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We used hydrogen exchange-mass spectrometry (HX MS) and fluo-
rescence to compare the folding of maltose binding protein (MBP) in
free solution and in the GroEL/ES cavity. Upon refolding, MBP initially
collapses into a dynamic molten globule-like ensemble, then forms an
obligatory on-pathway native-like folding intermediate (1.2 seconds)
that brings together sequentially remote segments and then folds
globally after a long delay (30 seconds). A single valine to glycine
mutation imposes a definable folding defect, slows early intermediate
formation by 20-fold, and therefore subsequent global folding by
approximately twofold. Simple encapsulation within GroEL repairs
the folding defect and reestablishes fast folding, with or without
ATP-driven cycling. Further examination exposes the structural mech-
anism. The early folding intermediate is stabilized by an organized
cluster of 24 hydrophobic side chains. The cluster preexists in the col-
lapsed ensemble before the H-bond formation seen by HX MS. The V9G
mutation slows folding by disrupting the preintermediate cluster. GroEL
restores wild-type folding rates by restabilizing the preintermediate,
perhaps by a nonspecific equilibrium compression effect within its
tightly confining central cavity. These results reveal an active GroEL
function other than previously proposed mechanisms, suggesting that
GroEL possesses different functionalities that are able to relieve dif-
ferent folding problems. The discovery of the preintermediate, its mu-
tational destabilization, and its restoration by GroEL encapsulation was
made possible by the measurement of a previously unexpected type of
low-level HX protection, apparently not dependent on H-bonding, that
may be characteristic of proteins in confined spaces.

GroEL | protein folding | HX MS

he GroEL chaperonin captures incompletely folded proteins
at specific sites on its apical domains and displaces them into
the GroEL central cavity where they can fold in isolation pro-
tected from aggregation. After ATP hydrolysis (2-10 s), the
GroES lid dissociates and releases the substrate protein, either
fully folded or not, in which case it may rebind and recycle (1-5).
Many chaperone proteins function simply to bind and maintain
incompletely folded proteins and thus avoid aggregation or pro-
mote other functions such as cross-membrane transport (6, 7). The
complex GroEL molecular machine (8) has been thought to play
more active roles (9-18), but this view is controversial (19-21).
Possible mechanisms include forceful unfolding to reverse mis-
folding errors (9-11), promotion of conformational searching by
limiting the volume of search space (13), and a role for special
properties of the GroEL cavity and its walls (12, 22, 23).
Difficulties of measurement have limited these studies. One gen-
erally does not even know the structural problem that GroEL may act
to resolve. Accordingly, most experiments on GroEL function simply
ask about the overall folding rate and yield of a given substrate pro-
tein, which reveals neither the specific protein folding problem nor the
GroEL repair mechanism (although see refs. 14, 24, and 25). It has
been difficult to define protein folding mechanisms, either with or
without chaperonin assistance, because intermediates on the pathway
between unfolded and native states only live for a very short time and
cannot be isolated and studied by the usual structural methods.
We used a hydrogen exchange pulse-labeling mass spectrom-
etry method (HX MS) (26-28) that is uniquely able to define the
details of protein folding intermediates and pathways, both with
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and without GroEL intervention. We studied the folding of wild-
type (WT) maltose binding protein (MBPWT; with the leader
sequence removed) and a mutated version (MBPV?“) that im-
poses a definable folding defect. (Residue numbering for the
plasmid construct used here is the canonical numbering +1.) The
HX MS method is able to provide time- and sequence-resolved
information on MBP in the collapsed ensemble, and on its
folding when in free solution, and when it is in the GroEL cavity
under passive confinement or active ATP-turnover conditions.
The results confirm (29) yet another case of an obligatory on-
pathway folding intermediate, consistent with the foldon-dependent
defined pathway model (30-32) but not with the funneled landscape
many-pathway model (33). They uncover, in the prefolding collapsed
ensemble, a previously unknown organized precursor of the initial on-
pathway H-bonded intermediate. When the precursor is disrupted by
a destabilizing mutation, folding of the initial intermediate is greatly
slowed. Simple GroEL encapsulation restabilizes the precursor and
restores fast folding, even without ATP and substrate cycling.

