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Abstract

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 T.
thermophilus ribonuclease H, which forms before the rate-limiting transition state, by removing the
unfolded regions of the intermediate, including an a-helix and two B-strands (51 folded residues).
Using multi-dimensional NMR, we solved the structure of this intermediate mimic to an atomic
resolution (backbone rmsd 0.51 A). 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.

A major question in protein folding has been how protein molecules find their native states in
a vast possible conformation space on a biologically meaningful 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 pa’[hways.3‘6 However, the key features of the folding
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?’~9 Is the folding intermediate 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 information
on the folding intermediates.
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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 multi-dimensional 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 intermediates
at high protein concentration (~mM), which are required for their structure determination by
the current solution NMR methods, tend to aggregate due to the exposure of hydrophobic side
chains.

Despite such difficulties, some successes toward determining the structures of folding
intermediates have been achieved by using peptide models to refresent the folding
intermediates associated with the formation of drsulfrde bonds1! and by populating partially
unfolded states at low pH and equilibrium conditions.12 In these cases, secondary structures
for the intermediates have been obtained; information for their tertiary structures, however, is
still lacking. More recently, the high- resolutron 13 structures of the foldlng intermediates of
a redesigned apocyt bsg, (Rd-apocyt bsgy) 13,14 4ng Ty Iysozyme S 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 using 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+18-20 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
significant insights on the early folding events, 16 En-HD is small (61 amino acids) and its
native state can form on sub-millisecond time scale as the intermediate does, making it difficult
to reveal the cause for the population of the intermediate. By contrast, many larger proteins (>
100 amino acids) have sub-millisecond 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 homologues of RNase H, including those from Escherichia ColiL,
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 detected in the dead time of the stopped-flow circular dichroism
experlments,22 (i) the structures of the intermediates Were characterlzed in the kinetic
hydrogen/deuterium exchange pulse-labeling experiments; 22, (|||) two partially unfolded
intermediates were detected in the native-state hydrogen exchange experiments and one of
them was similar to that |dent|f|ed in the pulse-labeling experiment for both E. coli and T.
Thermophilus RNase H; 21,2 (|v) the kinetic intermediate identified in the hydrogen/
deuterlum exchange method was confirmed by a protein engineering study for E. Coli RNase

(v) a discrete on-pathway intermediate with properties similar to the Kinetic intermediate
Was identified in a single-molecule experiment also for E. coli RNase H.27

Previously, Marqusee and coworkers used hydrogen-exchange-directed protein engineering to
populate the folding intermediate of E. Coli RNase H by deleting the regions that are believed
to be unfolded in the intermediate.28 This intermediate mimic forms a dimer (Kg=0.5 uM)
at high protein concentrations. Here, we used the similar protein engineering approach to
populate the folding intermediate of the cysteine-free T. thermophilus RNase H (RNase H*),
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which was used in the earlier folding studies.22 This intermediate involves more 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.

Identification of the unfolded region of the early folding intermediate

The native structure of T. Thermophilus RNase H* is composed of five a-helices (A to E) and
five B-strands (I to V) (Fig. 1a). In the earlier pulse-labeling experiment, seven amide protons
in strand Il are fully labeled in the early intermediate, indicating that strand Il is unfolded in
the intermediate.2Z There are two amide protons in strand I11 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 conclude that strand 111 and the E-helix are unfolded in
the intermediates since strand I11 is stabilized by forming hydrogen bonds with strand Il and
the E-helix mainly packs against strand Il. 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 | 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.28

The above conclusions are further supported by the native-state hydrogen exchange
experiment, in which two partially unfolded intermediates were identified.2° One intermediate
has the E-helix unfolded. The other intermediate has the E-helix and strands Il and 111 unfolded,
and is similar to the kinetic intermediate identified in the pulse-labeling experiment (Fig. 1a).
In addition, some amide protons in strands | and V are more protected than the amide protons
in strands 1l and 111 and have m-values of global unfolding, again suggesting that strands I and
V could not be fully unfolded in the intermediates.

