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Abstract

Proline isomerization is widely recognized as a kinetic bottleneck in protein folding, amplified for proteins
rich in Pro residues. We introduced repeated hydrostatic pressure jumps between native and pressure-
denaturing conditions inside an NMR sample cell to study proline isomerization in the pressure-
sensitized L50A ubiquitin mutant. Whereas in two unfolded heptapeptides, X-Pro peptide bonds isomer-
ized ca 1.6-fold faster at 1 bar than at 2.5 kbar, for ubiquitin ca eight-fold faster isomerization was
observed for Pro-38 and ca two-fold for Pro-19 and Pro-37 relative to rates measured in the pressure-
denatured state. Activation energies for isomerization in pressure-denatured ubiquitin were close to liter-
ature values of 20 kcal/mole for denatured polypeptides but showed a substantial drop to 12.7 kcal/mole
for Pro-38 at atmospheric pressure. For ubiquitin isomers with a cis E18-P19 peptide bond, the 1-bar NMR
spectrum showed sharp resonances with near random coil chemical shifts for the C-terminal half of the
protein, characteristic of an unfolded chain, while most of the N-terminal residues were invisible due to
exchange broadening, pointing to a metastable partially folded state for this previously recognized “folding
nucleus’. For cis-P37 isomers, a drop in pressure resulted in the rapid loss of nearly all unfolded-state
NMR resonances, while the recovery of native state intensity revealed a slow component attributed to
cis — trans isomerization of P37. This result implies that the NMR-invisible cis-P37 isomer adopts a mol-
ten globule state that encompasses the entire length of the ubiquitin chain, suggestive of a structure that
mostly resembles the folded state.

Published by Elsevier Ltd.

Introduction

One important aspect of protein folding concerns
the role of proline cis/trans isomerization because
the high energetic barrier associated with this
process, ca 20 kcal/mole,’ often strongly slows
down the folding rate of isomers that contain non-
native X-Pro peptide bonds. The presence of non-
native proline isomers during protein folding can
promote aggregation and has been implicated in
amyloid formation.” However, proline isomerization
can be greatly accelerated by peptidyl-prolyl cis/-
trans isomerase enzymes, such as trigger factor

0022-2836/Published by Elsevier Ltd.

which is part of the E. coli 50S ribosomal subunit.>*
A host of other widely studied isomerases, including
cycloghilinf‘7 FK506 binding protein (FKBP),® and
Pin1,”"% are well recognized immunophilins, testify-
ing to the biological importance of the isomerization
process.

In a polypeptide, the steric clash between C*H*
groups of sequential non-Pro residues with an
intervening cis peptide bond raises the energy
over trans conformations by ca 3-4 kcal/mole.
This energy difference is much smaller for Pro
residues, ca 1-2 kcal/mole, because of a steric
clash between the Pro C°H® moiety and the C*H*
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of its preceding residue in the trans isomer." In the
unfolded state near room temperature, the equilib-
rium population of X-Pro cis peptide bonds covers
a broad range from <3% to >30%.""'° This frac-
tion depends on the residue types neighboring the
Pro, with highest values found when the residue
preceding or following Pro is aromatic.'® The cis
fractions are a few percent higher for X-Pro bonds
in short linear peptides comg)ared to longer disor-
dered polypeptide chains,’® presumably due to
increased steric clashes between the chains N-
terminal and C-terminal to a cis X-Pro peptide bond
which raises their free energy."”

Any given X-Pro peptide bond in a natively folded
protein typically is either 100% trans or, less often,
100% cis. In rare but important cases, proline cis/
trans isomerization can serve as a slow functional
switch, altering the protein’s structure and its
ability to bind ligands or interact with other
biomolecules.'*'® Pro isomerization has been
studied most extensively by fluorescence-based
methods that provide information on the environ-
ment of a fluorophore, most commonly tryptophan,
which depends on its solvent exposure. Such fluo-
rescence measurements report on the global struc-
ture of the protein which depends upon the cis/trans
equilibrium of its Pro residues. Assigning the
observed effects to individual Pro residues often
relies on site-directed mutagenesis but is difficult
to probe in structural detail because of small frac-
tions of non-native cis isomers. By contrast, NMR
spectroscopy provides residue-specific information
on the effect of cis and trans prolyl bonds through-
out the entire protein. NMR experiments which
include jumps in the hydrostatic pressure that are
repeated thousands of times,'”'® then permit the
monitoring of the relation between specific prolyl
isomeric states and protein structure, even in very
large oligomeric aggregates.'?