Results

The HX MS Folding Experiment. When denaturant-unfolded Escherichia
coli MBP is diluted into folding conditions not complicated by ag-
gregation (21) (concentration 1 pM, unfolding by acid urea, no
Cl7, pH 7.4, 22 °C; more details in SI Appendix), it rapidly collapses
(<40 ms) into a dynamic polyglobular ensemble and then more
slowly folds to its native state (29). The course of folding was probed
by exposure to a brief high D,0 acidity (pD) H-to-D HX-labeling
pulse. This strategy labels, in a structure-sensitive way, folding inter-
mediates that are present at any time during folding as the protein
moves to its native state. Amide sites in segments that are not yet
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protected by H-bond formation at the time of the D-labeling pulse
become fully deuterated (heavier) while sites that are already folded
and protected remain undeuterated (lighter). To resolve the posi-
tions of the HX-labeled sites, samples were quenched (pH 2.4, 0 °C)
to halt further exchange and injected into an online flow-analysis
system (SI Appendix, Fig. S1). The flow system proteolytically
fragments the protein, then separates and analyzes the resulting
peptides, roughly by reverse-phase liquid chromatography and
then at high-resolution by MS.

MS/MS analysis identified 519 peptide fragments, including 375
unique peptides (SI Appendix, Fig. S2). We chose 92 that redundantly
cover the entire length of the 370-residue MBP protein and could
always be measured with high quality when analyzed by the ExMS
program (27). Examination of the many H/D-labeled peptides reveals
the identity of folding intermediates and the folding rate, sequence of
formation, stability, and dynamic properties of the protein segments
that they represent. The comparison of many overlapping peptides
provides increased structural resolution and internal consistency
checks. HX MS experiments were supplemented by the observation
of global MBP folding kinetics by intrinsic tryptophan fluorescence
with and without ATP turnover.

Spontaneous Folding of MBP"". Fig. 1 illustrates pulse-labeling HX
MS data for the folding of a peptide (22-44) that covers one
segment of an initial MBP folding intermediate and another
peptide (170-193) that monitors a segment that folds much later.
The bimodal isotopic MS envelopes indicate that, during folding,
each segment switches from an unfolded unprotected condition
(heavier) to folded and protected (lighter) in a concerted reaction,

A Spontaneous MBPWT B

Spontaneous MBPY*¢ C

as has been found for other proteins (30-32). At each folding time
point, the fraction of the protein population that has already folded
any particular segment can be read out as the fraction of the lighter
(protected) peptide isotopic envelope. The measurement has high
accuracy because all of the necessary information, the relative en-
velope areas, is wholly contained in each bimodal MS trace.

Pulse-labeling data for many peptides placed within the early
intermediate, the blue curves in Fig. 1, trace its time-dependent
folding. In MBPVT, the half-time for formation of the early in-
termediate in free solution is 1.2 s (Fig. 14; 1.0-1.5 s total range
among the various peptides). The protein segments that form the
H-bonded intermediate structure, residues 22-44 and 264-279,
are remote in the amino acid sequence but they are in direct contact
in the native protein and fold at identical rates, implying that they
come together into a relatively native-like configuration, as has been
seen for folding intermediates in other proteins (31, 32). The nearly
identical behavior of many overlapping peptides provides multiple
consistency checks. The difference in folding rate compared with a
previous report (29) is due to the different conditions used (7 s half-
time at pD 9 vs. 1.2 s at pH 7.4 used here).

The rest of the protein encounters a large kinetic barrier and folds
much more slowly. Unlike the tightly determined time course for the
many peptides that show formation of the early intermediate, the slow-
folding segments that track later global folding are spread over some
width on the time axis, with half-times of 20-40 s, suggesting more than
one folding step. The suggestive groupings indicated in color represent
sets of protein segments that are adjacent in the native protein (S7
Appendix, Fig. S3). Sequential multistep folding pathways have been
seen for other proteins (31, 32). However, in the present case, a large
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MBP folding. Upper panels show the time-dependent folding of two MBP segments observed by HX MS H-to-D pulse labeling (20-ms pulse). One

