
bound protein (Ix) at the end of the pulse
(Figure 5a and b). Model calculations showed that
the order of magnitude of the calculated exchange
rates for GroEL-bound CypA is very robust with
respect to the corrections for unbound CypA, or
for exchange during the NMR sample preparation.

Protection factors in GroEL-bound CypA

If the degree of protonation at an individual se-
quence position is known before and after a label-
ing pulse of known duration, the first order rate
constant for the amide proton exchange can be
evaluated (for details see Experimental Pro-
cedures). In Figure 8a these rates (kg;), as calcu-
lated for 54 slowly exchanging protons from the 15
minutes labeling pulse, are plotted against the
amino acid sequence. There is no significant vari-
ation alon§ the sequence, with values varying be-
tween 107* and 10~ min~'. Protection factors for
these amide protons in GroEL-bound CypA are

relative resonance intensity
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Figure 7. Relative resonance intensities of the peaks
from the [®N,'H]-HSQC spectra obtained from samples
A to C plotted versus the amino acid sequence of CypA.
All spectra were normalized by dividing by the corre-
sponding peak volumes from a reference spectrum of
fully protonated CypA. To have a direct measure for the
protonation at individual positions, the average reson-
ance intensity of the rapidly exchanging protons was set
to 1.0. (a) Sample A (control). (b) Sample B (refolding in
2H,0). (c) Sample C (refolding in H,O). (d) Difference
between the signal intensities from spectra C and B. The
outlying data for the residues 117, 135 and 148 (marked
with asterisks) are probably caused by the different pH
used for the reference spectrum (pD,,, 6.5).

thus much lower than for the native protein and
vary between 10 and 10* (Figure 8b). Correspond-
ingly, compared to the native protein, the rate con-
stants in the GroEL-bound state are increased by a
deprotection factor of 10? to 10* (Figure 8c).

Figure 9 summarizes the results from the two
minutes labeling pulse experiment. Rates and pro-
tection factors were calculated for 45 backbone
amide protons (Figure 9a and b). Nine rate con-
stants given in Figure 8 could not be determined,
because the differences between the signal intensi-
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Figure 8. Results from the 15 minutes pulse labeling ex-
periment. (a) Exchange rates in GroEL-bound CypA for
54 sequence positions with “slow exchange” in native
CypA (Wiithrich et al., 1991; Ottiger et al., 1997) plotted
versus the residue number. (b) Protection factors relative
to the random coil CypA sequence. (c) Deprotection fac-
tors relative to native CypA calculated for GroEL-bound
CypA.

ties before and after the pulse were too small
The protection factors and deprotection factors
(Figure 9b and c) are in good agreement with the
corresponding data from the 15 minutes labeling
pulse experiment (Figure 8).

Exchange during refolding at 6°C in the
absence of GroES and ATP

We also investigated the exchange after a ten
seconds labeling pulse which was initiated by a
1:10-dilution of the deuterated CypA-GroEL-com-
plex into H,O at 30°C and stopped by a second
1:10-dilution into ice-cold buffer in *H,O or H,O
devoid of ATP or GroES. Under these conditions
the protein folds much more slowly (Table 1). The
resulting NMR spectra (data not shown) showed
that proton exchange of CypA was not limited to
the ten seconds-pulse, but continued measurably
after cooling on ice during the slow complex dis-
sociation and refolding of CypA.

Proton exchange at 30°C, pD,,,, 6.4

The following observations confirmed that the
presently studied system depends critically on pH

.ol
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Figure 9. Results from the two minutes pulse labeling
experiment. (a) Exchange rates in GroEL-bound CypA
for 45 sequence positions with “slow exchange” in
native CypA plotted versus the residue number. (b) and
(c) Protection factors and deprotection factors calculated
for GroEL-bound CypA as in Figure 8.

(Figure 2). Equimolar amounts of CypA and
GroEL were incubated in ?H,O-buffer at pD 6.4, in-
stead of pD 6.1 as used in the experiments of
Figures 7 to 9. After one hour less than 10% of the
slowly exchanging protons were deuterated, and
after 7.5 hours the exchange was only approxi-
mately 20%. If three association-dissociation cycles
were applied as usual, with binding at 30°C (eight
hours) and dissociation at 6°C (16 hours), only
about 50% of the protons with k,, <107 min™!
were exchanged, as compared to >80% at pD 6.1
(Figure 7a).

