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Protein folding, as commonly portrayed, involves exploration of a rough,
high-dimensional landscape, ending with a final descent into a low-energy folded state.
During that journey, the protein may visit shallow basins corresponding to metastable
structures, potentially of biological importance. Structural characterization of tran-
siently populated metastable states is challenging due to their low population, which
limits traditional NMR, and also makes crystallization for X-ray diffraction difficult
without stabilizing mutations, covalent modifications, or the addition of antibodies.
Here, we report the structural characterization of the on-pathway folding intermediate
of a pressure-sensitized ubiquitin mutant. The obtained non-native p-sheet registry
was previously shown to be necessary in the PINKI mitophagy pathway. We used fast
pressure jumps to repeatedly initiate folding and advanced NMR measurements to probe
the evolving ensemble of protein conformations. The results reported here demonstrate
that the non-native f-sheet hydrogen bond registry can act as a metastable trap during
protein folding. This work provides a template for future investigation of metastable
conformations and protein folding with rich structural detail.

ubiquitin | retracted strand | metastable protein-folding intermediate | CS-Rosetta |
molecular dynamics

Opver the past half-century, it has been shown that proteins fold from an ensemble of
disordered initial states to the final folded state through multiple, potentially metastable
conformations (1). Because the energy wells of most natively folded proteins are very deep,
the populations of unfolded and excited states at physiological temperatures and solvent
conditions often are very low, complicating their study (2, 3). However, despite their low
populations and short lifetimes, near-native excited states of proteins can be necessary for
posttranslational modification (3) or can lead to the formation of toxic oligomers (4, 5).
Structural investigation of metastable states visited during protein folding is complicated
by short (ms timescale) lifetimes and small populations of these species under native
conditions. These “invisible states” traditionally have been investigated under static con-
ditions using backbone amide hydrogen exchange or NMR experiments that indirectly
observe their effects on spectra of the major state (6-9). To study excited states with
energies much higher than the native state, sample conditions are typically changed
abruptly from those favoring the unfolded state to those favoring the native state. For
example, rapid changes of buffer conditions by dilution of denaturant, rapid mixing with
requisite cofactors, or pH jumps allow experimentalists to initiate folding and conforma-
tional changes with high time resolution (10-13). Alternatively, rapid changes in physical
conditions may be accomplished by a sudden jump in temperature, which typically dest-
abilizes the protein and triggers unfolding, or by an abrupt change in hydrostatic pressure,
which can trigger either protein unfolding or folding (14). In particular, rapid cycling of
hydrostatic pressure can be used to repeatably alter the energy surface, permitting extensive
measurements of the excited state conformations accessed by the protein during folding
(14, 15). For small proteins, the folding process often proceeds via a downhill energy
pathway (16). However, along their folding trajectory, proteins can also encounter local
energy minima associated with metastable states, which will differ if there exist multiple
parallel folding pathways (17-20). These metastable states may be on-pathway folding
intermediates, aggregates, misfolded species, or functional conformational states.
Pressure switching is arguably the most benign and easily reversible perturbation of
the energy landscape, enabling protein structural probing under native buffer conditions
(21). In order to significantly populate the unfolded state of a protein at high pressure,
its volume must be substantially smaller than that of the native state (22, 23). For such
proteins, pressure-jump fluorescence measurements have yielded valuable insights into
the kinetics of these structural switches during the folding process, including the pres-
ence of trapped intermediate states (14). Here, we demonstrate that combining revers-
ible, millisecond pressure jumps with NMR spectroscopy enables determination of the
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three-dimensional structure of such intermediates at atomic
resolution under near-native conditions. Our analysis uses con-
ventional input restraints, including chemical shifts, '"H-'H
nuclear Overhauser (NOE) cross-relaxation, and residual dipolar
couplings.