segment (22-44) participates in the MBP early folding intermediate (~1 s half-time), the other (170-193) folds much later (~40 s). (A) The WT protein in free
solution (collapsed ensemble). (B) The V9G mutated variant (MBPY®) in free solution. (C) MBPV® encapsulated in GroELP398*, Lower panels track the folding
of the early intermediate (blue) and global folding (multicolor), measured by many peptides.
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Fig. 2. The preintermediate hydrophobic cluster. The extensive hydrophobic
side-chain interactions that stabilize the preintermediate in the initial collapsed
ensemble are shown in space-filling representation as they are seen in the native
protein. They are as follows: L8, V9, 110, W11, 112, L21, V24, F28, 134, V36, V38,
L44, F48, V51, 160, 161, F62, W63, L276, F280, L281, Y284, L285, and L286.

kinetic barrier after formation of the early intermediate is essentially
rate-limiting, which makes the separation of later steps ambiguous.

Examination of the cognate structure of the early folding in-
termediate in the native protein shows that it is stabilized, in
part, by a system of 24 hydrophobically interacting side chains,
shown in space-filling representation in Fig. 2. The hydrophobic
cluster contains the protein segments just noted, the sequentially
distant sequences 22—44 and 264-279, which form the H-bonded
HX-protected early folding intermediate, and also the neigh-
boring 9-21 and 45-60 segments which fold later. Six amino acid
substitutions are known to slow MBP folding (34, 35); all are
placed within the segments pictured. These segments all exhibit
weak protection against HX labeling in the initial collapsed en-
semble, well before the later formation of the strongly protected
H-bonded intermediate just described. Many other segments also
exhibit weak protection in the collapsed ensemble. However, unlike
the other peptides, the segments pictured in Fig. 2, some near and
some far in the sequence, are all destabilized by a single mutation at
sequence position Val9 (see below). These several observations
consistently indicate that some approximation to this structure pre-
exists as a preintermediate in the collapsed ensemble.

Spontaneous Folding of MBPV?¢. We prepared MBP with the sub-
stitution Val9Gly (MBPY?®) placed within the cluster in Fig. 2.
When MBPY?C is in free solution, the early intermediate folds more
slowly, by 20-fold with a half-time of ~25 s (Fig. 1B). As expected
for an obligatory on-pathway intermediate, they remain the first
elements to fold (blue segments in Fig. 1B). Because subsequent
steps are much slower, global folding is delayed by about the same
absolute amount, making it slower by approximately twofold.

The same HX MS methods were used to observe the folding of
MBPY?S when it is inside the GroEL/ES cavity (Fig. 1C). In
these experiments, a modification of the online analysis system
was used to remove GroEL and GroES before the MBP pro-
teolysis step to avoid overwhelming the MS analysis with many pep-
tide fragments (SI Appendix, Fig. S1). The additional time needed in
the online peptide analysis (10 min) adds trivially to D-back exchange
during the analysis (SI Appendix, Fig. S4).

Encapsulation restores the fast folding rate of the early inter-
mediate. Average measured half-time is 1.1 s (0.9-1.3 s total range)
compared with 1.2 s for folding of MBP™7 in free solution. This
result is not masked by the time (~1 s) required to ensure initial en-
capsulation (10, 36). The course of folding is followed for much longer
times (Fig. 1). To ensure that MBPY* remains in the cavity and
folds only therein during the experiment, we used a mutant GroEL,
D398A, which hydrolyzes ATP so slowly (~30 min half-time) (37-39)
that ATP turnover and substrate protein cycling do not occur during
the folding experiment. ATP binding triggers substrate protein
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encapsulation with GroES capping, and folding occurs in the static
cavity (Fig. 1C) without substrate protein cycling. The results there-
fore measure the effect of static encapsulation alone.

The Role of Substrate Cycling. To directly compare the effect of
encapsulation with and without substrate cycling, we employed intrinsic
MBPY?“ fluorescence (Fig. 3). These experiments compare the global
folding of MBPY?“ in GroELY" with ATP-dependent substrate
cycling to folding in GroELP**** without cycling. (GroEL/ES has
no tryptophan and no interfering fluorescence.) In both cases,
global folding of MBPY°C returns to the rate found for MBP™" in
free solution. ATP-dependent substrate cycling does not produce
faster folding than static encapsulation alone. Fig. 3 also shows the
absence of any folding when MBPV?C is bound to the GroEL
apical domains before encapsulation.

