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Cavity formation before stable hydrogen
bonding in the folding of a B-clam protein

The time course of folding of a small B-sheet protein reveals formation of a central ligand binding cavity before the
consolidation of the native hydrogen bonding network. These results suggest that side chain interactions and not
stable hydrogen bonding determine the p-sheet architecture and play crucial roles in the overall chain topology.

Despite extensive effort over the past
twenty years, structural characterization of
protein folding intermediates continues to
be extremely challenging. Results to date
suggest that hydrophobically collapsed
states with large amounts of native-like sec-
ondary structure (‘molten globufes‘) form
quickly (within milliseconds), while late
stages in folding involve tertiary packing
interactions and solvent exclusion'.
Formation of stable native hydrogen bond-
ing has been observed to occur without
global cooperativity, with dif-
ferent time scales for distinct
regions of structure™”. Yet little
is known about the next higher
level of structure — formation
of the native-like topology of
the polypeptide  chain.
Moreover, the prevailing model
that invokes a ‘molten globule’
intermediate is based on stud-
ies of a-helical or mixed o,
proteins.  Helix  formation,
which involves only local
sequences, can precede the evo-
lution of the native topology of
the polypeptide chain. Indeed,
kinetic studies of helical and
mixed o, proteins have shown
that stably hydrogen-bonded
helices form early*’. Folding of
[3-sheets requires concurrent
formation of secondary struc-
ture and native-like topology,
since distant segments of the
chain  must approach one
another to form strand-strand
contacts. Thus, major ques-
tions remain concerning the
folding of P-sheet proteins:
when does the native topology
develop in the folding pathway;
do [-sheet proteins fold
through ‘molten globule’ inter-
mediates and, if so, what is their
structural nature; and when do
the specific interactions that
stabilize the unique native state
— such as hydrogen bonding
— develop in the course of
folding?

To address these questions, we have
examined the folding of cellular retinoic
acid binding protein I (CRABPI), a mem-
ber of a family of B-clamshell proteins that
bind hydrophobic ligands in a large cen-
tral cavity®. We have previously reported
that CRABPI folding, monitored with
tryptophan fluorescence, involves at least
four kinetic phases with time constants of
<10 ms, 200 ms, 1 s and ~15 s (ref. 9). Most
of the native fluorescence of CRABPI devel-
ops during the 200 ms phase, and the ~15 s

Fig. 1 Ribbon diagram of the crystal structure of holo-CRABPI (ref. 27).
a, Front view, with the locations of residues with amide protons observable
during the quenched-flow experiments shown in pink; these residues are
located exclusively in the [-sheet structure. b, A slice through a side view of
CRABPI, showing the central binding cavity largely surrounded by -strands.
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phase arises from proline cis/trans isomer-
ization (S.]. Eyles and L.M.G., unpublished
results), as observed for other proteins'’.
The native structure of CRABPI is domi-
nated by a ten-strand P-sheet that sur-
rounds the cavity (Fig. 1). Thus, following
the ability of this protein to bind a ligand
during folding provides a straightforward
method to monitor the appearance of the
native-state topology. For this study, we
have used the hydrophobic dye 1-anilinon-
aphthalene-8-sulphonic acid (ANS) as a
probe specific for the formation
of the central cavity of CRABPL.
In addition, we have applied
kinetic hydrogen exchange
NMR experiments to deter-
mine when [B-sheet hydrogen
bonds form during folding.
Strikingly, formation of stable
native hydrogen bonds in
CRABPI occurs in a concerted
fashion throughout the B-sheet.
Moreover, the ability of
CRABPI to bind ligand, and
therefore formation of the
native topology, occurs prior to
the formation of a stable hydro-
gen bonding network.

As has been reported for
intestinal fatty acid binding pro-
tein'"2, ANS binds specifically
to native CRABPI (Fig. 2a). In
the presence of a stoichiometric
amount of retinoic acid (RA),
enhancement of ANS fluores-
cence does not occur, arguing
that it reflects ANS binding in
the central cavity of CRABPL
Also, binding does not occur
when CRABPI is unfolded in
urea (data not shown). To moni-
tor the formation of the cavity
during CRABPI folding, we used
a double-push  stopped-flow
experiment, with the first push
mixing unfolded CRABPI with
folding buffer into a delay line to
initiate folding. After various
time intervals, a second push
mixed the contents of the delay
line with ANS. The fluorescence
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