Ubiquitin is a small, 76-residue eukaryotic protein involved in
diverse intracellular signaling pathways. Its phosphorylation,
which occurs while in a transient conformational state, is essential
for the initiation of mitophagy (3). To gain insight into ubiquitin’s
folding pathway, we developed a pressure-jump apparatus that
can repeatedly switch the hydrostatic pressure in an NMR sample
cell between 1 bar and up to 2.8 kbar within a few milliseconds
(21). Using this hardware, we monitor in real time the folding of
ubiquitin V17A/V26A mutant (VA2-ubiquitin), where the muta-
tions were introduced to increase the difference in volume between
the unfolded and folded states by cz 60 mL/mol (24), thereby
lowering the midpoint of pressure-induced denaturation from 5.4
to 1.4 kbar (21). The folding pathway of wild-type ubiquitin has
been the subject of much experimental and computational work,
with disagreement on whether it is a two-state folder or passes
through metastable intermediates (25-31). While many experi-
ments failed to detect it, fluorescence measurements on F45W
ubiquitin pointed to the presence of a metastable foldmg inter-
mediate (28, 29, 32). Our own ensemble- averaged °N chemical
shift measurements during folding revealed the parallel presence
of both single-barrier and double-barrier folding pathways, with
their relative efficiency strongly dependent on temperature

(21, 33).

Results

A two-dimensional 'H-"N pressure-jump heteronuclear single
quantum correlatlon (PJ-HSQC) spectrum of VA2-ubiquitin,

recorded with "N evolution starting 50 ms after the pressure drop,
reveals numerous weak resonances, in addition to those of the
natively folded species (Fig. 1A4). These weak resonances disappear
when the start of N evolution is delayed to 500 ms after the
pressure drop (SI Appendix, Fig. S1A) and correspond to a meta-
stable structure that converts to the native state at a rate of ca
155 at 298 K (21). Because the V17A/V26A mutations involve
contacts within the N-terminal half of ubiquitin, which has been
implicated as the “folding nucleus” of ubiquitin (34, 35), it seemed
possible that the metastable intermediate was a consequence of
these mutations. To address this question, we also recorded a
pressure-jump HSQC spectrum for the L50A mutant of ubiquitin
(SI Appendix, Fig. S1B), which can be unfolded by hydrostatic
pressures comparable to those of VA2-ubiquitin (36). The L50A
mutation site is located outside the region where the largest chem-
ical shift differences are observed between the intermediate and
native states (Fig. 24) and well outside the “folding nucleus”
(SI Appendix, Fig. S2). As shown in ST Appendix, Fig. S1B, the
L50A-ubiquitin mutant also shows weak resonances that disappear
over time. Assignment of these additional intermediate state res-
onances for both mutants revealed that they had very similar
chemical shifts (Fig. 1B), indicating that the same metastable
folding intermediate is present for both L50A and VA2-ubiquitin.
All further analysis presented below pertains to the VA2 mutant
for which a more extensive set of structural restraints was obtained,
but conclusions regarding the folding pathway equally apply to
L50A and, by inference, to native ubiquitin.

Chemical Shifts of the Intermediate State. To determine the 3D

structure of the transient intermediate state (I-state), we measured
its backbone 'H, BN, and C chemical shifts during repeated
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Fig. 1. '"H and "°N chemical shift assighments of V17A/V26A ubiquitin,

recorded at 298 K using a PJ-HSQC pulse sequence. Each indirect acquisition
point is preceded by an 8-s high-pressure (2.4 kbar) equilibration delay,
with the pressure dropped to 1 bar immediately after polarization transfer
from "H to "N. "N chemical shift evolution is initiated after a 50-ms folding
delay, with all three species—folded, unfolded, and intermediate— present
during 'H acquisition. Consequently, peaks corresponding to all three states
are observed in the HSQC spectrum. (4) The 900 MHz "H-">N PJ-HSQC NMR
spectrum showing folded (black), intermediate (red), and unfolded peaks
(unlabeled). (B) Comparison of 'H and "°N chemical shifts of the L50A I-state
(recorded at 278 K, see SI Appendix, Fig. S1) and the VA2 I-state (298 K).