The approximately twofold acceleration of MBPY?“ global fold-
ing, which might otherwise be thought to represent a direct GroEL
effect, is fully accounted for as an indirect effect of the recovered fast
formation of the prior on-pathway intermediate. Encapsulation
itself, with or without ATP-dependent cycling, has no effect on the
large kinetic barrier that limits the MBP global folding rate.
Similarly misleading behavior can be expected for any other case
that ignores pathway intermediates and focuses only on the effect
of GroEL on the final global folding step.

The Collapsed Ensemble. To understand the GroEL mechanism,
we pursued a more thorough analysis of MBP folding. Protein folding
studies often detect a fast initial collapse of an unfolded protein into a
molten globule type of ensemble before folding. Much attention has
been directed at the condition of structure and stability in the collapsed
ensemble, its possible role in guiding subsequent native-state forma-
tion, and the relationship with various physical measurements [FRET,
small-angle X-ray diffraction, circular dichroism (CD)] (40, 41).

In previous work, HX protection has been connected to specific
amide hydrogen bonding in native secondary structures (42, 43) and
commonly exhibits protection factors in the range of Pf ~10° and far
higher. These numbers indicate free energy of stabilization over
4 kcal/mol [protection factor (Pf) = HX = HX reference rate for
fully unprotected amides (44)/measured HX rate]. We report here
HX MS observations on the structure and dynamic properties of MBP
in the collapsed ensemble where many peptides display a much
lower level of HX protection.
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Fig. 3. Global folding by fluorescence. The global folding of mutant MBPV9¢
followed by the intensity of intrinsic tryptophan fluorescence when free in so-
lution (blue), when bound to the GroEL apical domains (red), and in the GroEL
cavity with ATP-dependent cycling (in WT GroEL; orange) and without cycling (in
mutant D398A GroEL; purple). GroEL/ES has no tryptophan and therefore no
interfering fluorescence. (Excitation at 295 nm, observation through a 305-nm
long-pass filter, Biologic SFM400 stopped flow; Grenoble.) AU, arbitrary units.
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To assess weak HX protection, unfolded MBPYT was diluted
into folding conditions to populate the collapsed ensemble and then
exposed to increasingly long 10- to 80-ms H-to-D labeling pulses.
Representative peptides are shown in Fig. 4. The segment 2244 is a
part of the fast intermediate. In the 0.2-s delay before the labeling
pulse, ~10% have already formed the well-protected intermediate
(left envelope), as expected (t;, = 1.2 s). The major not-yet-folded
population fraction (unprotected, heavy) can be separately ob-
served. Some amides exchange within the weakest 10-ms pulse
(Pf < 5). A few sites are more resistant but become labeled by
longer pulses, emphasized by the blue and red vertical dashed lines,
which serves to quantify their low-level protection (Pf < 50, stabi-
lization free energy <2 kcal/mol). Many other peptides, like 45—
62 and 179-196, also show low-level protection in the collapsed
ensemble. A few, like 293-302, have little or no residual protection.

Peptides in four sequence regions (90-114, 150-160, 240-265,
341-351) show broadened or clearly bimodal HX EX1 isotopic
envelopes (SI Appendix, Fig. S5). EX1 kinetics measures co-
operative segmental unfolding reactions, suggesting a-helical
secondary structure due to burial in the collapsed state (45). The
EX1 peptides do have high hydrophobic content, but other
segments that have high hydrophobicity do not show EX1 behavior
(ST Appendix, Fig. S6). They seem likely to produce CD and other
spectroscopic signals in the collapsed ensemble, although they are
mainly in B-sheet conformation in the native MBP protein. Even the
apparently structured EX1 segments show only weak stability;
the EX1 folded to unfolded ratio extrapolated to zero pulse-labeling
length (K = 1) indicates a stabilization free energy close to zero.
Interestingly, encapsulation often slows the EX1 unfolding rate as
well as other EX2 HX rates (SI Appendix, Fig. S5B). Also inter-
esting is the fact that these EX1 peptides, with some structure in
the unfolded state, do not contribute to the early intermediate.