Here, we used pressure-jump NMR to evaluate
the effect of non-native prolyl peptide bonds on
the structure and folding of ubiquitin, a widely
studied model system containing three proline
residues. Single and double pressure jump
experiments were used to monitor the
isomerization kinetics under both folding and
unfolding conditions, covering a wide range of
time scales. Because human ubiquitin is an
exceptionally stable protein, requiring over 5 kbar
of pressure to unfold,?® we introduced a cavity into
the protein structure by the L50A mutation. Such a
mutation sensitizes the protein to hydrostatic pres-
sure,”"?? yielding an unfolding mid-point for L50A
ubiquitin of ca 1.2 kbar at 278 K, well within reach
of our pressure-jump instrumentation.

We found that L50A ubiquitin can partially fold
before each X-Pro bond has isomerized to its final
state. Moreover, the changed energy landscape in
such a partially folded protein containing the non-
native peptidyl isomer can result in faster
isomerization than observed in the unfolded state.

Materials and Methods

Protein expression and purification.
Perdeuterated protein was used for all
measurements because it yields superior spectral
resolution and sensitivity. A plasmid encoding the
sequence of the L50A mutant of human ubiquitin
was obtained from Genscript and transformed into
E. coli BL21(DE3) competent cells. Following
overnight growth at 37 °C in 5 mL Luria-Bertani
(LB) culture medium, the cells were spun down
and transferred to 50 mL of M9 minimal medium
containing 1 g/L of > NH,CI in 99.8% D,O. This
culture was grown at 37 °C for 3 h, and then the
cells were transferred into 0.5 L of the same M9
minimal medium in D,O. When the optical density
reached ca 0.7, protein expression was initiated
by addition of 1 mM IPTG and allowed to proceed
for 4 h at 37 °C. The cells were then harvested
and stored at —80 °C. Cell pellets were
resuspended in 50 mM Tris-HCI buffer, pH 7.6,
and lysed using a Cell Disruptor (Constant
Systems Ltd), with multiple passages of the cells
at 2.2 kbar. The lysed cells were spun at 50,000 g
for 20 min at 4 °C, after which the supernatant
was collected, and the pH adjusted to 3.3 using
acetic acid to precipitate contaminants. The pH
3.3 sample was spun at 50,000 g for 20 min at 4 °
C, and the supernatant was loaded onto a
Superdex S75 26/60 column (GE Healthcare) that
was equilibrated with 10 mM potassium buffer at
pH 6.8. The ubiquitin-containing fractions were
collected, concentrated, and then subjected to
reverse-phase HPLC using a Vydac 214TP C4
column. The HPLC purification step is essential
for high-pressure NMR measurements because at
high pressure the unfolded protein is highly
susceptible to proteolysis by residual trace
amounts of protease. Ubiquitin L50A eluted
around 38% acetonitrile  containing 0.1%
trifluoroacetic acid and was subsequently
lyophilized. Lyophilized protein was dissolved in
20 mM phosphate buffer, pH 6.4, containing 1 mM
EDTA and 1 mM benzamidine as broad-spectrum
protease inhibitors, and 3% D,O for NMR field-
frequency lock purposes.

NMR spectroscopy. Spectra were recorded on
Bruker NEO spectrometers operating at 600, 800,
and 900 MHz, each equipped with a cryogenically
cooled probehead and a home-built pressure-jump
accessory.'® Typically, 220 uL of 0.4 mM 'N-
Ubiquitin L50A solution was loaded into a high-
pressure tube (Daedalus Innovations, Aston, PA),
and pressurized up to 2.4 kbar for measurements.
The pressure-jump accessory uses mineral spirits
as a low-viscosity hydraulic fluid with a density
lower than water. It enables rapid switching of the
hydrostatic pressure inside the NMR sample cell
between atmospheric pressure and pressures up
to 3 kbar, limited by the strength of the NMR sample
cell. The time needed for switching the pressure is
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also adjustable and was increased to a few millisec-
onds to minimize cavitation at the aqueous/mineral
spirits interface during depressurization, which can,
after a large number of pressure cycles, lead to
sample emulsification and contamination.

3D HNCO and HNCA spectra were recorded for
resonance assignment of the folded protein
(BMRB id: 52343) as well as those of the trans
isomers (BMRB id: 52344) and the lowly
populated cis-Pro isomers in the pressure-
denatured state. Reconstruction of the non-
uniformly sampled (NUS) 3D spectra was carried
out using the SMILE program.=® All spectra were
processed using NMRPipe software®* and ana-
lyzed with CCPN software.*”