pressure-jump cycles that were synchronized with standard
heteronuclear correlation NMR experiments described previously
(21, 37). Comparison of these shifts with those in the native state
revealed the largest differences for strands p1 and p5, as well as the
“S65 loop” immediately preceding 5 (Fig. 24). Analysis of these
chemical shifts by TALOS-N software (38) pointed to a limited
number of large backbone torsion angle differences relative to the
native structure (Fig. 2B). These substantial differences mostly
pertained to the S65 loop, but chemical shifts of residues L73
and R74, which are disordered in the native state, also indicated
rigidification of the backbone up to residue G75. TALOS-N
analysis (38) showed that secondary-structure differences were
highly localized, leaving the majority of residues largely unaffected
(Fig. 2 A and B). While the secondary structure for other residues
near the N and C termini of the protein remained unchanged,
their comparatively large chemical shift differences between the
natively folded and intermediate species (Fig. 24) were consistent
with the exquisite sensitivity of chemical shifts to differences in
electrostatics and hydrogen bonding geometry.

CS-Rosetta Model of the Intermediate State. We next used

the CS-Rosetta program to develop a full 3D structural
model compatible with the chemical shifts of the I-state (39).
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Fig. 2. Characterization of folding intermediate structure by chemical shift analysis. (A) Difference in chemical shifts of the I-state and the native state for "H,"N,
3¢, and 3C* (solid bars: positive values; open bars: negative values; asterisks: missing assignments, presumably due to overlap with native species) (BMRB
code: 53268). (B) Comparison of native state backbone dihedral angles (blue) to TALOS-N values for the I-state (red). For clarity, only residues for which |A¢| +
| A¥ |2 90° are shown. (C) Ensemble of 10 lowest energy conformers obtained by CS-Rosetta using only I-state backbone chemical shifts. Coloring of the chain
progresses from blue (N terminus) to red (C-terminus). The backbone atomic coordinate RMSD over this ensemble is 1.3 A. (D) CS-Rosetta ensemble when
NOE and RDC restraints were included in the input, reducing the backbone RMSD to 0.8 A. The coloring reflects progression from the N terminus (blue) to the
C-terminus (red). (E) Overlay of the lowest-energy CS-Rosetta model of the I-state (red) with the native structure (blue; PDB: 2MJB).

Superposition of the resulting 10 lowest-energy models of the
folding intermediate revealed native-like topology but, remarkably,
all models exhibited a shifted registry by two residues of strand 5
relative to the native structure (Fig. 2E). However, with a rmsd
(RMSD) of 1.3 A relative to their averaged atomic backbone
coordinates, these CS-Rosetta models still displayed substantial
heterogeneity (Fig. 2C).

I-State Refinement by "H-"H NOE. To validate the change in 5
registry and improve its coordinate precision, we carried out a
pressure-jump version of the common three-dimensional NOE
experiment. A high-pressure (2.5 kbar) interscan equilibration
delay of 8 s resulted in ~84% of the proteins to unfold at
298 K prior to the start of each repeat of the pulse sequence
(Fig. 3A4). Then, following t, evolution that encoded the resonance
frequencies of this unfolded state, the sample pressure was dropped
to 1 bar, thereby initiating the folding process. After the 150-ms
NOE mixing period, at which time point folding to the native
state was nearly complete, the magnetization was read out by
means of a standard gradient-enhanced HSQC pulse sequence
(SI Appendix, Fig. S3A) (40). The result was a 3D spectrum with
resolved cross-I\}I)eaks that correlated unfolded 'H chemical shifts
to PN and "HY chemical shifts of the folded state, with intensities
modulated by the sum of all NOE interactions that were present

PNAS 2025 Vol.122 No.41 2519493122

during the mixing period, comprising unfolded, intermediate,
and folded states.

