
UC Berkeley
UC Berkeley Previously Published Works

Title
Evidence for close side-chain packing in an early protein folding intermediate 
previously assumed to be a molten globule

Permalink
https://escholarship.org/uc/item/1sk4x7f1

Journal
Proceedings of the National Academy of Sciences of the United States of America, 
111(41)

ISSN
0027-8424

Authors
Rosen, Laura E
Connell, Katelyn B
Marqusee, Susan

Publication Date
2014-10-14

DOI
10.1073/pnas.1410630111
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1sk4x7f1
https://escholarship.org
http://www.cdlib.org/


Evidence for close side-chain packing in an early
protein folding intermediate previously assumed to be
a molten globule
Laura E. Rosena,b, Katelyn B. Connellb,c, and Susan Marquseea,b,c,d,1

aBiophysics Graduate Group, cChemical Biology Graduate Program, dDepartment of Molecular and Cell Biology, and bInstitute for Quantitative
Biosciences–Berkeley, University of California, Berkeley, CA 94720-3220

Edited by David Baker, University of Washington, Seattle, WA, and approved August 29, 2014 (received for review June 6, 2014)

The molten globule, a conformational ensemble with significant
secondary structure but only loosely packed tertiary structure, has
been suggested to be a ubiquitous intermediate in protein folding.
However, it is difficult to assess the tertiary packing of transiently
populated species to evaluate this hypothesis. Escherichia coli
RNase H is known to populate an intermediate before the rate-
limiting barrier to folding that has long been thought to be a mol-
ten globule. We investigated this hypothesis by making mimics of
the intermediate that are the ground-state conformation at equi-
librium, using two approaches: a truncation to generate a frag-
ment mimic of the intermediate, and selective destabilization of
the native state using point mutations. Spectroscopic characteriza-
tion and the response of the mimics to further mutation are con-
sistent with studies on the transient kinetic intermediate,
indicating that they model the early intermediate. Both mimics
fold cooperatively and exhibit NMR spectra indicative of a closely
packed conformation, in contrast to the hypothesis of molten ter-
tiary packing. This result is important for understanding the nature
of the subsequent rate-limiting barrier to folding and has implica-
tions for the assumption that many other proteins populate mol-
ten globule folding intermediates.

Although many proteins populate intermediates early in the
folding process, the role of such intermediates is still un-

clear. To what extent are they obligatory? What is the nature of
the free-energy barrier that allows for the transient population of
these states? Answering such questions requires detailed knowl-
edge of the structure and dynamics of folding intermediates.
Many large single-domain proteins (>100 amino acids) pop-

ulate a partially folded intermediate state within the burst-phase
of stopped flow experiments (milliseconds, ms) that is thought to
be a “molten globule” (1–4). Molten globules are defined as
compact structures with a high degree of secondary structure
that lack the tight tertiary interactions that are the hallmark of
natively folded proteins (5). The molten globule has been pro-
posed to be a general intermediate formed before the rate-lim-
iting barrier (6), where later folding steps involve the exclusion of
water and formation of close tertiary packing. [The state in which
water has been excluded but close tertiary packing has not yet
been achieved is a “dry” molten globule, hypothesized to be
a general intermediate on the native side of the rate-limiting
barrier (5, 7).] To evaluate the universality of molten globules in
protein folding, it is important to clearly demonstrate the nature
of the tertiary packing in early folding intermediates.
Molten globules were first observed in equilibrium studies in

which they can be populated under extreme solution conditions
(i.e., low pH, in the presence of chemical denaturant, and/or by
removal of a cofactor such as heme) (8–10). In these studies,
probes such as circular dichroism (CD), NMR, and ANS
(1-anilino-8-naphthalene sulfonic acid) fluorescence revealed a con-
formational ensemble not well described by a native or unfolded
state and therefore termed the molten globule conformation.
Landmark hydrogen–deuterium (HD) exchange studies on the
acid molten globule of apomyoglobin demonstrated secondary
structure in three of eight helices from the native protein (A, G,
and H) (11). Later, pulse-labeling hydrogen exchange showed