Equilibrium populations of cis isomers under
denaturing conditions (2.4 kbar) were established
from the relative integrated intensity of "H-'°N
correlations in HSQC spectra®® for resonances
neighboring each of the three Pro residues. These
spectra were recorded with a long delay (5 s)
between scans, such as to minimize the effect of
any small differences in '"H T, between unfolded
cis and trans isomers. For monitoring the rate of
change in cis and trans isomer populations follow-
ing a jump in pressure, 2D SOFAST-HMQC spectra
typically were recorded with 70-90 complex t; incre-
ments and two scans per free induction decay
(FID), with the measurement preceded by 16
“dummy scans” to establish a steady-state level of
magnetization. For SOFAST-HMQC measure-
ments at low pressure, signals were recorded at a
rate of 2 scans s~ ', for a total measurement time
of ca three minutes per 2D spectrum. For the
double-jump measurements (Figure 4a), where
the data are recorded at high pressure, signals were
recorded at a rate of 4.3 s™' (1 min per 2D spec-
trum; 70 complex t; increments) to minimize the
effect of isomerization after the return to high pres-
sure (see Sl Text). The measurements (including
pressure jumps) were repeated multiple times with
separately recorded spectra co-added for improving
signal to noise, prior to analysis.

Temperature equilibration. The very slow
isomerization of the 136-P37 peptide bond, in
particular at temperatures below 288 K, greatly
lengthens the time needed to approach the
equilibrium c¢is-P37 population in the unfolded
state. To reduce this equilibration time, a stepwise
temperature change protocol was used. First, the
sample was pressurized to 2.4 kbar and kept at
298 K for 0.5 hr, after which the fraction of cis
P37, averaged over the folded and unfolded
species, was found to be 3.5%. One hour after
dropping the temperature to 288 K, it grew further
to 4.7%, and after an additional 2 h at 276 K it
reached 5.2%, approaching its equilibrium value.
In contrast, cis—trans equilibration in the pressure-
denatured state for P38 is nearly an order of
magnitude faster, permitting correspondingly
shorter equilibration times at high pressure, faster

repetition of the measurement, and improved S/N
by averaging repeated measurements. The
equilibrium fraction of cis P38 was found to be
only 2.6%, requiring the averaging of four
measurements for final data analysis.

Results

There are three Pro residues (P19, P37, and P38)
in the Ubiquitin sequnce. Typically, in the unfolded
state 'H-"SN HSQC spectrum, cis-Pro isomer
signals are resolved from frans signals for
neighboring residues, up to i + 3 relative to the
Pro residue in position i{Alderson, 2018 #6512}
Resonance assignments of both the pressure-
denatured and native states of L50A ubiquitin
were derived from standard 3D HNCO and HNCA
spectra. With the exception of the mutation site,
chemical shifts in the native state closely follow
those of wild-type (WT) ubiquitin (Figure S1),%” indi-
cating that the 3D structure of the L50A mutant is
essentially the same as that of WT. Similarly, with
the exception of mutated residues, in the unfolded
state the amide chemical shifts are very close to
those of the previously studied V17A/V26A ubiquitin
double mutant (Figure S2).'® At low contour levels,
resonances of the cis isomers are readily identified
in the pressure-denatured HSQC spectrum (Fig-
ure S3) and these were used to monitor their popu-
lations, which were within exgerimental uncertainty
of those reported previously®® for the V17A/V26A
ubiquitin double mutant (Table 1). For cis-P19, the
best resolved HSQC signals in the unfolded state
are observed for S20 and D21; for c¢is-P37, G35
and 136 are well resolved marker signals; for cis-
P38, G35 and D39 are the characteristic markers
(Figure S3). Upon dropping the pressure, unfolded
chains with all-trans Pro residues rapidly fold back
to their native state at a rate similar to that previ-
ously reported for the V17A/V26A double mutant
(Kiola = 187 1'9).

Isomerization kinetics at high pressure

All three Pro residues in ubiquitin (P19, P37, and
P38) are 100% trans in the equilibrated folded
protein at atmospheric pressure. In the single-
jump, high-pressure readout HSQC experiments,
the unfolding process is initiated by a pressure-
jump from 1 bar to 2.4 kbar, followed by a series
of 10-minute 'H-'>°N HSQC measurements until
the cis—trans equilibration is largely complete
(Figure 1a). Upon the initial increase in pressure,
the solvent temperature increases by ca 2 °C due
to adiabatic compression of the solvent, after
which the solution temperature cools to the
temperature of the zirconium sample cell
(Figure S4). After a 20-second temperature
equilibration delay, a 40-second automated
optimization of the magnetic field homogeneity
precedes the start of the HSQC-series.
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Table 1 Equilibrium cis populations (cis%""") and isomerization rates (hr') at 2.4kbar (k" and k) and 1 bar (K5) at
276 K, and Arrhenius activation energies (kcal/mole) for three Pro residues in L50A ubiquitin at 2.4kbar (EXF) and 1 bar
(EA™). AP and HP denote atmospheric pressure and high pressure (2.4 kbar), respectively.