The maximum I-state population increases with temperature,
but its lifetime decreases (S Appendix, Fig. S4). As a compro-
mise, the NOE measurement was performed at 298 K where the
maximum population reaches ~25% and the lifetime of the
I-state is ca 60 ms (21). Because the protein exists in three dif-
ferent states during the NOE period, the resulting cross-peak
intensities reflect a time-average of the cross-relaxation rates in
those states. The 150-ms NOE period covered both the build-up
and decay of the I-state population. Under these conditions,
about 50% of the protein passes through the metastable I-state,
whereas the other half follows a single-barrier pathway (21).
Therefore, NOE cross peaks arising from the I-state are expected
to be weak. Indeed, the vast majority of peaks observed in the
resulting spectrum correspond to contacts in the native confor-
mation (Fig. 3B). NOE interactions arising from the unfolded
state are vanishingly weak because its population is short-lived
and its rapid internal motions are of large amplitude, leading to
slow cross-relaxation. However, the 3D pressure-jump NOESY
spectrum also shows numerous cross peaks that are entirely
inconsistent with the folded structure, absent in the pressure-
denatured unfolded state, and only compatible with a shift in

registry of strand B5 (Fig. 3 Cand D).
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Fig. 3. Measurement of NOEs in the I-state. (A) Schematic of the pressure-jump NOESY experiment. (B) Narrow strips taken through two 800-MHz 3D NOESY
spectra, showing cross peaks for the transient I-state (Top row; pressure jump) and the native state (Bottom row; static ambient pressure). The amide proton serving
as the source of magnetization is selected by its "°N frequency during t,, as marked by the column labels. Chemical shifts were detected at 1 bar in the folded
state (both experiments). Black labels correspond to short-range contacts in the natively folded species. Red labels in the upper row of strips indicate long-range
NOE contacts that are present only in the I-state. Green labels result from the ~16% of protein that had not yet unfolded at the end of the equilibration phase.
(Cand D) Schematic representation of the hydrogen bond registry of strands p1, p5, and p3 for (C) the native state and (D) the I-state. Distances corresponding to
the shortest observed interstrand I-state NOEs involving a backbone amide proton are marked in red and were taken from the retracted strand X-ray structure
(50XH). Distances marked in black correspond to the native state NMR structure (2MJB).

While most observed NOE interactions correspond to the
native state, peaks marked with red labels in Fig. 3B are only
consistent with a retracted strand conformation in which the reg-
istry between 5 and B3 shifts by two residues (Fig. 2£). For exam-
ple, contacts are observed between $5 and the flanking strands p1
and B3 (L67H-13Hy?, V70HN-144H", and L71H"-T7HY) as
well as contacts in the C-terminus (R72HM-L43Ha and
L73HN-L8Hy; S7 Appendix, Fig. S5) indicating rigidification
compared to the native state, and all consistent with a shift in
registry for p5 (Fig. 3 C and D). NOE contacts are also seen
between the end of strand P2 and the S65 loop (e.g.,
K63H"-P19Hp, EG4H"-P19HS?), indicating that the S65 loop
contacts the loop containing residue P19 (S/ Appendix, Fig. S5).

I-State Validation By Residual Dipolar Couplings. Residual
dipolar couplings (RDCs) in weakly aligned proteins are precise
reporters of bond vector orientations and highly effective for
structure validation (41). Remarkably, a dilute, ¢z 10 mg/mL
nematic suspension of Pfl filamentous phage, commonly used
for obtaining protein alignment, was previously shown to be
sufficiently robust to withstand 2.5 kbar of hydrostatic pressure
(42). Even the repeated 8% solvent volume compression and

https://doi.org/10.1073/pnas.2519493122

expansion associated with the pressure jumps did not destroy the
nematic liquid crystalline phase of Pfl, provided that pressure
jumps were lengthened to have a duration of at least 4 ms. For
measurement of the RDCs under Pfl1-aligned conditions, an 8-s
high-pressure period is used to unfold the protein. At the end of
this period, "H magnetization is transferred to "°N, immediately
followed by a pressure drop to 1 bar which initiates folding
(Fig. 4A4). Once a sufficient population of I-state has built up,
the °N chemical shift is encoded and scalar and dipolar couplings
are allowed to evolve for either 5.35 ms [~1/(2 Jyy)] or 10.7
ms (~1/Jyy) in interleaved reference and attenuated 3D NMR
spectra, respectively (ST Appendix, Fig. S3B). The residual dipolar
couplings are then calculated from the ratio of peak intensities in
the reference and attenuated spectra (SI Appendix, Fig. S6) (43).