that these same helices are also protected in the transient early
(ms) folding intermediate under native conditions (3). The
protein ribonuclease H (RNase H from Escherichia coli) also
folds through a burst-phase intermediate and populates a molten
globule under acidic conditions (9); again, the acid molten
globule and transient kinetic intermediate have similar patterns
of protection, indicating they form a similar subset of the native
secondary structure (4). On the basis of these and other
studies, the dominant hypothesis has been that the burst-phase
folding intermediates are themselves molten globules.
It is particularly difficult, however, to assay the structural

details of these transient folding intermediates to determine
conclusively whether the protected region is molten or well fol-
ded. Structural probes such as CD or fluorescence typically yield
only global information. Although HD exchange is a powerful
way to gain site-specific information, it only directly monitors
backbone hydrogen bonds. Orthogonal techniques, such as
phi- and psi-value analyses (12, 13) and recently alkyl–proton
exchange (14), have been used to probe the role of specific
side-chain interactions in folding intermediates. However,
these techniques cannot conclusively evaluate the side-chain
packing in the structured region of a transient intermediate:
resulting data consistent with moltenness do not rule out other
possible hypotheses, such as a closely packed region that folds
and refolds rapidly or has nonnative tertiary structure.
To address the question of specific tertiary packing in the

structured region of transient folding intermediates, we have
designed and interrogated different mimics of the kinetic folding
intermediate of RNase H, an important protein folding model
system with a well-characterized folding intermediate thought to
be a molten globule. The folding process of E. coli RNase H
has been characterized using CD, HD exchange, mutagenesis,
single molecule force spectroscopy (optical tweezers), and
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a computational prediction algorithm (4, 15–18). These studies
all lead to a picture of a folding intermediate (termed “Icore”)
populated before the rate-limiting barrier to folding, with native-
like secondary structure in a contiguous region of sequence from
helix A to strand V (the “core” region of the protein), whereas
the rest of the protein appears unfolded (Fig. 1). The acid
molten globule state of RNase H, populated at very low pHs
(<2), shows HD protection in the same helices (19).
In addition to similarities to the acid state molten globule,

other observations have been interpreted to support the hy-
pothesis that the structured region of Icore is molten. The I53L
mutation in the core region destabilizes the native state but does
not notably affect the stability of Icore (20). This was interpreted
to indicate loose association of hydrophobic side chains in the
intermediate but is also consistent with nonnative tertiary
structure in Icore accommodating the mutation. In a separate
study, a single destabilizing mutation (I25A) was shown to cause
extensive population of the Icore intermediate under equilib-
rium conditions (21). In the presence of ∼2 M urea, Icore is the
dominant species at equilibrium for I25A, but no peaks corre-
sponding to the structured region of the intermediate could be
observed in NMR HSQC (1H-15N heteronuclear single quantum
coherence) experiments under these conditions, suggesting that
the structured region of Icore is very dynamic. The dynamics
could be due to a poorly packed, heterogeneous structured re-
gion, or due to fast folding and unfolding of a closely packed
structure.
Here we probe the structured region of the RNase H Icore

intermediate directly by creating equilibrium mimics of the
folding intermediate that are populated under native conditions.
First, we generate a fragment of E. coli RNase H comprising the
sequence from helix A to strand V (Fig. 1). The fragment folds in
isolation and mimics the known behavior of the kinetic in-
termediate. We find, however, that the fragment is not molten
and forms a closely packed structure. In a second approach, we
create several destabilizing mutations in the periphery (the
presumably unfolded region of Icore), to populate the in-
termediate under native conditions in the context of the full-
length protein and find that the structured region is again well
folded. Finally, we show that our results are compatible with the
previous data that were originally interpreted to support the
hypothesis of a molten structure.
In sum, our data imply that the structured region of the E. coli

RNase H kinetic intermediate (Icore) is well folded, with closely
packed side chains. It remains possible that the region lacking
protection in the kinetic HD exchange experiments, previously
assumed to be unstructured in the folding intermediate, may

itself have a molten globule character, and/or that the protein
forms a molten intermediate before this well-folded intermediate.
This work suggests that the rate-limiting step in the folding of
E. coli RNase H is not the packing down of existing tertiary
interactions in the Icore intermediate, but is more likely related to
assembly of the rest of the protein or a reorganization of the folded
region. These results also suggest that the evidence for moltenness
in the folding intermediates of other proteins is worth revisiting.