Population of the kinetic folding intermediate by protein engineering and its characterization

To investigate the structure of the kinetic folding intermediate of T. thermophilus RNase H*
at atomic resolution, we used protein engineering to remove the unfolded regions in the kinetic
intermediate (11, Fig. 1a,b), including strands Il and 111 (24-44) and the E-helix (127-164),
which allows the folded region of the intermediate to be populated. The heat denaturation
experiment showed that this intermediate mimic unfolds cooperatively as temperature
increases, with a melting temperature (T,) of ~75°C (Fig. 1c). The amide 1H-1°N hetero-
nuclear single quantum correlation (HSQC) spectrum at ~1 mM protein concentration (22°C,
50 mM NaAc, pH 5.2) shows that the cross peaks are well dispersed and can be assigned readily
using standard 3D experiments with [1°N, 13C]-labeled protein.

The intermediate mimic is a monomer

To obtain the high-resolution structure of the intermediate, it is essential that the intermediate
mimic exist as a monomer at the condition (~ 1 mM protein concentration) under which the
structure is determined. To examine whether the intermediate mimic exists as a monomer, we
performed the gel filtration experiment; the intermediate mimic had an elution volume for a
globular protein with a molecular weight of ~13 kDa (Fig. 2a). We also measured the
longitudinal and transverse relaxation times (T4 and T») of backbone 1°N (Fig. 2b). The
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averaged values are ~0.55 s for T and ~75 ms for T,. A value of 7.3 for the ratio of T{/T,
leads to a total correlation of time of 9.6 ns, as anticipated for a monomeric state of a globular
protein with a molecular weight of ~13 kDa29. Moreover, analytical ultracentrifugation
experiments unequivocally showed that a single species with a molecular weight of 12.8 + 0.4
kDa exists in the range of 7-200 uM (Fig. 2c). Finally, the cross-peaks in the 1H-15N HSQC
spectra at 1 mM and 200 uM protein concentrations remain unchanged (Fig. 2d).

NMR structure of the intermediate mimic

The structure of the intermediate mimic was determined using standard multidimensional NMR
methods (see Methods), and the statistical parameters of the structure are shown in Table 1.
The intermediate mimic has a well-defined structure with rmsd values of 0.51 A for backbone
atoms and 0.84 A for all heavy atoms. Fig. 3a shows the overlay of C, atoms of 10 calculated
NMR structures. Fig. 3b and ¢ compare the ribbon structures of the native state and the
intermediate mimic.

Kinetic folding of the intermediate mimic

The Kinetic foldingzintermediate of T. Thermophilus RNase H* folds rapidly (<12 ms) from
the unfolded state.2 To determine whether the intermediate mimic also forms quickly, we
performed stopped-flow fluorescence experiments in urea solution (25°C, 20 mM NaOAc, 50
mM KCI, pH 5.5) (there are five Trp residues in the hydrophobic core of the folded structure
of the intermediate mimic) (Fig. 4a) and equilibrium unfolding experiment (Fig. 4b). We
detected significant loss of fluorescence in the dead time (8 ms) of the experiments without
observable folding kinetics under folding conditions (< 3M urea, Fig. 4a).

Stability test of the intermediate mimic

To test whether the engineered intermediate adequately mimic the folded region of the true
kinetic intermediate, we compared the unfolding free energy of the intermediate determined
by the burst phase CD signals 25 with that of the intermediate mimic determined by the
equilibrium unfolding. (Both experiments were performed in H,O and urea solutions and
analyzed with a two-state model.) Equilibrium denaturation of the intermediate mimic by urea
showed a cooperative unfolding (Fig. 4b). Fitting of the data to a two-state unfolding model
yields an unfolding equilibrium constant of 7.1 x 10~# and an unfolding free energy of 4.3 +
1.0 kcal/mol, which is in excellent agreement with the value, 4.5 + 0.9 kcal/mol, derived from
burst phase signals, suggesting that the deleted regions are indeed fully unfolded in the
intermediate.

Discussion

Early folding intermediates can have well-defined structures

The high-resolution structure of the intermediate mimic of T. thermophilus RNase H* shows
that it has a well-defined structure with a native-like backbone topology and some local
structure deviations from the native state. The folded region in the intermediate is as well-
defined as the native structure; it is not an ensemble of very different structures or a molten
globule or anon-specifically collapsed form. The major features of the structure are very similar
to those of the intermediates of Rd-apocyt bsgp and T4 lysozyme. Thus, proteins may fold
through intermediates with specific structures, regardless they exist before or after the rate-
limiting transition states.

Clearly, the backbones are highly defined; the structure of the intermediate mimic shows a
native-like backbone topology with small local structural deviations from the native state.
Similarly, most of the side chains are close to the native conformations. However, a fine
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comparison of the side chain conformations between the intermediate mimic and the native
state is not possible since the resolution of the native structure is low (2.8 A, pdb:1RIL).