cis%™" K& ke K ERF EA”
P19 89+04 1.49 + 0.05 1.64 + 0.06 3.26 = 0.28 18.8 + 0.5 16.3+1.4
P37 6.2+04 0.29 + 0.01 0.31 £ 0.01 0.68 = 0.17 20.6 £ 0.9 178 £1.8
P38 26+04 2.7 + 0.1 28 +0.2 23.4 +4.2 189 + 1.1 12.7 + 2.5
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Figure 1. Pro isomerization kinetics at high pressure. (a) Schematic timing diagram for the single-jump, high-
pressure readout HSQC experiments. After jumping the pressure to 2.4 kbar, a 20-s delay for temperature
equilibration and a 40-s delay for shimming precede the recording of a series of HSQC spectra for a total duration of
12.5 h. (b) Expanded spectral regions showing (top row) G35(cis-P37, blue; cis-P38, red; trans-P37/P38, blue), and
S20 (bottom row), recorded at 800 MHz, 276 K. “Wings” that symmetrically flank intense trans signals of G35 and G75
in the "®N dimension result from truncation of the '°N time domain data. (c) Growth of cis isomer populations for P19
(green), P37 (blue) and P38 (red). For other temperatures, see Figure S9. (d) Temperature dependence of kg, for the
three Pro residues and corresponding Arrhenius activation energies, E,, related to the exchange rates by the
Arrhenius equation ke = A €537,

For P37 and P38, the cis fractions are most easily by ca 0.09 ppm in the 'H dimension and by 0.6
measured from the intensity of the well-resolved and 0.2 ppm in '°N for cis-P37 and cis-P38,
G35 amide resonances, which both shift downfield  respectively (Figure 1b). Similarly, the cis
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population of P19 is derived from the well-resolved
S20 amide correlations (Figure 1b). For
measurements carried out at 276 K, P38 already
approaches its equilibrium cis fraction within 0.5 h
after pressurization, whereas P37 requires more
than 3 h. As expected, populations of the unfolded
cis fractions approach their Boltzmann equilibrium
values as a mono-exponential function, from
which the isomerization exchange rates,
Kex = Kot + ki, are readily extracted (Figure 1c).

Repeats of the above measurements over the
range from 268-288 K yielded the temperature
dependence of the cis-trans exchange rates, from
which the Arrhenius activation energies were
derived (Figure 1d; Table 1). Observed values of
19 to 21 kcal/mol are in good agreement with
literature values for cis—trans isomerization in
unfolded polypeptides.?>*° We note that the
exchange rate is determined by the free energy bar-
rier height, i.e. it includes the entropic term which
factors out in the Arrhenius equation. Differences
in kgx for Pro residues with very similar Arrhenius
activation energies therefore point to differences in
the entropic contribution to the barrier.

Prior measurements of the hydrostatic pressure
dependence of the proline isomerization rates in
small peptide analogs showed a slow-down of kg
with increasing pressure, corresponding to an
activation volume, AV' = 7.5 = 1 cm*mol.>' Here,
we measured the Pro isomerization rates in two
heptapeptides, acetyl-EVEPSDT-NH,, mimicking
the sequence surrounding P19 (9.6 + 0.8% cis)
and acetyl-EVFPSDT where the cis fraction was
higher (18.9 + 1.2%) due to the aromatic Phe resi-
due preceding Pro.*” Isomerization rates were
measured at both atmospheric and 2.5 kbar pres-
sures, using standard 2D exchange spectroscopy®
at 327 K (Figure S5). A ca 1.6-fold slowdown in kg,
at 2.5 kbar over atmospheric pressure was
observed for both peptides, corresponding to an
activation volume AV' ~ 5.4 + 1 cm®mol for both
peptides, somewhat smaller than previously
observed for the much smaller N-acetyl-L-proline-
NH-methylamide peptide mimetic.®>' Our lower AV
follows predictions that N-substituents with larger
mass decrease the barrier crossing speed, thereby
providing more time for water molecules to rear-
range during the peptide bond flip and thus reducing
the formation of void space.®'

