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Proteins can sample conformational states that are critical for function but are seldom detected
directly because of their low occupancies and short lifetimes. In this work, we used chemical shifts and
bond-vector orientation constraints obtained from nuclear magnetic resonance relaxation dispersion
spectroscopy, in concert with a chemical shift–based method for structure elucidation, to determine an
atomic-resolution structure of an “invisible” folding intermediate of a small protein module: the FF domain.
The structure reveals non-native elements preventing formation of the native conformation in the
carboxyl-terminal part of the protein. This is consistent with the kinetics of folding in which a well-structured
intermediate forms rapidly and then rearranges slowly to the native state. The approach introduces a
general strategy for structure determination of low-populated and transiently formed protein states.

There is increasing evidence that metastable
intermediates are ubiquitous along protein-
folding pathways (1–7). Because they are

transiently formed and weakly populated, the de-
tection and characterization of these excited states
remains a challenge. Recent developments in re-
laxation dispersion nuclear magnetic resonance
(NMR) spectroscopy provide an opportunity for
detailed study of such rare states (5, 8, 9). Although
they cannot be detected in NMR spectra, the pres-

ence of these “invisible” conformers nevertheless
leads to broadening of peaks derived from nuclei
within the “visible” ground-state structure. Such
excess line broadening can be quantified, provid-
ing that conformers in the ground state exchange
with those in the excited state on the millisecond
timescale with fractional excited-state populations
of at least 0.5% (10). In this case, by recording
the decay rate of transverse magnetization R2,eff
(Fig. 1A) as a function of the strength of an ap-
plied radio-frequency field (nCPMG), it is pos-
sible to extract the kinetics and thermodynamics
of the exchange process, as well as the chemical
shifts of the 1H, 13C, or 15N probed nuclei (8, 11).
In a related class of experiments recorded under
conditions of weak molecular alignment, residual

dipolar couplings (RDCs) that report on the rel-
ative orientation of bond vectors in the excited
state can be measured (12, 13).

Previously, our laboratory has inferred struc-
tural properties of low-populated folding inter-
mediates by comparing limited numbers of NMR
chemical shifts of the intermediate with the corre-
sponding shifts that are predicted for an unfolded,
random coil ensemble (5, 14, 15). However, ob-
taining an extensive set of chemical shifts and
bond-vector orientations (8, 9) opens the possibil-
ity of calculating detailed three-dimensional (3D)
atomic-resolutionmodels of invisible excited states
(16). Central to the structure calculations is the
emergence of robust computational protocols that
do not rely on experimental distance restraints,
but instead employ backbone chemical shifts in
concert with structural databases (17–19). Accu-
rate structures for ground states of small proteins
on the order of 120 residues or less are obtained
in this manner. We have used backbone 15N,
1HN, 13Ca, 1Ha, and 13CO chemical shifts, as well
as amide bond-vector orientations, to generate a
structure of an invisible folding intermediate of the
wild-type (WT) FF domain from HYPA/FBP11
(20) with an equilibrium population of 2 to 3%
and a millisecond lifetime.

Relaxation dispersion measurements. The FF
domain fromHYPA/FBP11 is a small 71-residue,
four-helix bundle with H1(a)-H2(a)-H3(310)-
H4(a) topology (20) that folds by a three-state
mechanism involving an on-pathway intermediate
(I): U↔ I↔ N (14, 21–23). Folding proceeds in
two phases, including the fast formation of I from
the unfolded state U (microsecond time scale) and
a slower, rate-limiting transition from I to the na-
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Fig. 1. Probing the invisible intermediate state by relaxation dispersion NMR.
(A) Experimental relaxation dispersion profiles for select backbone 15N (12, 26),
1HN (27), 13Ca (11), 1Ha (29), and 13CO (11, 30) nuclei of the WT FF domain
(FF1-71) measured at a static magnetic field of 18.8 T (open circles), along with
best fits to a two-site exchange model, I ↔ N, performed as described else-
where (solid lines) (5). Residue numbers are shown in the top right corner of
each box. Error bars indicate uncertainties in R2,eff rates. The experiments
made use of protein samples with specifically tailored isotope labeling
schemes [U-15N,13C,2H-labeling for 15N, 1HN, 13CO dispersion experiments,