Amide proton exchange of native CypA in the
presence of “catalytic’” amounts of GroEL

After addition of 0.004 stoichiometric equivalents
of GroEL, or 0.004 equivalents of GroEL and 0.008
equivalents of GroES to CypA in *H,O-buffer (pD
6.4), the solution was tested for acceleration of the
proton exchange in the presence of ADP at 26°C
by NMR-measurements. No acceleration of the
backbone amide proton exchange from positions
with slow exchange in native CypA was detected.
These “catalytic’” amounts of chaperonin thus ap-
parently do not cause unfolding or destabilization
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of native CypA that would give rise to an increase
in the proton exchange rates, indicating that the
CypA-GroEL system behaves differently from the
recently studied barnase-GroEL system (Zahn et al.,
1996a).

Discussion

The present solvent pulse labeling NMR exper-
iments with human cyclophilin A indicate that
most of the slowly exchanging amide proton pos-
itions in native CypA have protection factors
around 10° in the GroEL-bound protein
(Figure 8b), and do not reflect the same patterns
along the sequence as the protection factors in
the native protein (Figure 6c). In the native pro-
tein, the amide proton exchange rates in different
B-strands differ by as much as two orders of
magnitude indicating variable local unfolding
events in the native protein. In the GroEL-bound
protein this exchange pattern is not maintained,
and a rather uniform exchange behavior is ob-
served. The ratios of some exchange rates are
even inverted in the GroEL-bound state when
compared to free CypA. We can account for this
small apparent inversion as being caused by the
exchange that takes place during refolding sub-
sequent to the pulse, leading to larger differences
between the refolding experiments in *H,O or
H,O at these positions (Figure 7d). Thus the ex-
change rates k;; are very homogeneous along the
polypeptide chain. We conclude that GroEL can-
not simply enhance the local unfolding modes of
the native CypA, since otherwise the same rela-
tive rates would be observed in the bound state
and in the native structure. Rather, we must con-
clude that the observed homogeneity of the ex-
change rates k;; (Figure 8a) indicates global
unfolding in the GroEL-bound state.

The implicated global unfolding mechanism in
the GroEL-bound state causes a given molecule of
bound CypA to lose all protons at once, with
nearly identical rates at all positions along the
polypeptide chain. Since the experiments have
been carried out with a stable GroEL-CypA-com-
plex, which was pulsed isothermally and at the
same pH as used during complex formation, we
have taken a snapshot of a form of the complex
that is in existence for extended times. This stable
GroEL-CypA-complex may correspond to an
arrested intermediate of the chaperonin reaction
cycle, which in the cell would not exist for such a
long time because of the presence of nucleotides
and GroES.

Since the amide proton exchange rates in
GroEL-bound CypA are 10° to 10* times slower
than the random coil values, we postulate a
dynamic model for the GroEL-CypA-complex,
where CypA would equilibrate between unstruc-
tured and native-like states while remaining
bound to the chaperonin. Exchange from the ran-
dom coil state would be dominant, since the

global unfolding is sufficiently frequent. The ex-
perimental results indicate that variability of ex-
change rates along the sequence in the native
protein has vanished, and thus local unfolding
plays a subordinate role in the exchange. Com-
pared to free CypA the equilibrium between
native-like and random coil states would be par-
tially shifted, about 10°-fold, towards the un-
folded state of CypA, presumably by interactions
of hydrophobic amino acids with the hydro-
phobic lining of the cavity of GroEL. This is
directly reflected by the deprotection factor of
about 10° between native and GroEL-bound
CypA. However, since native CypA is very stable
against global unfolding in the absence of GroEL,
giving rise to PF values of 107, a 10°-fold destabi-
lization in the complex would still leave ample
native-like state in equilibrium, as reflected in the
PF of GroEL-bound protein of 10% to 10* Overall,
the main effect of GroEL thus seems to be the
promotion of dynamic global unfolding of CypA
in the complex. Formally, the close similarity of
the protection factors for the different individual
amide protons could also be explained by ex-
change occurring from an ensemble of folding
intermediates, in which on average all amide
protons would show a similar equilibrium con-
stant for deprotection. With a large number of
different conformers, all differences could be
averaged. However, we consider it rather unli-
kely that these intermediates would show no
differences in stability along the sequence.