Preintermediate in the Collapsed Ensemble. The V9G mutation has
no effect on measurable HX in the collapsed ensemble, with one
notable exception. It selectively abolishes the weak residual HX
protection of the hydrophobic cluster segments that will become
strongly protected in the early intermediate (22-44, 264-279)
(Fig. 5B). Other peptides that monitor these same protein seg-
ments confirm the effect. Cluster segments that will fold much
later (9-21, 45-62) are partially but not completely destabilized
(SI Appendix, Fig. S7). All other peptides are wholly unaffected.

This observation requires that, well before the formation of the
HX-protected intermediate (1.2 s; Fig. 14), the hydrophobic cluster
segments, although distant from each other in sequence, are already
spatially grouped together immediately adjacent to the Val9 posi-
tion. The preintermediate cluster appears to be held together by the
cooperative more or less native-like interaction of its many hydro-
phobic side chains (Fig. 2), even before it clicks into its more strictly
correct format enforced by the more demanding H-bond constraints
observed by strong HX protection.

The Role of Encapsulation. In Fig. 1, the main variable is folding time.
Fig. 5 extends those observations by varying pulse strength to mea-
sure the weakly stable preintermediate. There is a short delay before
the H-to-D labeling pulse is applied, 0.2 s for the collapsed ensemble
(Fig. 5 A and B), and 2 s for MBPY?“ in GroELP*** (Fig. 5C; to
ensure full encapsulation). During the delay time, some population
fraction folds and some does not. The resulting bimodal envelopes
separately measure the population fractions alreadxvgolded and not
yet folded. The folded fraction is ~10% of the MBP™ " population in
A, zero for MBPVY?C in B, and over half for encapsulated MBPY?C in
C. These results match the folding results in Fig. 1.

The pulse-labeling MS data in Fig. 5 also measure HX pro-
tection of the still-unfolded population fraction. These molecules
are not affected by the prior folding time (Fig. 1). The hydrophobic
cluster peptides are weakly protected in A, destabilized in B, and
reprotected in C. The relative stability of the preintermediate is
displayed more quantitatively by the line plots in Fig. 5 D and E
and in SI Appendix, Fig. S7. The curves plot the fractional D-up-
take of the not-yet-folded peptides as a function of pulse time. For
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Fig. 4. Low-level HX protection in the collapsed ensemble. Unfolded MBP"'
was diluted into folding conditions and brief H-to-D labeling pulses of increasing
length were applied (10-80 ms at pD 9.8, 22 °C where intrinsic free peptide half-
time is 0.5-5 ms). Weak HX protection is seen for hydrophobic cluster peptides,
like 22-44 (A), which forms the early H-bonded intermediate (~10% folding
has already occurred), and for 45-62 (B), which does not, and also for many
noncluster peptides (C) but not for some others (D). Vertical lines are added to
aid visualization of increasing deuteration with longer but still weak labeling
pulses. Other peptides with EX1 character are shown in S/ Appendix, Fig. S5.

each noted peptide, these curves compare the amount of D-la-
beling found for MBPY" in free solution (blue; from panel A), for
MBP"Y° in free solution (red; from panel B), and when MBPY? is
statically encapsulated in the GroEL™**** cavity (orange; from panel
C). In the collapsed ensemble of MBPY' in free solution, the
cluster segments show their characteristic weak protection (blue),
and they fold rapidly. They are selectively destabilized by the VIG
substitution (red) and then fold more slowly. Restabilization upon
encapsulation (orange) restores their fast folding.

A noncluster peptide is also shown (Fig. 5F), typical of many
others that display weak protection in the collapsed ensemble. Their
red and blue curves are identical because they are not destabilized by
the VOG mutation. Like the cluster peptides, encapsulation stabilizes
them (less D-labeling). Unlike the cluster peptides, their folding rate
is not affected by encapsulation. Thus, the stabilization seen for the
mutant preintermediate is due to a general nonselective encapsulation-
dependent effect.