30°C; selective-13Ca labeling, full protonation (49) for 13Ca experiments,
30°C; U-15N,13C, ≈50%-2H labeling (29) for 1Ha experiments, 35°C], and the
data were analyzed separately for each type of nucleus as described in (32).
The extracted values of D;IN, with signs of chemical-shift differences
determined as described previously (33, 50), are used for calculating the
chemical shifts of the invisible intermediate, ;I = ;N + D;IN, allowing
reconstruction of its NMR spectra. The reconstructed 15N,1HN correlation
map of the I state (orange) and the experimental spectrum of the N state
(black) are shown in (B). ppm, chemical shifts in parts per million.
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tively folded state N (millisecond time scale) (21).
The transition state between I and N has been
characterized previously byF-value analysis (24)
with 50mutations, establishing that this state con-
tains a structured core centered at the end of H1
and the beginning of H2 (22).

We performed a series of NMR relaxation
dispersion experiments focusing on 15N, 1HN,
13Ca, 1Ha, and 13CO nuclei of the protein back-
bone (Fig. 1A) (11, 12, 25–30). In a previous
study of the folding of Ala17 → Gly17 (A17G)
and Q19G (31) mutant FF domains, 15N relax-
ation dispersion data could only be properly fit
with the use of a model of three-site exchange
with an on-pathway intermediate (14). However,
for the WT domain, the U ↔ I transition could
not be detected due to the extremely fast rate of
interconversion between these states (21) and
the low population of U relative to I [ pU/pI < 0.2,
based on hydrogen-deuterium exchange data
(14), where pU and pI are fractional populations
of states U and I, respectively]. Consistent with
this finding, the dispersion data in this study were
well fit, assuming amodel of two-state exchange,

I⇄
kN→I

kI→N

N, where kI→N and kN→I are rate con-

stants [see the supporting onlinematerial (SOM)]
(32). This allowed extraction of the population
pI, the exchange rate constant kex = kN→I + kI→N,
and absolute values of chemical-shift differences
between states |D;IN|. From |D;IN|, the chemical
shifts ;I = ;N + D;IN were subsequently ob-
tained (33) for more than 90% of the possible
backbone resonances in the protein. We per-
formed 15N experiments at 30°C using a uni-
formly 15N,13C,2H-labeled sample in H2O buffer,
which gave pI = 2.84 T 0.02% and kex = 1817 T
14 s−1, with some variation in pI and kex for sam-
ples dissolved in 2H2O (1Ha dispersion experi-
ments) or fully protonated (13Ca experiments).
Figure 1B compares 15N,1HN spectra of the vis-
ible N state (black) with the reconstructed data set
of the invisible intermediate (orange) on the basis

of chemical shifts extracted from fits of the dis-
persion data.

We obtained backbone 1HN-15N RDCs (92%
of residues) by recording dispersion experiments
under conditions of fractional protein alignment
(12, 34). Together, the backbone chemical shifts
and amide RDCs constitute the experimental data
that we used to calculate structures of the WT FF
folding intermediate.

Secondary structure and flexibility of the
intermediate state from chemical shifts. Chem-
ical shifts are very sensitive probes of local pro-
tein conformation from which protein secondary
structure can be determined (35). They also report
on protein flexibility that can be empirically estimated
by the random coil index (RCI) method (36). We
have used;I values to initially assess secondary
structure and dynamics of the folding intermediate.

The secondary structures of the N and I states
of the FF domain predicted from backbone chem-
ical shifts using the TALOS+ program (37) are
highlighted in Fig. 2A, superimposed on the ter-
tiary folds of these states that were generated by
standard NMRmethods [N state (20)] or by using
the approach detailed below (I state). Not surpris-
ingly, TALOS+ correctly identifies the four helices,
H1 to H4, of the native state. The intermediate
also comprises four helices, and H1 and H2 have
similar boundaries to those observed in the native
state. However, the third helix of the intermediate
is non-native, spanning residues Arg48 (R48) to
L55 (31) that form the 310-helix H3, the H3-H4
loop, and the beginning of H4 in the native pro-
tein. The fourth (and C-terminal) helix in the in-
termediate, extending from K59 to K66, is not as
well defined as the other helices.