Because the chemical shifts and RDCs of the unfolded, native,
and intermediate states are encoded simultaneously, the RDCs
observed for the native and unfolded states act as an internal check.
With an RMSD of 1.4 Hz between observed and predicted values,
the RDCs measured for the native state fit well to the native
structure (Protein Data Bank (PDB) entry: 2M]B) (44) (Fig. 4B).
The unfolded state, which is dynamically highly disordered,
yielded values for the RDCs that were close to zero. In contrast,

pnas.org
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Fig. 4. Measurement of VA2 ubiquitin RDCs at 900 MHz. (A) Schematic timing diagram used to measure RDCs. The populations of the unfolded (black), intermediate
(red), and natively folded (blue) states of the protein are shown together with the applied pressure (green) for a single scan of the experiment. The full spectrum
consisted of 6,788 repeats of this depressurization, measure, repressurization cycle (for details, see S/ Appendix, Fig. S3B). (B) Comparison of the RDCs observed
in the P-jump experiment for the native state to values predicted for PDB entry 2MJB. (C) RMSD between observed I-state RDCs and values best fitted for various
structural models. CS is the CS-Rosetta model; CS, NOE additionally includes NOEs; CS, NOE, RDC additionally includes RDC restraints. (D) Structure of the lowest
energy |-state conformer, obtained with CS-Rosetta from CS, NOE, and RDC data. (E) Models, rotated by 45° about the vertical axis relative to (D), highlighting

the S65-loop conformations for different structures.

RDC:s of the I-state were comparable in magnitude to those meas-
ured for the natively folded structure but fit rather poorly to the
native-state conformation (RMSD of 2.8 Hz). Whereas the RDCs
for residues 2 to 58 of the I-state remained in good agreement
with the native structure (RMSD 1.8 Hz; SI Appendix, Fig. S7A),
the RDCs for residues 59 to 73 agreed poorly (ST Appendix,
Fig. S7B, RMSD 4.3 Hz). Having confirmed the accuracy of the
measured RDC values, we then performed another CS-Rosetta
calculation incorporating these RDCs together with I-state NOEs

PNAS 2025 Vol.122 No.41 2519493122

as structural constraints. The resulting low-energy structures
retained the general features of the chemical shift-only structure
(Fig. 4D) but exhibited considerably tighter convergence (0.8 A
versus 1.3 A backbone RMSD, Fig. 2D). We cross-validated this
structure by performing eight separate CS-Rosetta calculations
with each omitting one of the eight amide RDCs in the S65-loop
(residues 59 to 69) and found good agreement between each omit-
ted RDC and its corresponding CS-Rosetta model prediction
(RMSD 1.8 Hz; see SI Appendix, Fig. S8).
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Comparison With Prior Retracted-Strand Structures. Studies
of S65-phosphorylated ubiquitin (pUbq) and a L67S ubiquitin
mutant both showed an equilibrium between natively folded
ubiquitin and conformers in which $5 was retracted (3, 45, 46).
The population of retracted B5 conformers in pUbq becomes
dominant above neutral pH (46), which allowed its structure
determination by NMR spectroscopy (PDB entry 5XK4). While
overall similar to the X-ray structure of a T66V/L67N ubiquitin
mutant (PDB entry 50XH) (3), rather different conformations
for the S65 loop were seen for the pUbq NMR structure and this
mutant X-ray structure. Importantly, Komander and coworkers
showed that the transient presence of retracted p5 conformers was
essential for enabling phosphorylation of S65, but no structural
detail for this transient, very lowly populated state in wild-type
ubiquitin could be obtained. The I-state structures derived from
our pressure-jump NMR measurements therefore represent atomic
resolution models for wild-type ubiquitin in the p5-retracted state.

