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Abstract

The Trp-cage miniprotein is one of the smallest systems to exhibit a stable secondary structure
and fast-folding dynamics, serving as an apt model system to study transient intermediates with
both experimental and computational analyses. Previous spectroscopic characterizations that have
been done on Trp-cage have inferred a single stable intermediate on a pathway from folded to
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unfolded basins. We aim to bridge the understanding of Trp-cage structural folding dynamics

on microsecond-time scales, by utilizing time-resolved X-ray solution scattering to probe the
temperature-induced unfolding pathway. Our results indicate the formation of a conformationally
extended intermediate on the time scale of 1 xs, which undergoes complete unfolding within

5 1s. We further investigated the atomistic structural details of the unfolding pathway using a
genetic algorithm to generate ensemble model fits to the scattering profiles. This analysis paves
the way for direct benchmarking of theoretical models of protein folding ensembles produced with
molecular dynamics simulations.

Graphical Abstract
Folded Unfolded

v p
2 L’ / b
L | - -]
L J -\J 3 |
0.8 ~ " S
206 r S { S
"(/?ﬂ
70.4 ' { / |
& . - 7\
0.2 /'\ { A [\
0.0 | Vs A N\
"6 8 10 12 14 16 186 8 10 12 14 16 18
Rg, A Rg, A

It is established that a protein’s three-dimensional structure largely determines its function.
The structure—function relationship has been a central area of scientific research for
decades.12 Now, physiologically relevant protein structures have been known to be more
heterogeneous, including intrinsically disordered proteins (IDPs), comprising of dynamic
states and flexible regions where functionality requires not a single three-dimensional
structure but an ensemble of structures.3 Resolving these conformational ensembles is

a major challenge that, when overcome, would reveal insights in IDP folding/unfolding
mechanisms and the functional roles of disordered intermediates.* External perturbations—
like temperature, pH, and ion concentration changes—are some factors that play key roles in
cellular signaling pathways, further governing protein structural dynamics. Studying these
stimuli driven protein structural dynamics is paramount in revealing functional mechanisms.
Beyond elucidating fundamental structural relationships, the connections of non-native
structures and their dynamics are essential for preventing diseases and guiding discovery
of new treatments.® To understand disordered protein structures and their interplay within
the ensemble, we turn to model systems and structural motifs that can reveal generalizable
insights.

One such model system is the 20-residue synthetic peptide TC5b, which adopts the
“Trp-cage” structural motif. This Trpcage miniprotein contains a dense web of long-range
tertiary contacts around a hydrophobic core surrounding, giving it an atypically high contact
order for its relatively short peptide sequence. Trp-Cage’s secondary structure consists

of an a-helix (residues 2-9), a 31g-helix (residues 11-14), and a C-terminal polyproline
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1 helix to complete the packing around the central Trp-6 residue. Extensive unfolding
thermodynamics studies, carried out by Streicher and Makatadze, demonstrated a two-

state model across a broad range of temperatures, from 2 to 97 °C, through the use of
differential scanning calorimetry and circular dichroism spectroscopy.’ They additionally
noted the broad melting transition of Trpcage while attributing this behavior to the structural
heterogeneity of the protein. At equilibrium, the Trp-cage miniprotein was not completely
folded even at temperatures approaching the freezing point of water.” More complex

kinetic models emerged from another work with UV resonance Raman spectroscopy, where
Asher and co-workers proposed the existence of intermediate conformations along the
unfolding pathway of Trp-cage.8 This was further supported by Perczel et al. with NMR and
electronic circular dichroism spectroscopies to also propose intermediate conformations.®
By contrast, a time-resolved temperature-jump (T-jump) spectroscopy study by Hagen and
co-workers observed two-state cooperative folding within 4 £5.10 The debate about its
folding mechanism and lack of consensus from experimental work made Trp-cage a popular
model system for molecular dynamics (MD) simulation studies.11:12 Zhou conducted an
extensive exploration of the free energy landscape of the TC5b Trp-cage with replica
exchange molecular dynamics (REMD) simulations. This work identified an intermediate
state and postulated the Asp-9 to Arg-16 salt bridge as a key step in establishing the natively
folded conformation.13 In Juraszek and Bolhuis’ work, several different intermediate states
were uncovered via the reordering of tertiary contacts, salt bridge, and a-helix formation.14
Today, Trp-cage remains a well-known intrinsically disordered protein (IDP), often used as
a model system for advanced Markov state modeling studies and machine learning guided
computational studies.1516 Despite the previous work, there still exists a gap in bridging