The idea of a dynamic equilibrium of the
GroEL-bound protein is consistent with the global
destabilization deduced from earlier measure-
ments with longer labeling periods (Zahn et al.,
1994b), which lead to complete exchange
(Figure 10). It suggests that GroEL may support
the folding of proteins by annealing through re-
peated dynamic opening and closing of the
GroEL-bound form of CypA. Unproductive, off-
pathway intermediates may be resolved because
of the global nature of this unfolding. This is
achieved by a stabilization of the globally un-
folded state when the substrate protein is com-
plexed to GroEL. The unfolded form may be
bound by GroEL with high affinity through the
contacts with hydrophobic side-chains that are
buried in the native state, and therefore CypA re-
versibly unfolds in the complex. The “structured”
bound state (EL-N’ in Figure 10) still has to have
sufficient binding energy to prevent dissociation
at pH 6.0, 30°C in the absence of ATP and
GroES. Whether a protein forms kinetically stable
complexes (such as observed here) or short-lived
complexes (barnase, Zahn et al., 1996a,b) will de-
pend on the protein and its folding properties,
and possibly on whether the native-like state
maintains exposed hydrophobic patches that
allow some residual interaction (such as in B-lac-
tamase at high temperature; Gervasoni et al,
1996).
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Figure 10. Scheme of GroEL-enhanced H/?H-exchange
in a fragment of the substrate protein CypA. Six amide
protons are individually numbered. Bold and italic
letters represent slowly and rapidly exchanging amide
protons, and thick and thin lines represent covalent
bonds and hydrogen bonds, respectively. In the folded
substrate protein amide proton exchange occurs with
the exchange rates in the native protein, k,,. When
bound to GroEL, the substrate is in a dynamic equili-
brium between a native-like conformation N’ and a
globally unfolded state U, in which amide protons
exchange with the random coil rates k,. The net
exchange rate from EL-N’ is therefore no longer gov-
erned by local unfolding, but by global unfolding via
EL-U. In the absence of GroEL the unfolded state aggre-
gates irreversibly, whereas GroEL supports folding by
allowing the substrate protein to reach the native con-
formation by several dynamic opening and closing
cycles in the bound state. The unfolding rate in the com-
plex is accelerated compared to the free state in solution.
While the native-like state N’ is still favored over U in
the complex, the equilibrium is shifted 10* to 10*fold
toward a globally unfolded state U when compared to
the folded protein in solution.

H/ 2H-exchange of individual buried amide pro-
tons (N-H) in a protein takes place when there
are structural fluctuations that expose these pro-

tons. Therefore, the exchange rates are a measure
of the local flexibility within the protein during a
labeling pulse. In ?H,O solution the proton ex-
change follows the basic kinetic mechanism
(equation (1)):
ku Kee 2 ke 2
Ne-H=No=H -5 No—H=N.~"H (1)
Vi u

where the indices ¢ and o refer to the closed and
open forms, respectively. k, and kf are the relevant
rates of local or global unfolding and folding, and
k,. is the intrinsic random coil exchange rate under
the experimental conditions. Under steady state
conditions favoring the folded state (k; > k,) the ob-
served exchange rate, k,,, is

. ki x ke

kex = kf T krc

@)

Depending on the ratio of k; to k,, one may dis-
tinguish two limiting situations (Hvidt & Nielsen,
1966; Englander & Kallenbach, 1984; Englander
et al., 1996). If k,.<k; (EX2 conditions), equation 2
can be simplified to

kex - *krc (3)

In this case the observed exchange rate k,, is the in-
trinsic, pH-dependent exchange rate k,, weighted
by the thermodynamic stability constant k,/kj,
which is equal to the ratio of the equilibrium con-
centrations, [0].q/[cleq, of the open and closed
forms. If in contrast k,.>kj the limit of equation (2)
goes to

kex = ku (4)