I-state RDCs yielded better agreement with the various retracted
strand structures than with the native ubiquitin structure (Fig. 4C).
However, the S65 loop differs substantially among these retracted-
strand structures (Fig. 4E). In pUbq (PDB 50XH) (3, 45) the
loop folds toward the end of B3, while in our folding-intermediate
structure, it makes NOE contacts with P19. The X-ray structure
of the L67S mutant (PDB 5XOI) contains two distinct structures,
differing only in the orientation of the S65 loop (labeled as struc-
turel and structure2 in Fig. 4F). Both structurel and the PINK1-
bound ubiquitin X-ray structure (6EQI) have loop orientations
similar to our I-state, with contacts between the S65 loop and the
P19 loop. The other retracted-strand ubiquitin X-ray structures
(50XH and structure2 of 50XI) have loop orientations that are
inconsistent with the observed NOE contacts between the S65
and P19 loops. Similarly, none of the solution NMR structures
of enzymatically phosphorylated ubiquitin (5XK4) showed con-
tacts between the S65- and P19-loops, but instead revealed a
two-residue extension of ubiquitin’s second helix up to residue
161 (46).

In our I-state structure, the S65-loop adopts a well-ordered
conformation positioned toward the P19-loop (SI Appendix,
Fig. S5). This structure is supported by NOEs from residues Q62,
K63, and E64 to P19, which are located in the turn that precedes
ubiquitin’s main o-helix (87 Appendix, Fig. S5). Backcalculating
eight RDC values from the S65-loop in the intermediate structure
while omitting the corresponding RDC from the CS-Rosetta
input showed significantly better agreement with structures based
on NMR data relative to the pUbq crystal structures (S7 Appendix,
Fig. §9), thereby independently validating that the structural dif-
ferences observed in the S65 loop are real and likely result from
the electrostatic repulsion between the negatively charged phos-
phate group and the sidechains of residues E18 and D21.
Moreover, the random coil index server (47) indicates that, based
on its backbone chemical shifts, the S65-loop exhibits a degree of
backbone order that is no lower than for the whole molecule,
suggesting the absence of large amplitude internal dynamics for
this loop. Excluding the S65 loop (Y59-L69) and the C terminus
(R74-G76), the I-state structure has a 0.7 to 1.4 A backbone
coordinate RMSD relative to crystal structures that exhibit a
retracted P5 strand (Fig. 4C), indicating close agreement between
the nonvariable structural regions.

Is the I-State Observed in Molecular Dynamics Trajectories?
Ubiquitin has been widely used as a model system for molecular
dynamics (MD) simulations of protein folding (48-50). Piana
et al. performed several milliseconds-scale all-atom simulations
starting from both folded and unfolded states, observing multiple
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folding and unfolding events (35). Notably, due to the time-
reversal symmetry of their integrator, unfolding events can also be
viewed as folding events. To reduce the high computational burden
of searching the entire trajectory for conformers that contain
the retracted f5-strand conformation, we simply compared the
hydrogen bonds involving strand f5 to those in the native fold
and I-state. This approach reduced the search to the comparison of
two numbers: The average H-bond distances across the backbone
residues of B1, p3, and B5. Trajectories of RMS H-bond donor—
acceptor interatomic distances for each state show three, relatively
short periods where frames display H-bonding more similar to
that seen in our experimentally determined I-state than to the
native state (boxed regions in Fig. 5 4 and B). Frames from these
I-state-like periods were further analyzed by applying dimension
reduction using the UMAP algorithm, followed by clustering with
DBSCAN (51). UMAP is a powerful method for projecting high-
dimensional data, such as MD trajectories of protein backbone
coordinates, into a lower-dimensional space. It constructs a high-
dimensional graph representation of the data and optimizes a
corresponding low-dimensional diagram to preserve both global
and local structures. UMAP is often preferred for its balance
between structural preservation and computational efficiency.
Applying UMAP allowed for better separation of distinct
intermediate states and clearer identification of more populated
conformations (see Methods). Twelve clusters were identified,
each representing conformations similar to the experimentally
determined I-state, with most structural variability localized to
the 3,, helix (L56-Y59) and the S65 loop regions (Fig. 5C and
SI Appendix, Fig. S10).

Discussion

Our study highlights the complementarity between pressure-jump
NMR and other methods such as relaxation-dispersion and chemical
exchange saturation transfer (CEST) for studying conformational
exchange processes. These latter methods provide atomic-resolution
access to the presence of lowly populated excited states at equilib-
rium that are transiently sampled from the ground state but are
inherently limited to states that are revisited multiple times. By
contrast, pressure-jump methods perturb the system out of equilib-
rium and enable structural characterization of intermediates that
form only once along the folding trajectory, such as the I-state cap-
tured here. Together, the two approaches provide highly synergistic
views of transient protein conformations.