the knowledge between the theoretical models and dynamics extracted from time-resolved
experiments.

Validation of the simulation results remains as an ongoing challenge, not only for the
TC5b Trp-cage unfolding mechanisms, but also for other protein folding problems.?

Few experimental methods can track protein folding dynamics on time scales shorter

than milliseconds and offer relatively low structural resolution.1’ For instance, T-jump
time-resolved vibrational spectroscopy methods observe the transient conformations of
specific amines and carbonyls, yet concrete global information is lacking.1819 An emerging
technique, time-resolved X-ray solution scattering (TRXSS), has been shown to capture
protein folding dynamics on nanosecond to milliseconds time scales while avoiding
spectroscopic probes or biochemical modifications.2%-28 In this work, we implement T-
jump TRXSS to capture the transient conformational states of Trp-cage. To bring detailed
structural insights to the measured X-ray solution scattering signals, we then implemented
ensemble modeling of the TRXSS-derived species states from MD simulations, giving a
global representation of the structural heterogeneity.

To capture steady state temperature-dependent structural changes, small-angle X-ray
solution scattering (SAXS) profiles of Trp-cage were measured from 15 to 70 °C, in

5 °C intervals, shown in Figure 1. The signal intensity at wider angles, from 0.025 to

0.5 A=, decreases with increasing temperature, indicative of global loss in secondary
and tertiary structure. These equilibrium measurements confirmed the broad temperature-
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induced unfolding of Trp-cage, in alignment with previous spectroscopic studies.” From
singular value decomposition (SVD) analysis of this temperature series, only two significant
species were apparent (see Supporting Information, Sl, note S2). These correspond to

the folded and unfolded species, which is consistent with the findings of Streicher and
Makhatdze.” Using their model, with a melting transition midpoint at 43.9 °C, we derived
the species associated scattering profiles of the folded and unfolded Trp-cage equilibrium
states (Figure 1). Guinier analysis of the species-associated scattering profiles resulted in
apparent radii of gyration (R,) equal to 8.3 = 0.2 A for the folded state and 11.3 + 0.3 A for
the unfolded state. Kratky plots of this equilibrium temperature series demonstrates the trend
of predominantly globular and folded protein in at low temperatures transitioning toward
disordered protein signal at high temperatures, through loss in peak prominence around 0.25
A1 (see Figure S1 in the SI).

Temperature-jump TRXSS experiments were performed at BioCARS 14-1D-B beamline at
the Advanced Photon Source (APS) at Argonne National Laboratory to study the transient
unfolding dynamics of Trp-cage. A detailed description of the experimental procedures can
be found in the SI. Briefly, this experiment was conducted from an initial temperature of
30 °C, where the temperature-dependent unfolding was induced by a 7 ns infrared laser
pulse, resulting in a 13 °C T-jump (estimated by comparing the time-resolved solvent

response to its temperature-dependent character between 2.2 < g < 2.5/1_1, see Figure S5

in the SI). TRXSS difference signals, AS(g), were obtained by subtracting the scattering
patterns obtained at after the T-jump from those before the perturbation. To produce the final
protein associated TRXSS signatures, the transient buffer heating artifacts were removed

by fitting the wide-angle region (0.7 < ¢ < 2.52\_1) with experimentally determined buffer
heating signals (SI, note S3).