Topology of the intermediate can account for its fast folding

One question concerning the folding behavior of T. thermophilus RNase H is why the
intermediate folds so quickly. Earlier interpretations for the fast folding of early intermediates
involve molten globule or hydrophobic collapse models in which intermediates fold fast
because they are lack of specific tertiary structures whose formation is believed to be
intrinsically slow. Since the folded region of the intermediate of T. Thermophilic RNase H*
has a well-folded structure and behaves like a small single domain protein, we tested whether
its topology can account for the fast folding.3ov 31 We found that all of the calculated
topolo’égical parameters of the intermediate mimic, including contact order,31 long-distance
order,32 and total contact distance,33 predict that it should fold in less than 2 ms (see Table
2), suggesting that the topology of the intermediate can indeed explain the fast folding of the
intermediate.

Possible factors contributing to the slow folding of the native state

Another question concerning the folding behavior of T. Thermophilus RNase H* is why the
native sate folds so slowly (~1s), which leads to the accumulation of the intermediate before
the rate-limiting transition state. To see whether topology also plays a role in the slow folding
of the native state, we again used topology parameters to predict the folding times of the native
state and the region (helix E and strands Il and I11) that folds after the formation of the
intermediate. The predicted folding times for both structures are consistently much longer than
those for the formation of the intermediate (Table 2), suggesting that the topology of the
structures could also play a role in the slow folding of the native state and the accumulation of
the intermediate. This result is further supported by an earlier computer simulation study of
the folding of E. Coli RNase H in which Clementi et al.34 identified an intermediate whose
structure is similar to the intermediate characterized by the amide hydrogen pulse-labeling
experiment and concluded that the existence of intermediate is due to the topological
complexity of the protein structure.

Although the topology of the native structure may play a role for the accumulation of the
intermediate before the rate-limiting transition state, it is insufficient to account for the folding
time of the native state quantitatively; the predicted folding time (< 50 ms) of the native state
based on topology is much shorter than the observed folding time (~1 s), suggesting that
additional factors may also contribute to the slow folding from the intermediate to the native
state.

One possible factor for the slow folding of the native state is misfolding, which might occur
in the folding process from the intermediate to the native state. For example, an initial barrier
hypothesis for protein folding suggests that early folding intermediates may populate before
the rate-limiting step when blocked by later barriers caused by non-obligatory mis-folded
reorganization events.10 Indeed, significant non-native-like conformations have been found
in the folded regions of the early folding intermediates of B-Lactoglobulin:"’5 and IM7.36
Although the folded region of the intermediate of T. Thermophilus RNase H* is largely native-
like, it is still possible that the unfolded region of the intermediate may misfold and create a
misfolding barrier in later folding events. Determination of the structures of the second
intermediate (I, Fig. 1a) and the rate-limiting transition state in future studies are needed to
examine such a possibility.

Alternatively, the large size of T. Thermophilus RNase H* (164 amino acids) may play a role
inthe slow folding of the native state. For example, the possible effect of chain length on protein
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folding rates has been suggested by several studies3’—44 and seems to be an important factor
for interpreting the folding rates of large proteins, which often have detectable folding
intermediates in kinetic folding experiments. Indeed, good correlations between the folding
rates and the topology of the native structures modified by the number of residues or chain
length of proteins have been reported, which included E. coli RNase H.48

In general, a protein with a size of more than 150 amino acids may include two or more domains.
In cases when two of the domains have very different topology, it is likely that a folding
intermediate may populate during the process of folding since the domain with simple topology
is likely to fold faster than the domain with complex topology. The exact folding rate of the
native state may be affected by other factors such as chain length, misfolding, and detailed
energetic interactions. These factors could be related rather than completely independent. A
more complex topology or a longer chain is likely to increase the chance of misfolding.

Conclusion

The folded region of the early folding intermediate of T. thermophilus RNase H* has a well-
defined structure with a native-like backbone topology and some local structural deviations
from the native state rather than an ensemble of very different structures. The key features of
the structure are similar to those of the folding intermediates of Rd-apocyt bsg, and T4
lysozyme, which exist after the rate-limiting transition states. The specific structure of the
intermediate provides evidence for the hypothesis that a protein can fold through subdomain-
like intermediates in a hierarchical, stepwise manner. The topology of the intermediate of T.
thermophilus RNase H* can explain its fast folding. Possible factors that might contribute to
the slow folding of the native state and the accumulation of the intermediate before the rate-
limiting transition state include topology, chain length, misfolding and detailed energetic
interactions.