Squared order parameters (S2), measuring am-
plitudes ofmotion for the backbone amide groups,
obtained by the RCI approach (36) clearly suggest
that the intermediate state has a well-structured
core of ~45 residues that includes helices H1 to
H3, flanked by more flexible N- and C-termini
(Fig. 2B). Notably, the predicted order parameters
for helices H1 to H3 are similar in the I and N

states, with S2 values between 0.7 to 0.9 for the
intermediate, although the loop between H1 and
H2 and the C terminus of H3 are more dynamic.
Finally, S2 values of ≈0.6 are obtained for residues
in helix H4 of the intermediate, suggesting that this
element is less stably formed in the I state, which is
consistent with previously reported hydrogen-
deuterium exchange data (14).

Structure determination of the folding inter-
mediate by CS-Rosetta. Recently, substantial pro-
gress has been achieved in the development of
computational approaches for de novo protein
structure determination in which short protein
fragments that are compatible with experimental
chemical shifts are selected from a structural data-
base and subsequently assembled into 3Dmodels
(17–19). Structures of proteins smaller than ~120
residues calculated in this manner have an ac-
curacy better than 2 Å. The methodology can be
further extended to larger proteins in cases where
small numbers of backbone distance restraints can
be measured (38); unfortunately, this is not pos-
sible presently in studies of invisible excited states.
In this work, we have made use of one such
chemical shift–based method for structure deter-
mination, CS-Rosetta (18, 39).We havemodified
the scoring function during the final structure-
selection stage to include residuals between pre-
dicted and measured RDC values in addition to
the Rosetta energy that has been rescored to in-
clude experimental chemical shifts, as described
previously (18) (see SOMmaterials andmethods).
The protocol was first tested using backbone 1H,
13C, and 15N chemical shifts of the native WT FF
domain,;N. An accuratemodel of the native state
was generated with a 1.4 Å backbone root-mean-
squared deviation (RMSD) to the experimentally
determinedNMR structure (20) andwith correctly
packed side chains (fig. S1).

We performed calculations of structures of the
I state for residues 11 to 66 that exclude flexible
N- and C-termini that may adversely affect the
convergence of the CS-Rosetta protocol (18).
Figure 3A shows the typical funnel-like shape of
the CS-Rosetta energy function versus RMSD to
the lowest-energy structure that is characteristic
of converged structure calculations. The structures
produced are well defined with a mean pairwise
backbone RMSD among the 10 lowest-energy
structures of 1.1Å calculated for residueswith S2 >
0.7 (see SOM materials and methods). Although
RDC values have been included in the final scoring
function for “rigid” residues, very similar structures
are obtained, irrespective of whether such restraints
are used. The mean RMSD between backbone-
heavy atoms of structures calculated with and
without RDC values is 1.25 Å for residues with
S2 > 0.7, and the lowest-energy conformers in
each set of structures are identical.