The resulting protein associated TRXSS time series, from 300 ns to 10 s, is shown in
Figure 2a. We highlight two observable characteristics in the scattering difference curves
that evolved with time. At shorter time delays, a positive difference signal was measured

at the lowest detectable q region (0.02 A=1 to 0.03 A~1). This feature decayed with the
increased prominence of a broadly negative difference signal (up to 0.4 A~1) at longer time
delays. This transition between two shapes of curves and the nonzero difference scattering
signal at the earliest reported time delay implies the population of an unfolding intermediate
species by 300 ns. To further investigate the time course of the signal, we integrated the

absolute values of the time series in 0.03 < ¢ < 0.4 /&_1, shown in Figure 2b. The relative
loss of SAXS intensity across this time-dependent scattering signal confirmed an unfolding
structural trend within 10 /s of the temperature jump. This observed time-dependent signal
was corroborated by our SVD analysis.

Global analysis was performed on the T-jump TRXSS time series to extract the species
associated protein signals according to the proposed kinetic model, using established data
analysis procedures.21:25-27.29 Based on the SVD analysis of the time series present in the Sl
(Figure S5), two distinct species were observed during unfolding. Thus, for global analysis
we fitted the data using the following kinetic model:
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<300ns T
F—I1->U

where F represents the folded species, I is an intermediate species populated quicker than
300 ns, and U is the tentative unfolded species. The time constant of the transition between
I and U was determined from the fitting to be 1.2 + 0.2 /5. The best fit model is in

good agreement with the data, indicating of an adequate model (Sl, note Figure S5a). The
extracted time dependent populations and species associated difference (SAD) signals for 1
and U species are shown in Figure 2¢ and d. The SAD profile for U matched the difference
profile from the equilibrium temperature-dependent studies, confirming the assignment of
U to the final unfolded state in the kinetic model. A key characteristic of the resulting
intermediate SAD curve is the positive difference signal at low g, which is attributed to an
increase in forward scattering in the transient intermediate. This type of signal response has
been discussed in previous work to be a result of the increase in solvent-accessible surface
area of a protein, inducing a rearrangement of the overall solvation shell.30-32

The transient TRXSS SAD profiles were scaled and added onto the folded equilibrium
species associated scattering pattern to generate reconstructed species associated scattering
patterns for the transient species (Figure 3a). The I and U reconstructed species associated
scattering patterns showed less small-angle X-ray scattering signal intensity compared to
that of F, which is consistent with less secondary and tertiary structural content. The

R,, determined from the Guinier analysis of the reconstructed scattering patterns of the
transient species, were 10.5 = 1.0 A for the intermediate (7) and 10.3 + 1.0 A for the
unfolded (U) species. These empirically larger R, imply that 1 was more unfolded than

the F. To extract more information about the conformations within these ensemble species,
a Bayesian inference Fourier Transform method was used to calculate the electron pair
distance distribution function of the folded state and the two reconstructed transient states
(Figure 3b).33 The pair distribution function (PDF) of the F showed a compact conformation
with the electron density peak around 10 A. By comparison, the PDF of I exhibits a less
intense main peak at 10 A with some of the electron density shifted to longer distances.
Subsequently, the U ensemble has the broadest distribution of electron density with even less
intense peak at 10 A and a distinct shoulder between 20 and 30 A. The stepwise broadening
of the PDFs suggests the sequential unfolding pathway from Fto 7 to U.

To gain further insight into the structural conformation of Trp-cage in each of the kinetic
ensemble species, we turn to data modeling using MD simulations. Due to the disordered
nature of the Trp-cage system, the analysis must represent each species as a mixture

of flexible structures accounting for ensemble heterogeneity. To accomplish this, we

adapted the ensemble optimization method (EOM) with MD simulations to reveal the

best fit structural candidates within each species, treating F, I, and U as heterogeneous
ensembles as described in the literature; see the S1.28:30.34 An initial data set of Trp-cage
candidate structures, distributed with Boltzmann ensemble weights, were generated with
replica exchange solute tempering MD simulations (see the Sl for details). Each of the
simulation frames, containing atomic resolution structural information, was used to calculate
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theoretical X-ray scattering curves corresponding to individual conformation (see the SI).3°
Then, a genetic algorithm was used to select and refine a group of individual structures
whose average X-ray scattering signal best matched the experimentally observed ensemble
signal. Ten EOM runs were executed and accumulated for each of the three experimentally
observed states (Figures S9 and S10). R, histograms of the ten aggregate genetic algorithm
results for each species are displayed in Figure 4a—c. The refined structures from EOM
showed that larger Trp-cage structures were more populated in the I and U states. The