This would describe immediate, pH-independent
exchange of all protons as soon as complete un-
folding has taken place. Under these conditions,
the so-called EX1 mechanism takes place, where
exchange is limited by the unfolding rate k,. Proton
exchange for most proteins achieves the EX2 limit
(Perrett et al., 1995; Englander et al., 1996). Even
global unfolding reactions often reach the EX2
limit (Bai et al., 1994; Perrett et al., 1995; Zahn et al.,
1996b). Exchange under EX1 conditions has been
observed, however, when transient global unfold-
ing is favored (Roder ef al., 1985; Perrett et al.,
1995), or at high denaturant concentrations, i.e.
under unfolding conditions (Kiefhaber & Baldwin,
1995). Here we cannot distinguish between EX1
and EX2 exchange from the pH-dependence of the
observed exchange rates, since the pH has a pro-
nounced effect on the thermodynamic stability of
CypA and on the GroEL-CypA complexation equi-
libria (Figure 2). The measured exchange rates, kg,
in the complex are not accurate enough to decide
whether they follow the intrinsic rates, and thus
this does not give an indication for or against an
EX2 mechanism. The observed exchange rates kg,
for GroEL-bound CypA are about 20-fold faster
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than the net complex formation rates, and complex
formation is probably limited by the rate of unfold-
ing of native CypA k,. Since the exchange rates ki,
cannot be faster than the unfolding rate, k, has to
be increased in the complex when compared to the
free state in solution. This is consistent with the ob-
served shift in overall stability, leading to an in-
crease in k, /k

In the presently proposed dynamic model the
protein may undergo many cycles of unfolding
and refolding in the complex. The stable CypA-
GroEL-complex has been maintained for eight
hours (or 70 half-lives of proton exchange in
GroEL-bound CypA) which, if equation (4) applies,
would be identical to the number of half-lives of
unfolding in the complex. If equation (3) holds, on
the other hand, unfolding would be even faster
and even more cycles of folding and unfolding
could occur during the lifetime of the complex.
Thus, independent of the type of exchange (EX1 or
EX2), we can conclude that there are multiple
cycles of folding and unfolding in the complex,
which supports the “annealing’ model.

To observe proton exchange, the GroEL-CypA-
complexes must be preformed from stoichiometric
quantities. The unfolding rate of CypA in solution,
observed by loss of activity, under these conditions
(where folding is reversible) is very slow. This
leads to very slow complex formation rates. Fur-
thermore, once the complex is formed, it is very
stable and shows no appreciable off-rate at 30°C.
Thus, there is no evidence for dynamically disso-
ciating and reassociating GroEL-CypA-complexes
in the absence of nucleotides and GroES. Neither
does substoichiometric GroEL by itself cause pro-
ton exchange of CypA (Zahn et al., 1994b) nor does
a substoichiometric amount of a complex of
GroEL, GroES and ATP or ADP catalyze this reac-
tion. In the presence of GroES in addition to either
ATP or ADP the substrate dissociation rate is in-
creased so that the residence time may be too short
to promote significant proton exchange. Overall,
the energy-barrier to global unfolding seems to be
higher for CypA than, e.g., for barnase (Zahn et al.,
1996a,b). ATP hydrolysis allows multiple rounds
of binding and release during the chaperonin cycle.
Thus, under conditions prevailing in the cell,
where nucleotides and GroES are present, the an-
nealing may involve both folding and unfolding in
the complex and multiple rounds of binding and
release of the substrate protein (Todd et al,
1994,1996; Corrales & Fersht, 1996).

In conclusion, GroEL appears to catalyze global
unfolding once the substrate protein is bound, and
to stabilize globally unfolded states, presumably
by interactions between hydrophobic amino acids
of the substrate that are buried in the folded state,
and the central cavity of GroEL. By multiple cycles
of folding and global unfolding, kinetically
trapped, folding-incompetent conformers would be
allowed to find pathways leading to the correctly
folded state. The equilibrium of different bound
states still favors native-like conformations, thereby

allowing native-like states to dissociate with a cer-
tain frequency. Proteins with a high interaction en-
ergy, such as CypA, require GroES and nucleotide
for fast release, presumably because these effector
compounds are needed for lowering the interaction
energy of the central cavity.