Results
A Fragment Mimic of the Transient Folding Intermediate, Icore. Pre-
vious pulse-labeling hydrogen exchange, computational, and
protein engineering studies have identified residues 43–122 as
the structured region of Icore (Fig. 1) (4, 15, 16, 18). The se-
quence of E. coli RNase H constituting this region was cloned,
expressed, and purified from E. coli. [In this study, E .coli RNase
H refers to a well-studied cysteine-free variant (9).] The resulting
fragment is soluble and is shown to adopt a stable fold; the CD
spectrum appears to show double minima close to 208 nm and
222 nm, consistent with helix formation (Fig. 2A). Equilibrium
urea-induced denaturation of the fragment, monitored by the
CD signal at 222 nm, shows a cooperative folding transition (Fig.
2B) with a ΔGunf of 3.0 ± 0.3 kcal/mol, and an m-value of 1.16 ±
0.05 kcal·mol−1·M−1 using a two-state assumption and linear-
extrapolation model (Table 1) (22). The stability of the transient
folding intermediate Icore is ∼3.5 kcal/mol (with an m-value of
1.2 kcal·mol−1·M−1) as determined by stopped-flow CD studies
fit to an on-pathway three-state model (4). Thus, both the CD
spectrum and the energetics of the fragment are consistent with
those measured for the transient kinetic folding intermediate (4).

The Fragment Folds as a Monomer at CD Concentrations. To confirm
that the folded fragment is a monomer under our conditions, we
used equilibrium analytical ultracentrifugation (AUC). The AUC
data fit well to a monomer–dimer model, with a dissociation
constant of ∼75 μM (Fig. S1). On the basis of this Kd, the above
CD studies (3–4 μM) contain ∼95% monomer, indicating that we
are effectively measuring properties of the monomer, and there-
fore the monomer is folded. Additionally, because dimerization
will be attenuated by urea, the stability reported from the urea
denaturation should be a reasonable approximation of the mo-
nomeric stability. To underscore this, the melt was repeated with
a 10-foldhigher protein concentration (36μM),whereby∼75%mono-
mer is expected in the 0 M urea sample (Fig. 2B), and yielded a
ΔGunf and m-value of 3.1 kcal/mol and 1.2 kcal·mol−1·M−1, with-
in error of the result at 3.6-μM protein concentration.

NMR Suggests the Interior of the Fragment is Closely Packed. We
used HSQC NMR studies to evaluate the structural heteroge-
neity of the folded fragment. These experiments, however, re-
quire a minimum concentration near the Kd of dimerization. To
distinguish the monomer signal from dimer signal, spectra were
measured at two different protein concentrations: 200 μM
and 25 μM, predicted to contain ∼50% monomer and ∼80%
monomer, respectively (Fig. 2C).
Both HSQC spectra exhibit sharp, well-dispersed peaks. In

each spectrum, many more peaks are observed than expected if
only one molecular species were present, but the peaks can be
categorized into two groups that can be attributed to monomer
and dimer. In the 200-μM sample, both sets of peaks have similar
intensities; however, in the 25-μM sample, the monomer peaks
dominate and the dimer peaks persist only at low intensities. The
fact that all peaks are sharp and well dispersed indicates that
both the monomer and dimer are unique, well-folded structures.
Fortuitously, dimerization kinetics are slow enough to allow clear
resolution of peaks from both species.

Mutational Analysis of the Fragment. We used mutational analysis
to make a direct comparison between the properties of the
fragment mimic and the kinetic intermediate. In the native state
of RNase H, helix A forms buried hydrophobic contacts with
helix D—interactions that are also predicted to be present in the

Fig. 1. Structure of E. coli RNase H (Protein Data Bank 2RN2). Helices are
labeled with letters and β-strands with Roman numerals. The region com-
prising the Icore fragment is colored blue. Residues I25 (on strand II) and I53
(on helix A) are shown in black stick. Other residues shown in stick are in-
volved in the full-length Icore mimics (FL1 contains mutations at I25 and the
orange residues, FL2 contains mutations at the orange and green residues).
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kinetic intermediate (Fig. 1). Because the effect of mutations at
residue 53 on the folding and stability of RNase H have been
previously characterized (20), we chose to construct and analyze
a subset of these mutations (I53A, I53L, and I53V) in the frag-
ment and determine their effect on its stability. All three single-
site variants fold and show similar CD spectra to the wild-type
fragment (Fig. 3A). All were evaluated by equilibrium urea-
induced denaturation and show cooperative unfolding transitions
(Fig. 3B). The denaturation curves for fragments I53L and I53V
were fit using the standard two-state assumption. For the frag-
ment I53A, the folded state was too destabilized to obtain a
folded baseline. To determine the approximate stability of this