Material and Methods

Protein sample preparation

The gene of the T. thermophilus RNase H* intermediate mimic was synthesized using short
DNA fragments and PCR, as described in an earlier study 45 and cloned into a PET-42b vector
using Nde | and Bam HI restriction enzymes. Proteins were over-expressed in BL21(DE3)
cells in LB media or in M9 media with 5NH4Cl or 1°NH,4CI/13C-D-Glucose as the sole sources
for nitrogen and carbon. They were purified using Ni-NTA agarose (Qiagen) and reversed-
phase HPLC.

Sedimentation velocity experiments

Sedimentation velocity experiments were conducted in duplicate at 20°C on a Beckman Optima
XL-1 analytical ultracentrifuge in 200 mM NaOAc (pH = 5.2) using wavelengths of 285 nm
(28.6, 14.3 and 7.1 uM) or 300 nm (200 and 100 uM). 150 to 180 scans were acquired at rotor
speeds of 60 krpm as single absorbance measurements at 2.8 minute intervals using a radial
spacing of 0.003 cm. Data were analyzed in SEDFIT11.33 46, Data analysis in SEDFIT 11.3
(http://www.analyticalultracentrifugation.com/default.htm) was implemented using solution
densities p and viscosities n calculated using the program SEDNTERP 1.2
(http://www.jphilo.mailway.com/download.htm). The partial specific volume for the protein
was also calculated in SEDNTERP
(http:/Nleonardo.fcu.um.es/macromol/programs/hydropro/hydropro.htm) and corrected to
account for the 1°N labeling. c(s) analyses were carried out using an s-value range of 0.02 to
4.0 with a linear resolution of 100 and a confidence level (F-ratio) of 0.68. Both c(s) and single
species analyses, implemented using time independent noise corrections, were statistically
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indistinguishable returning similar root mean square deviation (rmsd) values of 0.0035 to
0.0068 absorbance units for the best fits. All sedimentation coefficients were corrected to
So0,w. An analysis of the data in terms of a continuous c(s) distribution returned excellent fits
showing the presence of a monodisperse single species (Figure 1). This was confirmed by
analysis in terms of a single discrete species (Figure S1), which returned an average
sedimentation coefficient of 1.51 + 0.03 S and a molecular mass of 12.6 + 0.4 kDa. A careful
examination of these data show that the sedimentation coefficient decreases with increasing
concentration (Figure S2), and extrapolation to zero concentration returns an experimental
sedimentation coefficient of 1.53 S. This corresponds to an experimental molecular mass of
12.8 £ 0.4 kDa, demonstrating that the intermediate mimic of RNase H is a monomer (n =0.99
+0.02) in solution.

NMR experiments

All NMR spectra were acquired at 22°C on Bruker DRX 500 and 700 MHz spectrometers
equipped with a pulsed-field gradient unit and triple resonance probes. All samples were
prepared at ~1 mM in 100 mM NaAc-d3 buffer (pH 5.2) with 10% (v/v) D,0O or 99.9% (v/v)
D,0. The backbone and aliphatic side chain signals (*H, 15N, and 13C) were assigned by using
three-dimensional triple resonance through-bond scalar correlation experiments (3D
CACBNH, CACBCONH, HNCA, HNCOCA, HNCO, HBHA(CO)NH, H(CCO)NH, and
HNCANNH). Distance restraints were obtained from 3D 1°N-, 13C-edited NOESY and 2D
homo-nuclear 1H NOESY experiments with amixing time of 110 ms.47. Tqand T, experiments
were performed as described beforel8. All NMR data were processed with NMRPipe48 and
analyzed with NMRVIEWA49. The intensities of the NOE peaks were calibrated by comparison
with the averaged intensity of the NOEs between Hy and H,, pairs of the same residues from
26 to0 40 in a helical conformation.