Experimental Procedures
Protein expression and purification

Recombinant ®N-labeled or unlabeled CypA was ex-
pressed in E. coli and purified as described previously
(Weber et al., 1991). GroEL was purified from E. coli
W3110 harboring the plasmid pOF39 as described by
Zahn et al. (1994a), except for an additional Q-Sepharose
chromatography step (Pharmacia Biotech) in 50 mM
Tris-(hydroxymethyl)-aminomethane (pH 7.2), 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM dithio-
threitol (DTT), and gradient elution with 0 to 500 mM
NaCl. GroES was expressed with a C-terminal hexahisti-
dine tail in E. coli JM83, and isolated as will be described
elsewhere. Protein concentrations were determined using
the bicinchoninic acid assay (Pierce) and are always
given for the oligomeric form.

Folding assays

To follow the unfolding and refolding reactions
during CypA-GroEL-complex formation and dis-
sociation, the PPlase activity of CypA was measured at
8°C as described by Fischer et al. (1984). 2 to 10 pl of the
reaction mixture containing 1 to 20 uM CypA were di-
luted together with 10 pl of 1 mM chymotrypsin (Sigma)
into 1 ml assay solution containing 10 mM N-succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide (Sigma) at pH 8.0.

To determine unfolding kinetics, 20 uM CypA were
incubated with 20 pM GroEL in 20 mM 2-[N-morpholi-
nol-ethane sulphonate (Mes), 1mM DTT in H,O or
’H,0 at different pH or pD, and the enzymatic activity
was measured as a function of time. The pD,, of H,O-
buffers was measured at 25°C, taking into account
the isotope effect at the glass electrode
(PDcorr = PDreag + 0-4; Glasoe & Long, 1960). For the de-
termination of refolding kinetics, 20 pyM CypA and
20 uM GroEL were incubated in 20 mM Mes (pH 6.0),
1 mM DTT at 30°C for 16 hours and diluted 1:20 into
the same buffer, which was pre-equilibrated at various
temperatures and contained either no additives, or
2 mM KCI and 2 mM MgCl, combined with either ADP
(1 mM), ATP (1 mM), GroES (2 uM) and ADP, or GroES
and ATP to initiate refolding.

Amide proton exchange experiments

For the pulse labeling experiments, 20 uM CypA and
25 uM GroEL in 40 ml ?H,O-buffer (99.8% *H,O, 20 mM
Mes pD,, 6.1, 1 mM DTT) were incubated at 30°C for
eight hours to form a CypA-GroEL-complex. To dis-
sociate the complex, the solution was incubated at 6°C
for 16 hours. This association-dissociation cycle was re-
peated three times to ensure that most of the CypA mol-
ecules were bound to GroEL at least once. During the
cycle, the PPlase activity of CypA was measured
(Figure 4). The expected exchange during the associ-
ation-dissociation cycles was calculated under the as-
sumption that all amide protons in a CypA molecule
exchange when this CypA molecule is bound to GroEL
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and has lost its enzymatic activity. This calculated value
was in good agreement with the measured relative inten-
sities for the slowly exchanging protons in sample A (see
Figure 3).

After the third incubation at 30°C, the sample was di-
vided into three portions (Figures 3 and 4): 10 ml were
incubated at 6°C in the same buffer for 48 hours without
any further dilution (sample A) and applied onto an S-
Sepharose column (Pharmacia Biotech) equilibrated with
H,O-buffer (20 mM Mes pH 6.0, 1 mM DTT) at 4°C to
separate CypA from GroEL. CypA-containing fractions
eluted with 150 mM NaCl were pooled and concentrated
in a Centriprep-10 filtration unit (Amicon). Two 15 ml
portions (samples B and C) were diluted into 60 ml of
H,O-buffer (20 mM Mes pH 6.0, 1 mM DTT, final ?H,O-
content 20%) at 30°C to label exchange-competent proton
positions in GroEL-bound CypA. To quench the labeling,
samples B and C (75 ml) were each diluted into 300 ml
of refolding buffer 20mM Mes in *H,0O pD,, 6.4
(sample B), or 20 mM Mes in H,O pH 6.0 (sample C))
containing 1mM ATP, 2mM MgCl,, 2mM KCl and
2 uM GroES (final concentrations) at 30°C. After ten min-
utes the samples were cooled on ice and stored over-
night at 4°C until CypA was separated from GroEL and
GroES at 4°C. Before the solution was applied onto a Ni-
NTA-Superflow column (Qiagen) coupled directly to an
S-Sepharose column, it was centrifuged for 20 minutes at
23,000 g to remove precipitated protein (mainly GroEL
and GroES as shown by SDS-PAGE). After the samples
were loaded, the Ni-NTA-Superflow column to which
GroES-Hisg had bound was removed from the system
and CypA was eluted from the S-Sepharose with
150 mM NaCl. CypA-containing fractions were concen-
trated and stored at 4°C until the NMR measurements
were performed. Directly before the NMR measure-
ments, 10% *H,O-buffer was added to each sample.