F ensemble R, histogram is dominated by mostly native structures while EOM accounted
for the heterogeneity of the system by including smaller fractions of nonnative “unfolded”
structures. Both I and U contain extended structures with calculated R, > 10 A demonstrating
the ensemble X-ray scattering signals indeed captured transient Trp-cage unfolding.

After clustering the aggregated EOM conformations into representative structural classes
(based on an average rmsd threshold greater than 6 A of heavy atoms, refer to the

Sl for details), the individual theoretical scattering patterns of those representative
conformations were linearly fit to the experimentally measured signals (Figure 4d—f)

to extract corresponding population fractions (Figure 5a). The representative structures,
obtained from ensemble fitting and subsequent clustering analysis, are labeled with their
associated experimental reference ensemble and a numerical subscript. Their corresponding
calculated R, values are plotted in Figure 5b.

The diversity of representative structures, which fitted to each ensemble experimentally
observed species, agrees well with the intrinsic disorder and conformational heterogeneity
of Trp-cage, as determined by previous studies. The initial state of the time-resolved
experiment was the F ensemble, a mixture of native-like folded structures (F,) and relatively
unfolded structures (F., R, = 9.0 AA, and F;, 14.6 A ). The most compact structure in F. F,,

has the smallest R, of 7.4 A and represents most of that ensemble, consistent with the
histogram representation in Figure 4a. After the T-jump, the system is first perturbed into the
I ensemble, in which we found only 5% of folded structures (1,, 7.4 A) that were consistent
with the natively folded Trp-cage. The remainder was a mixture of compact structure

1,(9.3 A) and extended unfolded intermediates, 7,(11.1 A) and ,(15.7 A). The final evolution
of the system into the U ensemble species confirmed the dynamic heterogeneity of Trp-cage
at high temperatures. This species contains predominantly extended unfolded conformations
U, 11.4 A, and U, 15.6 A, while maintaining a population of a smaller U,,8.2 A, structure
class. We emphasize the importance of considering the EOM analysis when studying Trp-
cage unfolding because the true R,’s are more varied than just the experimentally observed
ensemble average (Figure 2b).

The compact conformations in these ensembles support the transient observation and
evolution of the molten globule state in Trp-cage unfolding. F,, I,, and U, are compact

due to tertiary contact association, yet lack secondary structure; therefore, we assign these
structural clusters to the molten globule state. Piana and co-workers simulated a T-jump

in a Trp-cage unfolding computational study and reported that Trp-cage’s molten globule
state acts as a kinetic trap, that extends the unfolding time.38 Although the molten globule
was observed in each of the transient species, our TRXSS study and structural analysis was
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not able directly assess the connectivity of structural class to others. However, it is likely
that upon T-jump, the initial population of molten globule () transitioned into the more
unfolded structures while the molten globule of the transient states (Z, and U,) was populated
by the unfolding of initially folded structures (F,). Furthermore, we attribute I and 1, to be
kinetically populated short-lived intermediates that are conformations explored by Trp-cage
upon unfolding and transition to more compact structures within 2 s. This result compares
well with the Markov state model (MSM) proposed by Piana and co-workers.36 Ferguson
and co-workers used MSM to study a close Trp-cage variant (TC10b) and described the
molten globule state as the metastable transition between various high-energy unfolded
structures.1®