Structure calculations

The NOE-derived restraints were subdivided into four classes, strong (1.8-2.7 A), medium
(1.8-3.3 A), weak (1.8-5.0 A), and very weak (1.8-6.0 A). An extra 0.2 A was added to the
upper distance limit for NOE restraints in the medium- and strong-range that involved NH
protons, and 0.5 A was added to the upper distance limit for restraints involving methyl protons.
Backbone dihedral angle restraints (¢ and y angles) were obtained from analysis of 1H,,
HN, 13C,, 13Cg, 3CO, and 15N chemical shifts with TALOS.20 structures were calculated
with Xplor-NIH.51 The quality of the structures was checked and analyzed using
PROCHECK_NMR.%?2

Kinetic and equilibrium folding/unfolding of the intermediate mimic

The stopped-flow apparatus (SFM4, Biologic) was used to perform the kinetic fluorescence
experiments. The excitation wavelength is at 280 nm. The emission was collected with a filter
that cut off the signals below 320 nm. The intermediate mimic was dissolved in 8.0 M urea
(20 mM NaAc, pH 5.2). Refolding was initiated by diluting the protein solution in 8 M urea
with buffer to various low concentrations of urea. The equilibrium unfolding experiments on
the intermediate mimic were monitored by CD (J-720, Jasco) and fluorescence (SLM 8000,
SIM Instruments) as the functions of temperature or urea, respectively. The wavelength used
for monitoring the heat denaturation is at 222 nm. For urea denaturation experiments, the
excitation wavelength is at 280 nm. The wavelength at the maximum emission was collected
and plotted as the function of urea concentrations, which were fitted to a two-state unfolding
model with floating parameters for pre- and post-transition baselines.>3

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Illustration of the hydrogen exchange-directed protein engineering approach for populating the
partially unfolded intermediate. (a), Unfolded, intermediate, and native states and their free
energies revealed by the native-state hydrogen exchange method. The ribbon structures are
made using Insight 1l (Accelrys). The pdb code is 1RIL. (b), Populating the folded region of
the intermediate mimic by protein engineering. ¢, Melting curve of the intermediate mimic.
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Fig. 2.

The intermediate mimic is a monomer. (a), Gel filtration (Sephadex G-75) of the intermediate
mimic (filled squares, repeated three times at protein concentrations from ~10 uM to ~100
uM) and standards (circles), including horse myoglobin (17 kDa), chicken ovalbumin (44 kDa),
bovine y-globulin (158 kDa), and bovine thyroglobulin (670 kDa). The arrows indicate the
anticipated monomeric and dimeric positions. (b), Longitudinal and transverse relaxation
times, T1 (square) and T (circle). The straight lines illustrate the values of 0.55 s and 75 ms
respectively. (c), c(s) distributions based on sedimentation velocity data collected at 60 krpm,
300 nm and 20.0°C are shown for loading concentrations of 100 uM (red) and 200 uM (green).
The inset shows the c(s) distributions for sedimentation velocity data collected at 60 krpm, 285
nm, 20.0°C and loading concentrations of 7.1 uM (red), 14.3 uM (green) and 28.6 uM (blue).
(d), Overlay of the 1H-1N HSQC spectra of the intermediate mimic at 1 mM (black) and 200
uM (red). The peaks in black were slightly shifted toward right to help to observe them.
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L

Intermediate Intermediate - Native

Fig. 3.

High-resolution NMR structure of the intermediate mimic. (a), Overlay of the structures of the
intermediate mimic on their C, atoms. (b), Ribbon structure of the intermediate mimic.
Secondary structures are labeled as in Fig. 1. (c), Ribbon structure of the native state.
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Kinetic folding and equilibrium unfolding of the intermediate mimic. (a), Kinetic traces. (b),

Equilibrium unfolding.
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Statistical parameters for the 20 NMR structures of the T. Thermophilic RNase H*

intermediate mimic.

NMR distance and dihedral constraints

Total NOE

Intra residues NOE

Sequential NOE (Ji-j|=1)

Short-range NOE (Ji-j|<4)

Long-range NOE (Ji-j|>5)

H-bonds

Dihedral angles
Structure statistics
Violations (mean + s.d.)

NOE (all)

Dihedral angle (°)

Maximum distance restraint violations (A)
Maximum angle restraint violations (°)
Deviations from idealized geometry

Bonds (A)
Angles (°)
Impropers (°)

Average pairwise r.m.s. deviation (A)

Backbone atoms
All heavy atoms

Ramachandran map statistics (%6)

Most favored
728+ 1.0

Allowed
21.2+1.2

2499
744
602
572
581

63
126

0.048 +0.002
0.35+0.03
0.3
3.0

0.0057 + 0.0005
0.71+£0.04
0.55+0.04

0.51
0.84

Generally allowed
49+05

Disallowed
1.1+£0.0
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