variant, the data were fit to a two-state model with the m-value
fixed to that obtained for the WT fragment (1.16 kcal·mol−1·M−1).
This fit yielded reasonable values for the slope of the folded
baseline and the native-state signal, comparable to those for the
other fragments. These results are summarized in Table 1 and
demonstrate that the fragment mirrors the transient kinetic in-
termediate in terms of the effects of these mutations. (Please note
that there is substantial error in the stabilities calculated from
burst phase intermediates, so the trends are more meaningful than
the exact numbers.)

NMR Analysis of a Single-Site Variant Suggests That the Variant Is
Also Well Folded. As seen in the transient kinetic intermediate,
I53L has no significant effect on fragment stability, even though
I53L destabilizes the native state by 1.4 kcal/mol (20). (The
fragment is also not destabilized at all by I53V, but neither is the
native state.) One interpretation of the I53L result could be
a loosely packed core without steric constraints in the fragment.
To gain further structural insight into the effect of the I53L
mutation on side-chain packing in the core of the fragment, we
determined the HSQC spectrum of this variant.
The spectrum of the I53L variant shows many well-dispersed

peaks at similar (but not identical) chemical shifts to the wild-
type fragment (Fig. 3C). Measuring spectra at two protein con-
centrations again demonstrated two sets of peaks with relative
intensities dependent on protein concentration. These data
suggest that the I53L variant has a similar monomer–dimer
equilibrium as the wild-type fragment and that both the mono-
mer and dimer are well folded.

The Urea Dependence of the HSQC Spectrum. Previous NMR studies
on the single-site RNase H variant I25A, which preferentially
populates the Icore intermediate in the presence of ∼2 M urea,
show no folded peaks corresponding to the structured region of
Icore (21). To investigate whether these results could be consis-
tent with our fragment mimic, we measured HSQC spectra of the
wild-type fragment as a function of urea (Fig. 4).
The HSQC spectrum of the wild-type fragment in 1 M urea

looks essentially identical to the spectrum measured in 0 M urea.
However, in the 2 M urea spectrum, only unfolded state peaks
are visible, and only at very low signal intensity. On the basis of
our CD studies, we expect greater than 80% of the molecules are
folded in these conditions (Fig. 2B). These data resemble the
I25A variant and therefore suggest that at 2 M urea the rate of
fragment unfolding increases sufficiently to cause significant
exchange broadening of the folded peaks. Thus, the lack of
folded Icore peaks in the I25A variant NMR spectrum is not
necessarily indicative of a molten heterogeneous structure.

Full-Length Icore Mimics via Selective Destabilization of the Native
State. Although the fragment mimic allows us to evaluate prop-
erties of the structured region of the transient intermediate, it
lacks the region predicted to be unstructured. To evaluate the
role of this region, we took a second approach to making an
equilibrium mimic of Icore, starting from the full-length protein.
Single-site amino acid changes (to glycine or alanine) were

generated in the unstructured region of the Icore model. For each
single point mutant, the equilibrium urea-induced denaturation
was monitored by its CD signal at 222 nm, and fit as previously

Fig. 2. The RNase H Icore fragment is well folded. (A) CD spectrum of the
fragment measured at 4-μM protein concentration. (B) Representative equi-
librium denaturation curves of the fragment monitored by CD and normalized
to fraction folded, at 3.6 μM (black) and 36 μM (red). (C) Overlay of 1H-15N
HSQC spectra of the fragment measured at 25 μM (black) and 200 μM (red).
The red peaks were shifted slightly to the right for easier comparison. A subset
of the tryptophan side chain peaks have been enlarged for illustration.