This intermediate species from this T-jump TRXSS study differed from the ones

proposed in the transient 2D-IR spectroscopic study by Woutersen and co-workers.18 The
submicrosecond intermediate state in their work was characterized by conformations with
unique structural changes in the 31p-helix; however, such structures are not spatially resolved
with X-ray solution scattering and would be classified within the structures similar to F, and
I,. Additionally, Gai and co-workers reported observing the hydrophobic core intermediate
effects of the 31g-helix in the TC5b Trp-cage at temperatures below 15 °C; thus, this

meant that we would likely not observe an early unfolding intermediate from our initial
temperature of 30 °C.19 The intermediate species observed by TRXSS was a dynamic

state comprised of molten globule and unfolded Trp-cage structures. I, supports a single
hydrophobic collapse intermediate with little «-helical content, rather than those involving
the initial breakage of the Asp9-Arg16 salt bridge with two separate hydrophobic lobes.14:37
By comparing the representative conformations and considering structural similarities, for
instance looking at structures with similar R, across the three transient ensembles, we posit
that these similar conformations are connected to one another. Future analysis would be
conducted with Markov state modeling, incorporated with TRXSS analysis, to validate the
observed transient intermediate species and mechanism of unfolding.

In summary, we conducted a time-resolved X-ray solution scattering experiment to observe
conformational evolution during the unfolding process of the intrinsically disordered Trp-
cage miniprotein. Through kinetic modeling of the X-ray scattering time-series signals,

we were able to derive species-associated X-ray scattering patterns, which represent each
ensemble state in the unfolding dynamics. Leveraging the EOM and genetic algorithm to
fit MD simulation data to our experimental observations, we were able to understand the
heterogeneous composition of the F, I, and U states. Structural analysis with MD simulation
results was especially appropriate for studying Trp-cage unfolding since X-ray solution
scattering was able to collect global electron density information, which was aptly sampled
by our REST?2 trajectory. Because SAXS allows for global flexibility in the ensemble, the
dynamic presence of a molten globule state (F,, I, U,) and other short-lived intermediates
(I; and 1,) are apparent in the unfolding process of Trp-cage. The results from this work
demonstrate the strengths of revealing heterogeneous protein folding dynamics through
combined X-ray solution scattering and molecular dynamics simulation methods.
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Temperature series of equilibrium small-angle X-ray solution scattering pattern, §g), of
Trp-cage from 15 to 70 °C. The smoothed species associated scattering patterns for the

fully folded and unfolded states are respectively shown in blue and red dashed lines.

(Inset) relative population fractions of the equilibrium folded (F) and unfolded () species-
associated protein scattering signals.
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Figure 2.

TRXSS time series and analysis results of Trp-cage unfolding. (a) Time series of scattering
difference profiles from 300 ns to 10 zs. (b) Integrated difference signal at each time

delay plotted with kinetic model from global analysis. (c) Species-associated population
dynamics of the intermediate (/) and unfolded (U) states. (d) Species-associated scattering
differences corresponding to the kinetic model from global analysis with comparison of
unfolded species-associated difference profile (Uy) from static temperature series.
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Figure 3.
Kinetically observed unfolding states. (a) Species associated reconstructed SAXS patterns

corresponding to each state. (b) Pair distribution function of each state.
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Histograms of A for genetic algorithm results of reconstructed ensemble species and
linear combination fit results of reconstructed experimental species associated scattering
patterns. (a—C) Ry histograms of the average genetic algorithm results for each species

associated scattering pattern with standard errors: £ /, and U, respectively. (d—f) Linear
combination fit results for clustered representative structures for each species (£, /, and

U, respectively); average theoretical ensemble scattering shown in black; experimentally

reconstructed species associated scattering signal shown in gray.
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Figureb5.

Conformational heterogeneity of each state shown by structural model fitting. (a)
Representative conformations of Trp-cage obtained from structural clustering shown with
associated species ensemble population fraction from linear combination fitting. (b)
Structural similarities between extracted conformations shown by /7y comparison plot.
Experimentally observed ensemble £y plotted as gray diamonds.
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