Proline isomerization under folding conditions
after pressure drop

Promptly after dropping the pressure from 2.4
kbar to 1 bar (Figure 2a), chains with all-trans Pro
isomers rapidly fold to their native state, as
observed by the recovery of the native state NMR
resonance positions and line widths.'® However,
chains for which one of the three Pro residues is
cis at the time of the pressure drop clearly cannot
reach native state before isomerization to trans

has occurred. Therefore, these chains initially have
populations of cis-Pro isomers that were present in
the pressure-denatured state, which then decrease
at rates k. because at atmospheric pressure k;. <
kioig for proteins that have isomerized to trans, i.e.
ki is effectively zero. The k, rate at atmospheric
pressure cannot be slowed down by lowering the
sample temperature to the same extent as was pos-
sible for kox measurements at high pressure, where
the freezing point of water is strongly depressed.
Moreover, the adiabatic expansion of the solvent
upon jumping to low pressure temporarily cools
the solvent by 2.3 K and we found that, in contrast
to static samples, supercooling of the solution to
below 273 K immediately after the pressure jump
was not possible. Therefore, the lowest tempera-
ture accessible to pressure-jump experiments
designed to determine k,; at atmospheric pressure
was 275 K. To keep a margin of safety, the actual
lowest temperature setting used was 276 K. How-
ever, gradually lowering the temperature over a per-
iod of a few minutes following the drop in pressure
permitted measurements down to 267.9 K (Fig-
ure S6). At this time, the population of chains con-
taining cis-P38, the fastest isomerizing and lowest
populated Pro in ubiquitin, was found to be below
the detection threshold. Importantly, at 276 K, col-
lection of a 3-minute SOFAST-HMQC spectrum
that started 1 min after the pressure drop (Figure S8)
also does not reveal the cis-P38 resonances for
G35, 136, and D39, and also lacks the correspond-
ing cis-P37 resonances, even though these were
visible at 267.9 K (Figure S6). However, low-
intensity resonances at near-random-coil positions
remain visible after the pressure drop for most of
the C-terminal half of the protein and for the cis-
P19 position of residue S20 (green resonances in
Figure 2b and Figures S6-S8). The rate of disap-
pearance for the C-terminal resonances after the
pressure drop matches that of the S20p1g.s reso-
nance (Figure 2c¢), thus assigning these weak reso-
nances to cis-P19 chains. With few exceptions
(G10, K11, T14, S20 and V26, and A28), no such
resonances are observed for residues preceding
G35 (Figure S7).

The few observed N-terminal resonances for cis-
P19 chains are weak relative to those of the
unfolded C-terminal half of the protein (Figure S7).
These weak N-terminal residues also exhibit
smaller "N chemical shift differences between
natively folded and unfolded states (rms 1.8 ppm)
than the other N-terminal amides (rms 4.4 ppm).
Assuming that the '>N chemical shifts in the
partially folded N-terminal half are similar to those
in the natively folded state, the non-vanishing
intensities for residues with smaller >N chemical
shift differences suggest that the conformational
exchange rate for these residues in the N-terminal
folding nucleus®*° corresponds to the fast-
exchange limit, i.e., occurs on a sub-millisecond
time scale.
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Figure 2. Proline cis to trans isomerization kinetics under folding conditions at 267.9 K. (a) Schematic timing
diagram for single-jump, low-pressure readout HSQC experiments. After 3.5 h of Pro cis/trans equilibration while in
the unfolded state at 2.4 kbar, the pressure is dropped to 1 bar. Following a 4-min delay for temperature equilibration
and shimming, a series of HSQC spectra is collected over a total duration of 5 h. (b) Expanded regions of 800-MHz
HSQC spectra (10 min each). Spectra track the disappearance of the cis isomer with time after the pressure drop for
the unfolded state resonances of G53, G35 and G75, corresponding to cis-P19 (top row, green), and 136 for cis-P37
(bottom row, blue). Indicated time points correspond to the mid-point of each 10-minute measurement. (c) P19 and
P37 cis to trans isomerization rates determined from mono-exponential fits of the corresponding cis intensities vs time

after pressure drop.

Remarkably, and in contrast with cis-P19, few
resonances at near-random-coil positions are
observed for the cis-P37 isomer at 267.9 K,
namely those of 136 and D39 (Figure S6). Their
intensities decay more than five-fold slower after
the pressure drop than signals of the cis-P19
chains (Figure 2c). This observation suggests that
the remaining residues in cis-P37 chains are
either exchange-broadened and therefore invisible
in the NMR spectrum, or that their resonances

closely overlap with those of the natively folded
protein. In the latter case, cis to ftrans
isomerization of P37 would not impact the
intensity of these native state resonances.
Therefore, the two possibilities can be
distinguished by monitoring the intensities of the
folded state after the pressure drop: In the case of
exchange-broadening, intensities of the natively
folded state will increase by 5.2% after this cis-
P37 fraction of chains has reverted to trans at
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very long times after the pressure drop (assuming
5.2% cis-P37 at the time of the pressure drop; see
Methods). This increase adds to the intensity
increase resulting from the ca 7.8% cis-P19
chains isomerizing to trans at the k. rate of P19.
Measurement of a small intensity change for the
folded ubiquitin resonances as a function of time
at a precision better than 1% is experimentally
challenging because it requires high signal to
noise, extreme spectrometer stability, and spectra
with perfect baseline properties. Such spectra
(Figure S8) were acquired at 900 MHz using the
SOFAST-HMQC method,?® showing that the recov-
ery of folded intensities at 276 K clearly is bi-
exponential, with the larger (7.8%) and faster
(3.26/hr) recovering fraction assigned to P19, and
the slower fraction (5.2%; 0.68/hr) corresponding
to P37 (Figure 3b).