Table 1. Stabilities of Icore fragments compared with kinetic intermediates

Variant

Fragment equilibrium denaturation Kinetic burst-phase intermediate (20)

ΔGunf (kcal/mol) munf (kcal·mol−1·M−1) ΔGunf (kcal/mol) munf (kcal·mol−1·M−1)

WT 3.0 ± 0.3 1.16 ± 0.05 3.5 1.2
I53A 1.1* 1.16* 1.7 1.2
I53L 2.7 ± 0.3 1.15 ± 0.06 3.6 1.2
I53V 3.4 ± 0.9 1.2 ± 0.3 4.0 1.2

*Using an m-value fixed to that of WT.
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described to calculate its effect on the stability of the protein
(Table S1). To create full-length intermediate mimics, these point
mutations were combined such that the native state would be less
stable than the intermediate state assuming additive destabiliza-
tions (Fig. 5A, Inset). Two different full-length mimics were created
using different combinations of mutations. The full-length mimic 1
(FL1) contains the mutations I25A/R27A/S36G, and full-length
mimic 2 (FL2) contains F8A/S12G/R27A/S36G/E135G (Fig. 1).
Both full-length mimics display CD spectra notably different

from the native protein (Fig. 5A). Like the fragments, the spectra
appear to have double minima close to 222 nm and 208 nm,
whereas the full-length native protein has a single minimum
around 215 nm. Equilibrium urea-induced denaturation was
monitored by CD signal at 222 nm and showed cooperative
transitions with ΔGunf of 3.2 ± 0.4 kcal/mol and m-value of 1.2 ±
0.1 kcal·mol−1·M−1 for FL1 and ΔGunf of 3.3 ± 0.5 kcal/mol and
m-value of 1.2 ± 0.2 kcal·mol−1·M−1 for FL2 (Fig. 5B). The
m-value of 1.2 kcal·mol−1·M−1 is much lower than the m-value of the
native protein, 2.0 kcal·mol−1·M−1, indicating that the full-length
mimics bury much less solvent-exposed surface area than the native
states. These values mimic those measured in the equilibrium de-
naturation of the fragment discussed above.

The Full-Length Mimics Are Structurally Similar to the Fragment. The
HSQC spectra of the full-length mimics show well-dispersed peaks
and very similar chemical shifts as the fragment HSQC spectrum,
as illustrated by the spectrum of FL1 (Fig. 5C). Specifically, the
full-length mimic HSQC peaks match the chemical shifts of the
peaks identified previously as belonging to the fragment monomer,
indicating that the structured regions of the full-length mimics are
similar to the fragment mimic. The most notable difference is the
presence of a large number of collapsed peaks along the hydrogen
axis in the full-length mimic spectra compared with the fragment
spectrum. We interpret these collapsed peaks as corresponding to
the unfolded region of the full-length mimics. Interestingly, peaks
at chemical shifts matching those of the fragment dimer are visible
at low intensity in the full-length mimic spectra.

The Intermediate Mimics Do Not Bind and Increase the Fluorescence
of ANS. Our last experiment to evaluate the tertiary packing of
the Icore mimics was to monitor binding to ANS by fluorescence,
a traditional hallmark of molten globules. Under acid-state
conditions (i.e., the previously identified molten globule), the
wild-type protein shows a large increase in ANS fluorescence
consistent with it being a molten globule. In contrast, under
native conditions, we observe that the fragment and full-length
mimics all exhibit low ANS fluorescence similar to natively fol-
ded wild-type, supporting that they adopt a well-folded structure
(Fig. 6). These experiments were performed using 2 μM protein
and 50 μM ANS. Molten globule-like fluorescence with the
fragment and full-length mimics [as well as I25A (21)] could,
however, be induced by increasing the ANS concentration to
500 μM. However, at high ANS concentration the observed
fluorescence intensity correlates with precipitation of a protein–
ANS aggregate and is not a true measure of monomer tertia-
ry packing.

Discussion
In this work, we set out to investigate the claim that the early
folding (ms) intermediate of RNase H (Icore) is a molten globule.
Tertiary packing is very difficult to probe in transient inter-
mediates, so we used protein engineering to create mimics of Icore
that can be studied with equilibrium tools. We created fragment
and full-length mimics of Icore by either fully removing or making
mutations in the periphery of RNase H. In all cases the equilibrium
properties of the mimics were consistent with known properties
of the kinetic intermediate. Additionally, the mimics exhibited

Fig. 3. The effect of mutations at residue 53 in the RNase H Icore fragment.
(A) CD spectra of Icore fragment single-site variants I53A (black circles), I53L
(orange circles), and I53V (gray circles) compared with wild type (line), mea-
sured at ∼3.5 μM protein concentration. (B) Representative equilibrium de-
naturation curves of the Icore fragment variants I53A (black circles), I53L (orange
circles), and I53V (gray circles) normalized to fraction folded, compared with
wild type (line alone). Two-state fits are shown. (The I53A fit was performed
with a fixed m-value.) All experiments were measured at ∼3.5 μM. (C) Overlay
of HSQC spectra of the I53L fragment variant measured at 50 μM (black) and
420 μM (orange). The orange peaks were shifted slightly to the right for easier
comparison. A subset of peaks has been enlarged for illustration.