Calculated intermediate-state structures are in
excellent agreement with the input experimental
data. For example, the overall lowest-energymodel
of the intermediate state is in the top 3, 0.2, and
0.2% of all structures based on Rosetta, chemical-
shift, and RDC energies, respectively. Figure 3, B
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Fig. 2. Comparison of the secondary structure and dynamics of the invisible folding intermediate and the
native state of the WT FF domain. (A) Helix boundaries are as predicted by TALOS+ (37) based on a nearly
complete set of backbone chemical shifts: 14 to 27, 36 to 43, 48 to 49, and 54 to 67 in the native state
and 14 to 27, 36 to 43, 48 to 55, and 59 to 66 in the intermediate. The helices are depicted by rods
superimposed onto an ensemble of the NMR-derived structures of the native state (N) [PDB accession code
1UZC (20)] or onto an ensemble of 10 representative structures of the intermediate (I), calculated by CS-
Rosetta (18). (B) S2 values for the backbone amide groups of the folding intermediate (red) and native
state (green), as predicted by the RCI approach (36).
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and C, show that a high level of agreement is ob-
tained between experimental chemical shifts and
RDC constraints and the corresponding values gen-
erated by averaging over shifts andRDCs predicted
from each of the 10 lowest-energy structures. The
excellent correlation between experimental and
calculated chemical shifts provides a measure of
confidence in the calculated secondary structure
and, to some extent, tertiary interactions, whereas
the agreement between measured and predicted
RDCs for residues in H1 to H3 indicates that the
relative orientation of these helices is correctly
captured. In contrast, measured and calculated
RDC values for H4 agree much less well with
each other, consistent with the fact that this helix
is dynamic and only partially formed. RDCvalues
in the intermediate state span a range of more than
100 Hz, several times larger than for the native
state. This indicates that the intermediate interacts
more extensively than the native state with the
polyethylene glycol/hexanol medium (40) used
for protein alignment, perhaps due to the dis-
ordered H4 that would have greater accessibility
to the alignment medium.

Structure of the intermediate reveals details
of the folding pathway. Figure 4 compares the
lowest-energy intermediate and native-state struc-
tures. As predicted from S2 parameters, the inter-
mediate has a well-defined core of ~45 residues
that includes a helices H1 to H3. The poorly de-
fined helix H4 has a preferential orientation sim-
ilar to that of the native H4. The orientations and
lengths of helices H1, H2, and the intervening
loop are also similar in both states. As predicted
by TALOS+, a helix H3 is non-native, including
residues that make up helix H3, the H3-H4 loop,
and the beginning of a helix H4 in the native struc-
ture. Thus, it is not possible for a nativelike H4 to
form. The longerH3 docks against H1, and theH1-
H3 interface in the intermediate state comprising
residuesA17,A20, L24 ofH1, andL52, L55 ofH3
forms interactions distinct from those in the native
protein. Additional non-native interactions in the
intermediate state are observed at the interface of a
helices H2 and H3 involving a hydrophobic cluster
consisting of A53, Y49, and I44.

Thus, a substantial number of non-native in-
teractions must be broken before formation of the
native conformation, which is probably the rea-
son why the I-to-N transition is rate-limiting for FF
domain folding. The model for the intermediate
state produced here also provides a structural basis
for understanding results from a previousF-value
analysis of the rate-limiting transition state (22).
That study concluded that secondary and tertiary
interactions are fully formed (largeF values) only
in a relatively small region of the protein including
the end of a helix H1, the H1-H2 loop, and the
beginning of helix H2. This is the part of the FF
domain that is structurally conserved between the
I and N states. In contrast, low F values were ob-
served for both A17G and A20G mutations in the
beginning of H1 and for A51G and L52A in the
H3-H4 loop of the native state that is part of helix
H3 in the intermediate. The structures of I and N,

together with the previous F-value analysis (22),
establish that non-native contacts formed by these
residues must be broken between the intermediate
state and the rate-limiting transition state along the
folding pathway.

A mimic of the intermediate by selective
destabilization of the native state. The primary
difference between the I and N states of the FF
domain is the non-native a helix H3 that prevents
formation of the native C-terminal helix H4 that,
in turn, is essential for stabilizing the native struc-
ture (20, 22). For example, the F62A mutation