The rate of P38 isomerization under folding
conditions is too fast for measurement with the
above pressure-drop method because G35 and
D39 signals for the cis-P38 chains are intrinsically
low due to the low cis-P38 population, and its
rapid isomerization to {frans under folding
conditions causes these peaks to fall below the
detection threshold already in the first spectrum
recorded after the pressure drop (Figure S6, S8).

Isomerization kinetics from double pressure-
jumps

For measurement of the rapidly isomerizing P38
under folding conditions, we carried out “double
jump” experiments, somewhat analogous to the
double-jump, stopped-flow, unfoIding-refoIdin%
experiments on ribonuclease-A by Houry et al.®
These double-jump experiments then also provided
an independent second measurement for the above

(6]
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reported isomerization rates of P19 and P37, vali-
dating the method.

In our double pressure-jump experiments, the
protein is first equilibrated under unfolding
conditions at high pressure, then the pressure is
dropped to 1 bar for variable delay time, T,p, after
which the pressure is jumped back to high
pressure (Figure 4a). This sequence is followed
by a rapid readout of the cis fraction in the
unfolded state at high pressure using the
SOFAST-HMQC scheme 26. For T p <« 1/Kkg,
amides of residues adjacent to each of the Pro
residues have intensities during readout that
correspond to the equilibrium cis fraction at high
pressure. However, when T, p is increased, the cis
isomer fraction at the start of the high-pressure 2D
readout spectrum scales with pgq exp(—ksTip),
where poq is the equilibrium cis fraction at high
pressure and k. is the cis to trans isomerization
rate under folding conditions at atmospheric
pressure. A minor complication in the analysis of
such double-jump experiments arises from
trans — cis isomerization that occurs while
recording the SOFAST-HMQC spectrum at high
pressure: Even if the protein were fully refolded
with all-trans isomers at the end of T_p, cis signals
will slowly grow in with each t; increment of the
SOFAST-HMQC due to isomerization in the
pressure-denatured state. Note that the last
increments of each SOFAST-HMQC spectrum are
recorded by up to several minutes after the
pressure is jumped back to 2.4 kbar. While the net
integral of such signals in the 2D HMQC spectrum
will be zero because that integral corresponds to
the first data point in the t; time domain, the peak
height of cis isomer resonances is impacted by
the isomerization that takes place during the high-
pressure readout sequence. This contribution will
be small if the duration of the SOFAST-HMQC
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Figure 3. Pro isomerization kinetics at low pressure and 276 K, recorded after a pressure drop from 2.4 kbar to
1 bar. (a) Mono-exponential decay fit of the averaged intensity of 21 well resolved unfolded resonances (Figure S6)
from the C-terminal half of ubiquitin that correspond to cis-P19. (b) Slow phase of the biexponential intensity recovery
observed for resonances of the natively folded spectrum in 900-MHz SOFAST-HMQC spectra (3 mins each),
resulting from Pro-19 and Pro-37 isomerization. The solid line corresponds to I(t) = 87 + 7.8(1-eV32%) 4+ 5.2(1-¢/0-68)
where |(1) is the averaged intensity of folded amide resonances at time t (hr) after the pressure drop.
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Figure 4. Measurement of proline isomerization by double pressure-jump NMR. (a) Schematic timing diagram for
the double-jump, SOFAST-HMQC readout experiment. A single 2D NMR spectrum is collected for each value of the
low-pressure delay, T p. SOFAST-HMQC spectra (1 min each) were recorded at 600 MHz, 276 K, using two scans
per FID. The first scan was delayed 20 s to allow time for the temperature to equilibrate. Multiple spectra were
recorded for each T p and co-added prior to analysis to improve S/N. (b) Expanded regions, showing the
disappearance of cis isomers at low pressure. (top row) D21, corresponding to cis-P19; (middle row) 136, for cis-P37;
(bottom row) D39, for cis-P38. The nearby intense unfolded signals for trans-P19 (green) and trans-P37 (blue),
corresponding to the isomer population at the end of T, p, are also shown. The signal marked fL43 represents
residual L43 intensity for the small fraction of folded protein at 2.4 kbar. (c) Mono-exponential decay fits for the
intensities of D21 (green: cis-P19), 136 (blue: cis-P37) and D39 (red, cis-P38). For other temperatures, see
Figure S10. (d) Temperature dependence of kg, for the three Pro residues, and corresponding Arrhenius activation
energies, Ea.
experiment is short relative to 1/k.y, Where ke is the the NMR intensities is predicted to give rise to a

isomerization rate at high pressure (obtained from small, known offset when fitting the cis isomer
Figure 1). With these rates known, their effect on intensities as a function of T p. The predicted
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offset (Supporting Information) is very small at low
temperature where the total time for collecting the
SOFAST-HMQC spectrum (~1 min.) is very short
relative to 1/k.,, but it becomes noticeable at
288 K where ke, is faster.