CEST experiments have shown that ubiquitin’s retracted-strand
conformation is low enough in energy to be accessed under native
conditions and thereby enable phosphorylation by PINK1 (3). Its
low energy and structural similarity to the native fold suggests it
is likely accessible as a folding intermediate. Indeed, about half of
all molecules follow this pathway during folding (21). It is possible
and perhaps even likely that such parallel folding pathways exist
for many proteins that sample multiple metastable “excited-state”
conformations under equilibrium conditions (9, 52).

It was gratifying to see that one quarter of the folding/unfolding
transitions observed in very long all-atom molecular dynamics
trajectories of ubiquitin involved a retracted B5 intermediate
(Fig. 5), which compares to roughly one half during our experi-
mental folding study (21). Moreover, the low population of this
intermediate state under equilibrium folding/unfolding conditions
appears consistent with its very low (cz 0.7%) population observed
experimentally under physiological conditions (3). Beachamp
et al. analyzed very long molecular dynamics trajectories of 14
proteins by introducing novel Markov state models (53). They
showed the presence of native-like but register-shifted B-sheet
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Fig. 5. Transient presence of retracted-strand I-state conformers in the Piana et al. MD trajectory (35). (A) Rms distances (log scale) for selected H-bond atom
pairs involving the pairing of strands p5 with 1 and p3 in the folded state (blue) and the I-state (red). For each time point in the trajectory, the Rms average H"--O
donor-acceptor distance for folded-state H-bonding (blue) and I-state H-bonding (red) is shown. Thus, a jump in the blue distances accompanied by a drop in the
red values corresponds to a transition from the native to the f5-retracted I-state. (B) Detail of three periods identified as being more similar to the p5-retracted
state than to the native state, marked by black boxes in A. (C) Overlay of a representative structure from each cluster of intermediate-like conformations identified

in the MD trajectory (S/ Appendix, Fig. S10 for expanded plots).

states for three proteins: GTT, NTL9, and protein G. As seen for
ubiquitin, populations of these out-of-register states were very
low, in the range of 0.1 to 1.5%, and these authors suggested that
such register shifts may be a general feature in the folding process
of beta topologies. Indeed, rather than a hindrance to protein
folding, a mutational study of protein G showed that the design
of an out-of-register intermediate could accelerate the folding
process by more than an order of magnitude (54).

Our pressure-jump NMR study unveils the structure of a met-
astable conformation of a protein with a lifetime much too short
for full structural characterization by traditional techniques. These
results highlight the potential of pressure-jump NMR for increasing
our understanding of the protein folding process and for exploring
the conformational space of such transiently populated states.
While the very high stability of wild-type ubiquitin, which has an
activation energy for unfolding of ¢z 7 kcal/mol (28, 55), necessi-
tated the introduction of pressure-sensitizing mutations, the total
void volume in many other wild-type proteins suffices to enable
pressure-induced unfolding. Alternatively, void-generating muta-
tions such as used in our study can be readily introduced to lower

PNAS 2025 Vol.122 No.41 2519493122

the hydrostatic pressure required for unfolding (22). As demon-
strated here, conventional structural parameters such as chemical
shifts, NOE contacts, and residual dipolar couplings then become
readily accessible by pressure-jump NMR spectroscopy, thereby
providing a powerful method to gain atomic level structural detail
on short-lived protein-folding intermediate states. Analogous stud-
ies are likely to yield detailed insights into pressure-sensitive excited
states and folding intermediates of nucleic acids as well (56).