Fig. 4. Urea dependence of the RNase H Icore fragment 1H-15N HSQC spec-
trum. Overlay of HSQC spectra measured in the presence of 1 M urea (red)
and 2 M urea (black). Spectra were measured at ∼100-μM protein concen-
tration. A subset of peaks has been enlarged for illustration.
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cooperative equilibrium denaturation and good dispersion in NMR
HSQC experiments—hallmarks of well-folded proteins. Finally,
previous results used to support a molten globule hypothesis—fast
structural dynamics and a high tolerance for core mutations—are
exhibited by the well-folded fragment, indicating these results are
compatible with well-folded structure. We conclude that the RNase
H Icore folding intermediate is likely not a molten globule.
Our work demonstrates that the core region of RNase H is

capable of autonomously forming a well-folded structure, rep-
resenting a partially folded intermediate on the energy land-
scape. However, is this intermediate necessarily the Icore folding
intermediate? What if the close-packed equilibrium conforma-
tion of the mimics represents a conformation formed on the
native side of the rate-limiting barrier to folding, with a molten
conformation populated before the rate-limiting barrier? This
can be addressed by kinetic studies monitoring tertiary structure
formation in the mimics. Ongoing experiments using an ultra-
rapid mixing technique to directly observe the first 10 ms of
folding of the fragment mimic look very similar to early folding
of the wild-type protein, which strongly suggests that the frag-
ment achieves its equilibrium conformation on the same time-
scale as the formation of Icore, and that the fragment is a good
mimic of Icore.
What is the nature of the slow, rate-limiting barrier if not the

packing down of tertiary interactions? Our mutagenesis results

suggest that the rate-limiting barrier may be related to a re-
organization of the folded core. The I53L mutation destabilizes
the native state, but not the transient Icore intermediate nor the
fragment mimic, even though the fragment is well folded. This
may indicate that the folded region reorganizes upon formation
of the native state (i.e., the folded core is not quite native-like in
the Icore intermediate, and therefore mutations have a different
effect on stability than in the native state). [Nonnative inter-
actions in on-pathway kinetic intermediates have been observed
for other model systems (23–25).] Alternatively, it is also possible
that the folded region of Icore is natively packed in the wild-type
protein but can repack to accommodate the I53L mutation with
no penalty in stability (the impact on stability occurs only when
the rest of the protein assembles onto the repacked core to form
the native state). In this situation, the folding barrier may simply
be the unfavorable conformational entropy for assembly of the
β-sheet. More work will be needed to distinguish between these
scenarios.
Our work is consistent with other studies that have demonstrated

that acid molten globules are not accurate models for transient
folding intermediates under native conditions. Extensive experi-
ments on apomyoglobin have shown that the hydrogen-exchange
protection in the acid state molten globule follows a slightly dif-
ferent pattern and has a different stability distribution than ob-
served in the kinetic intermediate (26, 27). In a related protein,
apoleghemoglobin, there are substantial structural differences be-
tween the protection in the acid state molten globule and the kinetic
intermediate (28). Though conformational heterogeneity has been
observed in the kinetic intermediate of apomyoglobin, such obser-
vations are not incompatible with a region of structure that remains
well folded (25, 27, 29). Rapid formation of native-like tertiary
contacts has been observed in other model systems, which also calls
into question the generality of early folding to a molten globule
state (30, 31).
Last, a previous NMR study on Thermus thermophilus RNase H

suggests that it may have a folding intermediate with closely packed
side chains. In a study from Yawen Bai’s laboratory, the authors
made a fragment of T. thermophilus RNase H (composed of the
region we have identified as the structured region of the folding
intermediate plus β-strand I connected with a nonnative junction)
and observed that their fragment is well folded (32). This fragment
did not have the complication of dimerization, and so they were
able to solve the NMR structure (32). The overall topology of the
fragment looks completely native-like, although a close analysis
reveals deviations in side-chain packing compared with the crystal
structure of wild-type T. thermophilus RNase H (33). However, it is
not clear whether these deviations are significant, or indeed whether