In these experiments, the preintermediate was identified by virtue
of the selective destabilization of the hydrophobic cluster peptides
by the VO9G mutation. The placement of the mutation was guided
by knowledge of the early on-pathway MBP folding intermediate
(Fig. 2). Does the weak protection seen for many other peptides in
the collapsed ensemble reflect similar native-like association or
simply random hydrophobic association? Some more general mu-
tational scanning together with appropriate HX methods might help
to illuminate this interesting question.

Discussion

Protein Folding Mechanism. Experiments have found a dozen pro-
teins that fold through native-like foldon-dependent intermediates
in defined pathways (30-32). The present results confirm (29) that
MBP is one of these. Additional results extend the defined in-
termediate view. A distinct weakly stabilized precursor preexists in
the initially collapsed MBP ensemble, held together apparently by
a relatively native-like cluster of interacting hydrophobic side
chains. The generality of this behavior remains to be tested.

GroEL Mechanism. Another result of the present work is that GroEL
can greatly accelerate the formation of the early on-pathway MBP
folding intermediate when its folding is impaired. A deeper insight
is that GroEL accomplishes this function not by acting on the inter-
mediate itself but, in the case of MBP, on a precursor form. Enclosure
in the GroEL cavity exercises a widespread nonspecific effect that
suppresses segmental dynamics throughout the substrate protein and
promotes stability against HX labeling. The same effect restabilizes
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Fig. 5. Intermediate and preintermediate formation. WT and mutant MBP
were exposed to H-to-D labeling pulses of increasing length, either in free
solution (A and B) or in the cavity of noncycling GroELP3984 (C). (A) After
0.2 s of folding (delay time before HX pulse), H-to-D pulse labeling shows
that a small fraction of two hydrophobic cluster segments in MBP"T has
folded (fast folding rate as expected from Fig 1A), and the not-yet-folded
fraction has some low-level protection indicating presence of the pre-
intermediate. The vertical lines emphasize the response to increasing but still
weak labeling pulses. (B) The V9G mutation selectively abolishes the low-level
stability of the preintermediate peptides and eliminates the fast folding of the
early intermediate (as in Fig. 1B). (C) Encapsulation restores low-level stability in
the preintermediate peptides and fast formation of the early intermediate (more
folding due to a 2-s delay before the pulse, needed to allow full encapsulation). (D
and E) Line plots summarizing the response—added D labeling—of the hydro-
phobic cluster peptides to the increasingly long HX-labeling pulse for the follow-
ing: MBPVT in free solution (blue), MBPYS in free solution (red), and MBPY*¢ in
GrokEL (orange). Normalized centroid means the degree of H-to-D labeling plotted
as the fractional D value between the protected native value (lighter) and the
unprotected unfolded value. This normalization cancels any effect of a difference
in back exchange between different runs. (See S/ Appendix, Fig. S7 for other
cluster peptides.) (F) Line plot for a typical noncluster peptide not affected by the
V9G mutation but nevertheless endowed with HX protection by encapsulation.

the mutationally impaired MBPY*® hydrophobic cluster and restores
its rate for folding to the early intermediate.
These results can be summarized as follows:

MBPYT:U-CE 2 PI-1->N [1]

MBPYC .U - CE' 2 Pl 51’ >N’

CE is the collapsed ensemble. PI is the hydrophobically stabilized,
preintermediate state that is measurable by low-level HX protection.

Ye et al.

I is the stably H-bonded early intermediate measured by HX MS in
free solution and in the GroEL cavity for both the MBP WT and
VIG variants. The prime symbol distinguishes states where the VIG
mutation is present, but structures are otherwise equivalent so far as
we can _tell. However, the CE to PI equlhbna are different. In
MBPWT, the forward equilibrium, CE to PI, is dominant (PI is
measured), and the half-time for then forming I is 1.2 s. In MBPY?¢
the CE’ to PI' equilibrium is disfavored, reducing the rate for forming
the H-bonded I by 20-fold. GroEL encapsulation promotes association
equilibria in general, which restores the CE to PI equilibrium and the
fast I formation rate.