leads to a completely destabilized domain (22).
Low 1H/2H-exchange protection factors for the
backbone amide groups (14) and enhanced
flexibility predicted by the RCI approach (Fig. 2)
(36) suggest that the C-terminal region of the FF
domain is at least partially disordered in the inter-
mediate and, therefore, probably only marginally
affects the stability of the I state. This suggests
that a strategy for selective destabilization of the
native state and isolation of amimic of the folding
intermediate might be to cut off the C-terminal part
of the protein that includes the native a helix H4.
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term at the final stage of re-scoring the calculated structural models. Ten thousand models of the
intermediate were generated, of which the 10 with the lowest energies were analyzed. (B) Correlation
plots of experimental 15N, 1HN, 13Ca, 1Ha, and 13CO chemical shifts of the WT intermediate, ;exp, versus
chemical shifts predicted by the SPARTA program (51),;clc, averaged over an ensemble of the 10 lowest-
energy models. The distributions of calculated chemical shifts in the ensemble (1 SD) are indicated by
horizontal lines (error bars). (C) Plots of experimental (circles) and back-calculated (red lines) 1HN-15N RDC
values averaged over the 10 lowest-energy intermediate structures, as well as the standard deviation in
predicted RDC values (orange lines). RDC data for residues with RCI S2 > 0.7 used in scoring of the
assembled models are shown by filled circles/solid lines, whereas measured RDC values for residues with
S2 < 0.7 or with large uncertainties are indicated by open circles. The dashed red line denotes the average
over RDC values calculated for each structure of the ensemble for residues that were not restrained by
dipolar couplings in the calculations. (Inset) Experimental RDC values for the core residues (helix H1, red;
H2, green; H3, blue) plotted versus back-calculated values averaged over an ensemble of the 10 best
structures. Errors in experimental RDC values are indicated by vertical bars, whereas the distributions in
the calculated RDC values from the ensemble (1 SD) are indicated by horizontal lines.
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With this in mind, we expressed and purified a
variant WT FF domain that includes residues 1 to
60: FF1-60 (referred to as I′). This truncated version
displays a cooperative thermal-denaturation transi-
tion (41) with a melting temperature Tm of 39.3 T
2.8°C and a denaturation enthalpy DHU-I′ (Tm) =
14.2 T 0.9 kcal/mol (Fig. 5A). The presence of a
cooperative transition suggests that FF1-60 is well
folded and not a large collection of structurally
heterogeneousmolecules, consistent with expecta-
tions for a mimic of the intermediate state. Laser-
induced temperature-jump experiments (23, 42)
from 22° to 25°C indicate that the truncated FF

domain folds with a single kinetic phase kU→I′ ~
105 s−1 (Fig. 5B), which corresponds to the fast
(microsecond–timescale) formation of the folding
intermediate in the full-length domain (21, 23).

Although prone to aggregation, the truncated
FF domain is amenable to triple-resonance NMR
studies that provide backbone 1H, 15N, and 13C
resonance assignments (43, 44). Figure 5C shows
the correlation of 15N, 1HN, 13Ca, 1Ha, and 13CO

chemical-shift differences between FF1-60 and the
native full-length domain FF1-71 (D;spec), with
chemical-shift differences between intermediate
and native states of FF1-71 obtained from relaxa-

tion dispersion data (D;disp). The chemical shifts
of FF1-60 and the transiently populated interme-
diate are quite similar, except for a few residues
located proximal to the site of truncation. There-
fore, the designed variant must have a structure
nearly identical to that of the folding intermediate
of the full-lengthWTFFdomain. The quality of the
nuclear Overhauser effect spectroscopy (NOESY)
spectrum recorded for FF1-60 does not permit a
detailed structural characterization of this truncated
domain.Whereas there are cross-peaks at 1Hmethyl
frequencies connecting A17 andA20with L52(d1
and d2) and L55(d1) that form the non-native inter-
face between helices H1 andH3 in the intermediate
state, potential overlap with other peaks prevents
unambiguous NOE assignments in this region.

Although the folding intermediate of the WT
FF domain fromHYPA/FBP11 forms rapidly (on
the microsecond–timescale), the 3D structural
model of the I state shows that its rearrangement
to the native conformation can only occur through
the breaking of non-native secondary and tertiary
interactions that slow the folding process by ap-
proximately two orders of magnitude. Non-native
interactions along folding pathways that trap inter-
mediate states may be more common than appre-
ciated.Thea-helical proteins Im7 (4), Rd-apocytb562
(45), the R16 andR17 domains of a-spectrin (46),
and EnHD (47) all fold via intermediates with non-
native interactions that must be broken in a rate-
limiting stepbefore formationofnative structures (48).