Fig. 5. Full-length Icore mimics made by selective destabilization of the na-
tive state are well folded. (A) CD spectra of the FL1 mimic (black circles) and
FL2 mimic (gray circles) measured at ∼1.5-μM protein concentration, com-
pared with full-length wild-type RNase H (line). (Inset) The native state is
selectively destabilized so that Icore becomes the ground state. (B) Equilib-
rium denaturation curves of the FL1 mimic (black circles) and FL2 mimic (gray
circles) measured at ∼2-μM protein concentration, normalized to fraction
folded, compared with full-length wild-type RNase H (line alone). Two-state
fits are shown. (C) HSQC spectrum of the FL1 mimic measured at ∼100 μM.

Fig. 6. The Icore mimics do not bind the hydrophobic dye ANS. Fluorescence
emission spectra of ANS in the presence of (A) the Icore fragment (red) and
(B) the Icore full-length mimics FL1 (solid red) and FL2 (dashed red). For
comparison, spectra in the presence of full-length wild-type RNase H at pH
1.2 (top black curve), pH 5.5 (middle black curve), and 6 M urea (bottom
black curve) are shown in both plots. All experiments were performed with
2 μM protein and 50 μM ANS. The fluorescence emission of ANS in buffer
alone has been subtracted from the data.
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this fragment truly mimics the intermediate before the rate-limiting
barrier to folding.
Overall, the RNase H data suggest that many observed protein

folding intermediates may have regions of closely packed structure,
contrary to a widespread assumption of molten globule kinetic
intermediates. Experimental data interpreted to support molten-
ness should be examined carefully for other possible interpretations.

Materials and Methods
Construction and Purification of RNase H Variants. The fragment was con-
structed by subcloning from the pSM101 vector, with insertion into a pET27
vector. All other variants were generated by QuikChange Mutagenesis
starting with pSM101 or the fragment vector. For the FL mimics, a hex-
ahistidine tag was added to the C terminus. Expressions were performed in
Rosetta2(DE3)pLysS. Expression of 15N-labeled protein was done by initial
growth in LB with a switch to M9 with 15NH4Cl as the sole nitrogen source
before a 3-h induction. Labeling efficiency was ∼90% as evaluated by mass
spectrometry. All constructs expressed insolubly and were purified from in-
clusion bodies, as detailed in SI Materials and Methods. After purification, all
proteins were dialyzed into experiment buffer conditions: 20 mM NaOAc
(pH 5.5) and 50 mM KCl. Protein concentrations were determined on the
basis of the extinction coefficient, calculated according to the number of Trp
and Tyr residues (34).

CD Experiments. All CD data were measured on an Aviv 410 CD spec-
tropolarimeter. All experiments were performed with a 1-cm path length
cuvette, except melts with 10× protein concentration used a 1-mm path

length. Signal was averaged 20 s at each wavelength for spectra and 60 s for
each melt sample. Further details are provided in SI Materials and Methods.

Equilibrium Analytical Ultracentrifugation. Sedimentation equilibrium experi-
mentswere performedwith a BeckmanXL-I analytical ultracentrifuge, at 24,500,
30,000 and 37,000 rpm. Details are given in the SI Materials and Methods.

HSQC Spectra. Two-dimensional 1H-15N HSQCs were recorded on a Bruker
Avance II 900-MHz spectrometer equipped with a TCI cryoprobe at 25 °C. For
samples with ≥100 μM protein concentration, 16 or 32 scans were collected.
Otherwise, 64 or 128 scans were collected, in all cases with 1,024 points in
the direct dimension and 256 points in the indirect dimension. The data
were processed and viewed using either mNOVA or NMRpipe and CARA.

ANS Binding. Samples containing 50 μMANS in buffer with and without 2 μM
protein were prepared and equilibrated for ≥3 h. Fluorescence emission
spectra were collected from 430 to 650 nm with excitation at 370 nm. The
spectrum of ANS in buffer alone was subtracted from the data with protein.
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