The cis — trans isomerization rates measured
with the double-jump experiments for the three
Pro residues under folding conditions span a very
wide range, with rapid isomerization observed for
P38, but a ca 50-fold slower rate for P37
(Figure 4), which makes it difficult to optimize the
measurement for all three Pro residues
simultaneously. The most time-consuming step of
the measurement involves establishing cis—trans
equilibria at high pressure, which for P37 requires
more than 8 h at 276 K. However, with the steep
temperature dependence of the isomerization rate,
equilibration can be expedited by performing it, in
part, at 298 K (see Methods). For P38, which
isomerizes much faster, establishing equilibrium
populations is faster, and its measurements can
be repeated much more rapidly. Therefore,
separate sets of double-jump experiments were
carried out for measurement of the slowly
isomerizing P19 and P37, and for the more rapidly
isomerizing P38. For the latter, the duration of the
SOFAST-HMQC measurement was reduced to
1 min by using a very short interscan delay, such
as to minimize the effect of P38 isomerization
during the high-pressure readout. Four repeats of
the entire series of spectra were co-added to
improve the signal to noise for these weak cis-P38
signals, whereas only two repeats were averaged
for P19 and P37.

For both P19 and P37, we found that the k. rates
and their activation energies measured under
folding conditions at atmospheric pressure
remained relatively close to those observed under
denaturing conditions at high pressure (Figure 4c,
d). The ca twofold lower rates at high pressure in
part reflect the effect of pressure on the
isomerization rate of Pro residues in unstructured
polypeptides,®' also seen for the two linear hep-
tapeptides analyzed by us which showed a 1.6-
fold decrease in isomerization rate at high pressure
(SI Figure S5). In contrast to P19 and P37,
cis — trans isomerization of P38 is nearly an order
of magnitude faster at atmospheric pressure than
under denaturing, high-pressure conditions
(Figure 4). The temperature dependence of the
P19 and P37 cis-trans isomerization rates yielded
Arrhenius activation energies under folding condi-
tions at 1 bar (Figure 4d) that were only slightly
lower than in the pressure-denatured state
(Figure 1d). By contrast, a drop from 18.9 = 1.1 kc
al/mole at high pressure to 12.7 + 2.5 kcal/mole at
low pressure for P38 is substantial and appears
responsible for the much faster isomerization of this
residue under folding conditions.

Discussion

Pressure jump NMR spectroscopy makes it
possible to study proteins under non-equilibrium
conditions at atomic resolution. A range of
applications has been proposed and explored,'’
opening new opportunities to gain atomic level
insights into protein folding and oligomerization.®'?
Our analysis of proline isomerization in both the
denatured and native states represents yet another
capability enabled by this powerful but technically
challenging pressure-jump NMR methodology. In
contrast to studies of protein folding, where pres-
sure jumps need to be faster than the folding and
unfolding time scales (milliseconds to seconds),
Pro isomerization typically occurs on a time scale
of minutes. Therefore, even relatively slow changes
in pressure, on the time scale of multiple seconds,
which are accessible to conventional high-
pressure NMR accessories,”” will suffice to study
the isomerization process. However, spectrometer
control of such hardware from within the pulse
sequence program will be essential for synchroniz-
ing the pressure changes with the collection of NMR
signals. Our study relied on home-built hardware
that switched pressure in ca 3 ms (for the interval
stretching from 10 to 90% of the desired pressure
change), with faster jumps possible by removing
flow restrictors that were inserted in the pressure-
transducing tubing for applications where high
speed was not essential.