NMR measurements were performed on a Bruker
AMX600 spectrometer equipped with four channels,
using samples of *N-labeled CypA (150 to 300 uM) in
90% H,0/10% *H,O or in 99.5% 2H,O. 2D [**N,'H]-
HSQC spectra (Bodenhausen & Ruben, 1980) were re-
corded at 26°C (pH or pD,, 6.0) as data matrices of
180 x 1024 complex points, with #; ., (*°N) = 84.6 ms
and t, pa("H) = 112.6 ms. Quadrature detection in the in-
direct dimension was achieved using the States-TPPI
method (Marion ef al., 1989). The water signal was sup-
pressed by spin-lock pulses (Messerle et al., 1989). For
data processing and spectral analysis we used the pro-
grams PROSA (Glntert et al., 1992; Bartels et al., 1995a)
and XEASY (Bartels et al., 1995b), respectively.

To allow direct comparison of the [*N,'H]-HSQC
spectra obtained from different samples, the relative sig-
nal intensities were normalized to eliminate effects from
different protein concentrations in different samples and
from different relaxation characteristics of the individual
amide protons. First, the individual peak intensities were
divided by the corresponding values obtained from a re-
ference spectrum of a fully protonated sample. Then the
spectra were normalized by setting the average of the in-
tensities corresponding to 63 rapidly exchanging protons
with exchange rates higher than 107 min™" in the native
protein to 1.0 (corresponding to 100% protonation). In all
spectra, the positions of rapidly exchanging protons had
a signal intensity around 1.0, because measurements
were performed in H,O.

Determination of hydrogen exchange rates and
protection factors from the pulse labeling
experiments

Because peptide group hydrogen exchange reactions
are influenced by a large solvent isotope effect (Connelly
et al., 1993), exchange rates were calculated for the con-
ditions of each individual experimental step (Figure 3),
using the numbers given by Connelly et al. (1993). The
H,O- and *H,O-contents of the buffer were considered
using the following equation:

kcxp :fHZOkHZO +ﬁHZOk2H2O (5)

kexy is the observed exchange rate in a mixed solvent,
fio and foy o are the fractions of H,O and 2H,O in the
buffer, and k;;,; and ki, are the intrinsic exchange rates
at the appropriate pH, or pD,,,, respectively. To calcu-
late exchange rates at different temperatures, T, relative
to a reference temperature, T,(,f, each rate constant was
corrected using equation (6) (Bai et al., 1993) with an acti-
vation energy E, =17 kcal/mol, where R is the general
gas constant:

KD = K(Tppe 1070 ©)

To calculate exchange rates at different pH values, the
following conversion formula was used:

_ kA[H+] + kg[OH™] + kw
k(pH) = k(pH,) Karef lH Y yeg + K.t [OH o + K.

@)

ka, kg, ky and ky,er, kprep, Ky e are the rate constants
for a “standard” peptide, which depend on the solvent
(HO or ?H,0) and the direction of the exchange
(N-H - N-*H or N-*H — N-H) according to Bai et al.
(1993) and Connelly et al. (1993). The molar ionization
constants for H,O and ?H,O at 20°C are 10~'*!” and
107159, respectively (Connelly et al., 1993).

Protection factors (PF) for backbone amide protons in
native CypA and in the GroEL-bound substrate were cal-
culated as

PF = krc/kabs (8)

k,. is the calculated intrinsic exchange rate under the re-
action conditions used (here: pH 6.0, 30°C), and k,, is
either the measured exchange rate in the native protein,
ka1, (converted to pH 6.0, 30°C using equation (5) to (7))
or the exchange rate in GroEL-bound CypA, kg, calcu-
lated from the pulse labeling experiments (see below).
The exchange rates in the native protein have been deter-
mined at pD.,, 6.5, 26°C by Ottiger et al. (1997). The
conversion of these values to pH 6.0, 30°C is possible
since these small differences between the experimental
conditions do not have a significant influence on the
thermodynamic stability of CypA (Weber, 1991).