Materials and Methods

Protein Expression and Purification. Two codon-optimized plasmids, encoding
residues 1to 76 of human ubiquitin with V17A/N26A and L50A mutations (ATUM),
were transformed into £. coli BL21(DE3) competent cells (New England Biolabs). For
protein expression, all bacterial growth media contamed 100 pg/Lofamplullln with
M9 minimal media suitable for generating U-"*C/™*N protein, or U-*H/"N protein,
following a previously described protocol (36). Purification also followed this previ-
ously described protocol, including a final reverse-phase HPLC step using a Vydac
2147TP C4 column, which was necessary to eliminate trace protease contamination
for which pressure-unfolded ubiquitin is a vulnerable substrate (21).
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Pressure-Jump Apparatus. A description of the home-built pressure-jump
apparatus has been reported previously (21). Briefly, a 2.8-mm inner diameter
zirconia sample cell (57), rated for static pressures of up to 3 kbar (Daedalus, Inc.),
was connected by a high-pressure hydraulic fluid (mineral spirit) transfer line via
amanifold to two pneumatically controlled hydraulic valves. These valves connect
to eitheran adjustable high-pressure reservoir (<3 kbar) oran atmospheric pres-
sure vessel. Spectrometer-generated logic signals control the valves, enabling to
alternately pressurize and depressurize the protein sample. Pressure transition
times were adjusted by flow restrictors to ca 2 ms for most measurements but
lengthened to 4 ms for the RDC measurements.

NMR Spectroscopy. NMR experiments were recorded on Bruker 600-, 800-,
and 900-MHz NMR spectrometers equipped with cryogenic probeheads that
contained pulsed field gradient accessories. NMR samples contained 0.3 mM VA2
(or L50A) ubiquitin in 200 uL solvent, 98% H,0/2% D,0, with 25 mM potassium
phosphate buffer pH 6.4. Sample concentrations were limited to 0.3 mM concen-
trations to prevent off-pathway oligomerization during the folding process. For
pressure-jump RDC measurements at 900 MHz, samples additionally contained
10 mg/mL Pf1 and 200 mM NaCl. The sample temperature was regulated at
298 K during the high-pressure periods in each experiment, but it temporarily
decreased by ca 2 K following each pressure drop due to adiabatic decompression.
All pressure-jump 3D NMR spectra, including those for NOE and RDC measure-
ments, were recorded using nonuniformly sampling protocols, and spectra were
reconstructed using the SMILE software (58), integrated into the NMRPipe data
processing package (59), and analyzed with CCPN (60) and Sparky (61) software.
Distance restraints for the I-state were derived from NOE cross-peaks that were
observed exclusively in the I-state spectra. Since the I-state is short lived, even
short distances do not give rise to strong NOEs, and therefore the presence of an
NOE was simply converted to an upper distance limit of 3.5 A for the CS-Rosetta
calculations.

CS-Rosetta Calculations. Multiple rounds of CS-Rosetta calculations were
carried out with increasing levels of experimental restraints (62). First, using
only the chemical shifts, a preliminary structure was obtained in which the chain
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converged to a well-defined fold exhibiting the retracted B5 strand. Second, a
round that also included sparse NOE restraints was carried out. 34 NOE cross-
peaks from the 3D pressure-jump NOESY experiment that were absent in the
static, low-pressure NOESY spectrum were manually assigned and included in
the CS-Rosetta input (63). Third, a final round of CS-Rosetta calculations also
included I-state RDCs. Such RDCs were only available for 44 resonances where the
I-state "°N chemical shifts differed sufficiently from both the native and unfolded
states to avoid peak overlap. The 10 lowest-energy models are available in the
PDB under entry 9PL1.

UMAP Embedding. UMAP embedding was generated using an Euclidean
distance metric, a neighborhood size of 10, a minimum interpoint distance of
0.1,and a minimum cluster size of 100. For visualization, frames were projected
onto two dimensions with UMAP and colored based on their cluster assignments
(51 Appendix, Fig. S104) (38).

Data, Materials, and Software Availability. Coordinates of the ubiquitin-
folding intermediate structure have been deposited in the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (RCSB PDB) under accession code
9PL1 (64). NMR chemical shifts have been deposited in the BioMagResBank
under accession code: 53268 (65). Pulse sequence code and parameters are
available at https://doi.org/10.5281/zen0odo.16125212 (63). All study data are
included in the article and/or S/ Appendix.
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