A widely considered possibility is that GroEL encapsulation
acts to speed structure formation entropically by promoting the
required conformational search. Against this view is the fact that
encapsulation broadly suppresses rather than promotes confor-
mational dynamics (e.g., ST Appendix, Fig. S5). Also, the deleterious
effect of the VOG mutation seems unlikely to work by slowing pre-
intermediate formation directly. Formation of the precursor is in-
trinsically fast, <40 ms. A 1,000-fold slowing due to the mutation
seems unlikely. The restoration of fast folding appears to be due to
an encapsulation-dependent promotion of the CE to PI equilibrium
(Eg. 1), dependent on suppression of the PI dissociation rate, just
as EX1 unfolding is suppressed (SI Appendix, Fig. S5), and thus
may reflect a general function of GroEL confinement.

One possibility is that the encapsulation-dependent mecha-
nism is based on the compression of proteins within the tightly
confining cavity. Chen and Makhatadze (46) have shown that pres-
sure stabilizes hydrophobic interactions in water due to an equilib-
rium PAV effect. (This is opposite to the destabilization of native
proteins by high pressure, which is based on the elimination of voids
in structured proteins.) A similar effect due to space-requiring in-
tracavity GroEL oligopeptide tails and charge groups on the GroEL
inner wall has been noted before (1, 12, 15, 22). This effect can
usefully come into play when folding is limited by the need to form
long-range, hydrophobically stabilized segmental interactions.

The compression effect considered here takes its place within
a list of other possible strategies, including simple sequestration,
forceful unfolding to reverse folding errors (9-11), and wall and
oligopeptide tail effects (12, 15, 22). A more general implication is
that the GroEL molecular machine may well encompass a variety
of mechanisms that can act to repair different kinds of protein
folding defects in different ways.

HX Methodology. A basic problem for folding and chaperone
studies is the difficulty of defining the protein folding problem that
the chaperone may act to repair and the functional mechanism
that it applies to do so. The HX MS method employed here is
uniquely able to define structural and dynamical details of protein
folding intermediates and pathways during normal and interrupted
folding (31, 32). We used these methods to study a designed folding
defect, its influence in free solution, and its interaction with GroEL,
both with and without active ATP-dependent cycling.

This work uncovered an unusual type of protein HX behavior.
All past HX work on protein structural dynamics and function has
depended on the ability of HX measurement to distinguish H-
bonded structure and its stability. The structural resolving power of
that work has profited from the fact that HX slowing of the dif-
ferent amides is usually spread out over many orders of magnitude
on the HX time axis. The present results depend on a quality of HX
that is different. The incorporation of polypeptide into a viscid
molten globule-like ensemble produces a very modest level of HX
slowing, with protection factors <50, that seems not to depend on
regular H-bonding. This subtle but still measurable property made
it possible to recognize the more or less organized hydrophobic
cluster preintermediate state of MBP, its concerted destruction by a
single mutation, and its recovery upon GroEL encapsulation.

Materials and Methods

The MBPWT plasmid was the same construct as in ref. 47, which has the
N-terminal signal peptide removed, a methionine insertion at the N terminus,
and an lle2 to Thr substitution. We use here the sequence numbering for normal
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wild-type MBP + 1. Both MBP"" and MBP"°¢ were overexpressed in E. coli and
purified from the soluble fraction of the cell extract as described in ref. 29, in-
cluding rigorous removal of bound maltose. GroEL and GroES were overex-
pressed and purified according to previous publications (48), including acetone
treatment as an additional step to remove contaminating substrate proteins,
leaving <10% substrate protein per GroEL heptameric ring, as assessed by
tryptophan fluorescence.

HX MS methodology (27, 29) and analysis (49) were described in detail
before (26, 28). To avoid interference by many GroE peptides in the HX MS
experiments, MBP was quickly separated from GroEL and GroES by a short
reverse-phase C4 column inserted into the online flow analysis system and
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then diluted 10-fold to reduce CHsCN concentration before flow through
the immobilized protease column (S/ Appendix, Fig. S1). The C4 column has
almost no effect on back exchange (S/ Appendix, Fig. S4). Otherwise, folding
in GroEL was studied using the same HX pulse-labeling and analysis methods
as before (SI Appendix, SI Methods).
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