To estimate the changes in signal intensities in the
NMR-spectra for each individual amide proton in native
CypA during the final preparation of the NMR sample
(from B and C in Figure 5a until the NMR measure-
ment), equation (9) was applied

I(t) = qu + (Iim'tial - qu)67 Koyt (9)

where k.., is given by equation (5). I(t) is the signal inten-
sity after the experimental step considered, where [ =1
corresponds to 100% protonation. The exchange rates
ky,0 and kiy,o refer to the native protein, taking into ac-
count the actual experimental conditions of pH or pD,
and temperature. I, is the maximal relative intensity
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which can be reached under equilibrium conditions and
is equal to the H,O-content in the respective buffer f;; .
Lniiar 15 the signal intensity at the beginning of the exper-
imental step.

For the calculation of the proton exchange rates in
GroEL-bound CypA, the relative signal intensities at the
beginning (I,) and at the end of the labeling pulse (Ix)
had to be known. A scheme to explain the principle of
the calculations is shown in Figure 5a and b. We assume
that in every CypA molecule that was bound to GroEL
at least once, all backbone amide protons exchanged
quantitatively, i.e. I, =0. This assumption was checked
and confirmed to be correct by comparisons between the
decrease in enzymatic activity during complex formation
and the extent of exchange in the same sample (control
A). To calculate the relative signal intensity at the end of
the pulse (Ix), data from samples B and C were used.
Since after three association-dissociation cycles, there still
remained some CypA molecules that had never been
bound to GroEL, the signal intensity caused by these
molecules had to be considered in the calculation and
was available from the data from control A. Thus,
during the labeling pulse only a certain percentage of
CypA molecules in the solution were exchange-compe-
tent, as determined by measurements of the enzymatic
activity. Therefore, values for the intensities correspond-
ing to samples B and C were divided by the fraction f,,
of molecules bound to GroEL, leading to the following
equations:

In — IB,exp - IA,exp

B A (10)

_ IC,exp - IA,exp
Jex

Iz and I are the corrected relative intensities for an indi-
vidual amide proton considering only bound CypA in
the samples B and C. I, Ig ., and I, are the exper-
imentally measured corresponding intensities from
samples A, B and C. In the 15 min and the 2 min pulse
experiment, f,. was 0.56 and 0.35, respectively. This is
summarized graphically in Figure 5b. The exchange
during the folding reaction can be estimated by the fol-
lowing equation for the calculation of the intensities at
point X (Ix):

Ic (1)

le—Ix ke
Ix—IB_kB

(12)

kg and k. are the exchange rates during folding in H,O
and *H,0, which are unknown and are presumably com-
plicated functions of time. However, the ratio of k- and
kg depends only on the H,O- and ?H,O-contents in the
refolding buffer, on pH or pD, and on the isotope effect,
and can therefore be calculated with equations (5) to (7)
according to Bai et al. (1993) and Connelly et al. (1993)
for the experimental conditions used. Equation (12) can
be solved for the desired intensity Iy, using the calcu-
lated ratio kc/kg.

[ — lc+ (ke/ks) > I
X T ke/ks

If the relative signal intensities at the beginning (I, = 0)
and at the end of the labeling pulse (I, calculated with
equations (10) to (13)) are known, the rate constant for
proton exchange in GroEL-bound CypA, k.., can be cal-
culated using equation (14), where £, is the length of the
labeling pulse.

(13)

IX(tp) = qu + (o — qu)67 Koty (14)
To relate k

«p to tabulated values, it needs to be con-
verted from the experimental conditions used (mixed
solvent) to standard conditions (H,O, 30°C, pH 6.0)
using equation (5). The ratio ky,0/k2p,o can be calculated
from the isotope effect as described by Connelly et al.
(1993), and equation (5) can thus be solved for ky,o. To
determine the protection factors of the individual pro-
tons, equation (8) was used. The deprotection factor
(DF), which is a measure for the destabilization com-
pared to the native state, is given by equation (15):

DF = kEL/knat (15)

In the calculations of PF and DF, all rates have been
corrected for the experimental conditions used (pH,
temperature, isotope effects), using equations (5) to (7).
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