The methodology presented here for structural
studies of invisible, transiently formed protein states
is not restricted to folding intermediates but in-
cludes excited states important for function—for
example, enzyme catalysis and ligand binding.
As such, relaxation dispersionNMR spectroscopy
holds great promise for providing important struc-
tural information on a large number of elusive
conformers that play critical roles in a wide range
of biochemical processes.
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Electromechanical Computing at 500°C
with Silicon Carbide
Te-Hao Lee,1* Swarup Bhunia,2* Mehran Mehregany2*

Logic circuits capable of operating at high temperatures can alleviate expensive heat-sinking and
thermal-management requirements of modern electronics and are enabling for advanced propulsion
systems. Replacing existing complementary metal-oxide semiconductor field-effect transistors with
silicon carbide (SiC) nanoelectromechanical system (NEMS) switches is a promising approach for
low-power, high-performance logic operation at temperatures higher than 300°C, beyond the capability of
conventional silicon technology. These switches are capable of achieving virtually zero off-state current,
microwave operating frequencies, radiation hardness, and nanoscale dimensions. Here, we report a
microfabricated electromechanical inverter with SiC complementary NEMS switches capable of
operating at 500°C with ultralow leakage current.

High-temperaturemeasurement and control
instrumentation require microcontrollers,
in addition to sensors and interface elec-

tronics, for a variety of important applications
(such as automotive and aerospace propulsion sys-
tems, deep-well drilling, and geothermal explora-
tion) in which the ambient temperature typically
ranges from 300° to 600°C (1). However, limited
by their band gaps, the mature silicon technologies
[for example, a complementary metal-oxide semi-
conductor (CMOS)] are not applicable to this field
due to excessive leakage caused by p-n junction

degradation and thermoionic leakage (2). At
these temperatures, thermally excited electrons
in silicon can overcome the gate potential, and
the intrinsic carriers excited by the thermal energy
exceeds the amount of doped carriers. Thus, the

electrical properties will be considerably influ-
enced by thermally generated carriers, and the
devices fail. To this end, wide–band-gap semi-
conductors like SiC have been of interest for these
applications. Such materials, with adequate con-
ductivity, offer a potential solution to expensive
thermal-management and heat-sinking require-
ments, which pose a major barrier to continued
shrinking of electronics. To date, the SiC electronic
platform has been regarded as the most viable
technology for high-temperature applications. Var-
ious field-effect transistor (FET) architectures have
been considered as building blocks of this plat-
form. Among alternative device architectures, the
SiC junction field-effect transistor (JFET) is the
most promising candidate for high-temperature
logic applications (3, 4). Lack of good-quality
gate insulator and low inversion-layer mobility
have limited the development of SiC metal-oxide
semiconductor FETs (5–7). On the other hand,
Shottky-based metal semiconductor FETs exhibit
notable gate-to-channel leakage at elevated temper-
atures (8). As a depletion-mode device, the JFET
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Fig. 1. A scanning electron micrograph
showing the ON state of the three-terminal
SiC NEMS switch. The spacing between the
gate and drain is 300 nm. The initial
actuation-gap height, defined as the dis-
tance between source and gate, is 150 nm
without applying any potential. Lateral move-
ment of the cantilever due to electrostatic
attraction between the source and gate
causes the beam to contact the drain. After
the contact of source and drain, the gap be-
tween source and gate becomes only 25 nm.
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A Transient and Low-Populated Protein-Folding Intermediate at Atomic Resolution
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Transient Protein Conformations
Transient conformations are important to protein function; however, detecting and characterizing these states is
technically challenging. Korzhnev et al. (p. 1312; see the Perspective by Al-Hashimi) combined recently developed
methods to determine the three-dimensional atomic-resolution structure of a transient intermediate of a four-helix
bundle protein domain. The intermediate formed rapidly but, owing to structural peculiarities, slowly rearranged into
its native state. The methods can be applied not only to folding intermediates but also to excited states important for
protein function.

View the article online
https://www.science.org/doi/10.1126/science.1191723
Permissions
https://www.science.org/help/reprints-and-permissions

https://www.science.org/about/terms-service