Proline isomerization rates measured by us in
pressure-denatured  ubiquitin, including their
activation energies, are consistent with prior
measurements in linear peptides and chemically
denatured proteins.’ **® A key question, however,
concerns the rate of isomerization under folding
conditions, i.e. at atmospheric pressure, where it
is considered the rate-limiting step for protein
chains containing non-native Pro isomers.' %% A
ca 1.6-fold higher isomerization rate at atmospheric
pressure is expected relative to 2.4 kbar based on
the activation volume, AV' ~ 5.4 cm®mol, mea-
sured by us for two heptapeptides. However, an
approximate doubling of the isomerization rate is
observed for P19 and P37, slightly larger than the
compounded experimental uncertainty in the mea-
sured rates. By contrast, a much larger, ca 8-fold
increase in isomerization rate is observed for P38.
Such a large increase is only possible if the isomer-
ization barrier height is lowered under conditions
where the protein folds, requiring the presence of
a partially folded species. Unfortunately, the P38
cis-to-trans isomerization rate is too high, and there-
fore the lifetime of such a folding intermediate too
short, for recording its 2D 'H-"°N spectrum at the
high signal to noise needed for observing this <3%
cis-P38 fraction of protein immediately after the
pressure drop.
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Evidence for partially folded states of cis-P19 and
cis-P37 isomers emerges from the spectra
observed immediately after the pressure drop. For
cis-P19, sharp unfolded resonances for the C-
terminal half of the protein imply a protein state
where the N-terminal half is in an exchange-
broadened state that must involve a partially
folded intermediate (Figure S7). The intense,
narrow signal for S20 indicates that this residue
remains highly disordered also in this partially
folded state, while weak resonances for G10, K11,
T14, V26, and A28, which have ®N resonance
frequencies close to random coil values, imply a
sub-millisecond exchange process between this
semi-folded state and the fully unfolded state.
Such a rapid exchange process was seen
previously by pressure-jump NMR for residues
Q2-E18 in the V17A/V26A ubiquitin mutant,'® and
is consistent with partial population of a B-hairpin
that persists even under denaturing conditions of
8 M urea, pH2.5.° For the cis-P19 isomer of
L50A ubiquitin, the partially folded state also
involves residues D21-D32 that comprise the first
a-helix in native ubiquitin, where it packs against
its B —sheet in what is often considered to be an
obligatory early intermediate on ubiquitin’s folding
pathway.***° It appears that the cis-P19 chains
can adopt a similar ‘folding nucleus’. However, the
carbonyl oxygen of cis-P19 in this intermediate
would be unable to make the two long-range H-
bond interactions to S57-H" and S57-H" that stabi-
lize ubiquitin in its natively folded state,*’ thereby
preventing the folding process from progressing
beyond this early intermediate.

For cis-P37 isomers, that have lifetimes longer
than 1 h at temperatures below 280 K, unfolded
state resonances could only be identified for
nearby residues 136 and D39 at 267.9 K. Our
observation that all native-state, folded HMQC
resonances show a 5% component that recovers
slowly at the k rate of P37 (Figure 3b) indicates
that c¢is-P37 isomers adopt an exchange-
broadened state that involves essentially the
entire protein, which contrasts with what is seen
for cis-P19 isomers. Considering the absence of
sharp, unfolded resonances that disappear at the
P37 k. rate, it appears likely that this exchange-
broadened state involves the same residues as
the natively folded state. This observation
suggests that it is structurally similar to the folded
state, but that unfavorable interactions in the loop
region comprising cis-P37 and P38 prevent it from
adopting a well-ordered state, resulting in a molten
globule where intermediate time scale dynamics
obliterate the NMR signals.****> Similar behavior
likely also applies for cis-P38 isomers, but due to
its much faster isomerization it was not possible to
positively identify the absence of the corresponding
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protein resonances prior to isomerization of P38 to
its native frans state. However, the considerable
increase in isomerization rate and concomitant
decrease in activation energy relative to the
pressure-denatured state imply a folded structure
where strain on the P37-P38 peptide bond lowers
its isomerization barrier height.

Our ubiquitin results highlight that the kinetics of
the slow steps in protein folding associated with
cis-trans proline isomerization can differ
substantially from those in linear peptides.
Whereas the lowering of the peptide bond
isomerization activation energy was found to be
small (ca 13%) for both P19 and P37, a ca 33%
lower value was observed for P38. Therefore, on
a quantitative level, the slowdown in protein
folding kinetics caused by requisite proline
isomerization can be substantially slower than
expected based on peptide-derived isomerization
kinetics.

The presence of partially structured states during
folding of protein chains containing non-native
proline isomers has long been recognized,** and
their important role in aggregation and amyloid for-
mation underscores the biological relevance of
such states.”®> Our data provide positive evidence
implicating cis forms of both P19 and P37 in forma-
tion of partially folded structures that encompass
half (P19) or all (P37) of the protein chain. Ubiqui-
tin’s third proline (P38) isomerizes too fast under
native folding conditions to observe the residues
involved it its partially folded structure. However,
the lowered activation energy for P38 isomerization
strongly implicates the presence of a partially folded
species. Our finding that for each of the three Pro
residues in this small, single domain protein, the
presence of a non-native isomer leads to a partially
folded structure implies that formation of such struc-
tures may be much more common than generally
assumed.
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