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Elucidation of the high-resolution structures of folding intermediates is a
necessary but difficult step toward the ultimate understanding of the
mechanism of protein folding. Here, using hydrogen-exchange-directed
protein engineering, we populated the folding intermediate of the Thermus
thermophilus ribonuclease H, which forms before the rate-limiting
transition state, by removing the unfolded regions of the intermediate,
including an α-helix and two β-strands (51 folded residues). Using
multidimensional NMR, we solved the structure of this intermediate
mimic to an atomic resolution (backbone rmsd, 0.51 Å). It has a native-like
backbone topology and shows some local deviations from the native
structure, revealing that the structure of the folded region of an early
folding intermediate can be as well defined as the native structure. The
topological parameters calculated from the structures of the intermediate
mimic and the native state predict that the intermediate should fold on a
millisecond time scale or less and form much faster than the native state.
Other factors that may lead to the slow folding of the native state and the
accumulation of the intermediate before the rate-limiting transition state
are also discussed.

Published by Elsevier Ltd.

Edited by P. Wright
Keywords: protein folding intermediate; protein folding; NMR structure;
hydrogen exchange; protein engineering

Introduction

A major question in protein folding has been how
protein molecules find their native states in a vast
possible conformation space on a biologically mean-
ingful time scale.1 One hypothesis suggests that they
solve the conformation search problem by folding
through partially unfolded intermediates.2 Indeed, a
large number of proteins have been reported to have
partially unfolded intermediates on their folding
pathways.3–6 However, the key features of the fol-
ding intermediates and their exact roles in protein
folding are still not fully understood. For example,
does the folded region of a folding intermediate

have a specific structure or comprise an ensemble of
very different structures?7–9 Is the folding inter-
mediate native-like or non-native-like? Why do
some proteins populate early folding intermediates
before the rate-limiting transition states, whereas the
intermediates of others exist after the rate-limiting
transition states?10 These issues are difficult to
resolve without high-resolution structural informa-
tion on the folding intermediates.
The main obstacle to obtaining high-resolution

structural information of folding intermediates is
that protein folding is a fast process and folding
intermediates can only populate transiently during
folding. The available methods for protein structure
determination, such as X-ray crystallography and
multidimensional NMR, are not directly applicable.
In addition, partially unfolded intermediates do not
populate significantly under equilibrium native
conditions because the native state has the lowest
free energy. Moreover, partially unfolded intermedi-
ates at high protein concentration (approximately
millimolar), which are required for their structure
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determination by the current solution NMR meth-
ods, tend to aggregate due to the exposure of hydro-
phobic side chains.
Despite such difficulties, some success toward de-

termining the structures of folding intermediates has
been achieved by the use of peptide models to
represent the folding intermediates associated with
the formation of disulfide bonds11 and by populating
partially unfolded states at low pH and equilibrium
conditions.12 In these cases, secondary structure for
the intermediates have been obtained; information for
their tertiary structures, however, is still lacking.More
recently, the high-resolution structures of the folding
intermediates of a redesigned apocyt b562 (Rd-apocyt
b562)

13,14 and T4 lysozyme,15 which exist after the rate-
limiting steps, and the early folding intermediate of
engrailed homeodomain (En-HD),16 which exists
before the rate-limiting step, have been determined.
In these three cases, the structures of the folding
intermediates were first characterized with the use of
hydrogen-exchange and mutation studies at the level
of residues and, subsequently, protein engineering
was used to populate the intermediates by deleting
or mutating the residues in the unfolded regions of
the intermediates.17–20 A common feature of the
structures of these intermediates is that they have
native-like backbone topology with local non-native
side-chain interactions.
Although the high-resolution structure of the early

folding intermediate of En-HD has provided sig-
nificant insights into the early folding events,16 En-
HD is small (61 amino acids) and its native state can
form on submillisecond time scale as the intermedi-
ate does, making it difficult to reveal the cause for the
population of the intermediate. By contrast, many
larger proteins (N100 amino acids) have submilli-
second early folding intermediates and fold to the
native state on the time scale of seconds. Therefore, a
detailed study of the structural features and roles of
the intermediates of these proteins may help to
reveal the general principles that govern protein
folding. One of the well-studied proteins with early
folding intermediates is ribonuclease H (RNase H).
For the past decade, Marqusee and coworkers have
characterized the folding behavior of several homo-
logues of RNase H, including those from Escherichia
coli,21 Thermus thermophilus,22 and HIV-1.23 Several
experimental results indicate that these proteins fold
similarly with on-pathway early intermediates,
although the folded regions in the intermediates of
these proteins are not identical: (i) the formation of a
significant amount of secondary structure was de-
tected in the dead time of the stopped-flow circular
dichroism experiments;22,24 (ii) the structures of the
intermediates were characterized in the kinetic
hydrogen/deuterium-exchange pulse-labeling
experiments;22,24 (iii) two partially unfolded inter-
mediates were detected in the native-state hydro-
gen-exchange experiments and one of them was
similar to that identified in the pulse-labeling expe-
riment for both E. coli and T. thermophilus RNase
H;21,25 (iv) the kinetic intermediate identified in the
hydrogen/deuterium-exchange method was con-

firmed by a protein engineering study for E. coli
RNase H;26 (v) a discrete on-pathway intermediate
with properties similar to that of the kinetic inter-
mediate was identified in a single-molecule experi-
ment also for E. coli RNase H.27
Previously, Chamberlain et al. used hydrogen-

exchange-directed protein engineering to populate
the folding intermediate of E. coli RNase H by dele-
ting the regions that are believed to be unfolded in the
intermediate.28 This intermediate mimic forms a
dimer (Kd=0.5 μM) at high protein concentrations.
Here,weused a similar protein engineering approach
to populate the folding intermediate of the cysteine-
free T. thermophilus RNase H (RNase H⁎), which was
used in the earlier folding studies.22 This intermediate
involvesmore folded regions than the intermediate of
E. coli RNase H. We found that the intermediate
mimic is highly soluble and exists as a monomer at
∼1 mM concentration, which allows us to use multi-
dimensional NMR to solve its structure to a high
resolution and to address the issues concerning the
early intermediates.

Results

Identification of the unfolded region of the early
folding intermediate

The native structure of T. thermophilus RNase H⁎
is composed of five α-helices (A to E) and five β-
strands (I to V) (Fig. 1a). In the earlier pulse-labeling
experiment, seven amide protons in strand II are
fully labeled in the early intermediate, indicating
that strand II is unfolded in the intermediate.22
There are two amide protons in strand III that can
be used as probes in the pulse-labeling experiment;
both are labeled. No amide protons in the E-helix
can be used as probes to monitor its structure in the
intermediate because they exchange too fast in the
native state. Nevertheless, it is reasonable to con-
clude that strand III and the E-helix are unfolded in
the intermediates, since strand III is stabilized by
forming hydrogen bonds with strand II and the E-
helix mainly packs against strand II. By contrast,
several amide protons in helices A and D and
strand IV are fully protected in the intermediate,
indicating they are folded in the intermediate.
Strand I has one amide proton as probe, which is
partially protected. Strand V also has one amide
proton as probe, which is fully protected. These
results indicate that strands I and V cannot be fully
unfolded in the intermediate. The amide protons in
helices B and C also exchange too fast in the native
state to provide probes for characterizing their
structures in the intermediate. However, an earlier
protein engineering study on the folding of E. coli
RNase H indicates that they are likely folded in the
intermediate.26

The above conclusions are further supported by
the native-state hydrogen-exchange experiment, in
which two partially unfolded intermediates were
identified.25 One intermediate has the E-helix un-
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