Hydrogen bonding heterogeneity correlates with protein folding transition state passage time
as revealed by data sonification
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ABSTRACT

Protein-protein and protein-water hydrogen bonding interactions play essential roles in the way a protein passes
through the transition state during folding or unfolding, but the large number of these interactions in molecular
dynamics (MD) simulations makes them difficult to analyze. Here we introduce a state space representation and
associated ‘rarity’ measure to identify and quantify transition state passage (transit) events. Applying this
representation to a long MD simulation trajectory that captured multiple folding and unfolding events of the GTT
WW domain, a small protein often used as a model for the folding process, we identified three transition categories:
Highway (faster), Meander (slower), and Ambiguous (intermediate). We developed data sonification and
visualization tools to analyze hydrogen bond dynamics before, during, and after these transition events. By means
of these tools, we were able to identify characteristic hydrogen bonding patterns associated with ‘Highway’ versus
‘Meander’ versus ‘Ambiguous’ transitions and to design algorithms that can identify these same folding pathways
and critical protein-water interactions directly from the data. Highly cooperative hydrogen bonding can either slow
down or speed up transit. Furthermore, an analysis of protein-water hydrogen bond dynamics at the surface of WW
domain shows an increase in hydrogen bond lifetime from folded to unfolded conformations with Ambiguous
transitions as an outlier. In summary, hydrogen bond dynamics provide a direct window into the heterogeneity of
transits, which can vary widely in duration (by a factor of 10) due to a complex energy landscape.

SIGNIFICANCE STATEMENT

Hydrogen bonds play a major role in how proteins fold, especially in terms of organizing secondary structure and
the protein-water interface. Here we use sonification to listen to and analyze time series obtained from long, all-
atom simulations in which a small protein folds and unfolds many times to examine, in atomistic detail, the role
played by hydrogen bonds to water and within the protein during the ‘transition state passage’ — that fleeting
moment when a protein switches between folded and unfolded states. Although non-native hydrogen bonds play a
key role in slowing down some passages, they can also speed up unfolding and show cooperativity, in the sense
that they can form and break in highly correlated groups.

KEYWORDS: solvation shell; cooperativity; tertiary structure; secondary structure



Introduction

Proteins represent an extraordinary state of matter, traversing a multidimensional energy landscape between
disorder and order. Fast-folding globular proteins have proven particularly effective at revealing the essential
feature of folding (1-3): entropy-enthalpy compensation that leads to a funneled yet partly frustrated energy
landscape with unusually low free energy barriers when water is excluded from the hydrophobic core (4).
Numerous fast folding studies have focused on protein mutants and the dynamics of the protein backbone when
residues form secondary structure (e.g., turns and helices) and pack cooperatively into tertiary structure (5). Far less
studied among fast folders are the mechanisms by which protein-water and water-water hydrogen bonding
organize folding (6, 7).

Transition state passage (hereafter referred to as “transit”) can be resolved on a microsecond time scale for fast-
folding proteins (8—11); during transit, intra-protein hydrogen bonds contribute to the defining native contacts of
the folded topology (12—15), but they can also form non-native contacts that slow down folding or result in the
trapping of folding intermediates (16). The typical free energy of a single hydrogen bond (ca. 15-20 kJ/mole) is on
the same order as the entire folding free energy of many proteins under physiological conditions. Thus, protein and
water interact on a free energy scale comparable to the folding free energy, making them less easily disentangled
than the solvent and solute in a typical small molecule chemical reaction. Furthermore, it is difficult to find
experimental data with the sub-microsecond time resolution required for studying both protein-water dynamics and
transitionary intra-protein contacts during folding, and it can be challenging to visualize and sort through the

numerous water molecules present near the protein in a folding simulation.

To investigate hydrogen bonding patterns during transit, we analyze a molecular dynamics trajectory of the
FiP25 GTT mutant (17, 1) of WW domain, a widely used model for fast folding experiments (18, 19). The WW
domain (ca. 35 amino acids) contains a small hydrophobic core and three beta strands connected by loops 1 and 2
(Fig. 1). Fast-folding WW domains can fold via two parallel pathways: one where loop 1 forms first, and another
where loop 2 forms first. Transit times of WW domains, measured by barrier-top relaxation of low-barrier proteins
or by single molecule experiments in viscous solvents, lie between 300 ns and 3 us (9, 10, 19, 20), as is typical of
small model proteins. In MD simulations, we expect them to be about a factor of 3 faster due to the reduced shear

viscosity of the TIP3P water model (21).

We applied a combination of data sonification (22-24), visualization, and data analytics to identify rapidly
changing hydrogen bond patterns in 28 folding/unfolding events of GTT, and to classify the events into three
categories according to their hydrogen bonding dynamics — Highway, Meander, and Ambiguous. To arrive at the
classification, we first devised a 2-dimensional state space representation and associated ‘rarity’ measure to

identify and label transit events; next we developed sonification/visualization tools for analyzing protein-protein



and protein-water hydrogen bond dynamics before, during, and after these events. We found that the three

categories, with their distinct hydrogen bond signatures, are associated with different average transit times.

Results and Discussion

Protein transit in gtospace. Fig. 1 A-D shows the structure of GTT and snapshots of three transit types identified
by our analysis of 28 all-atom events from the 650.8 pus full trajectory of Ref. (1) (Methods). We pay particular
attention to the area around loop 1, which connects -strands 1 and 2 (residues 12-18), and loop 2, which connects
B-strands 2 and 3 (residues 21-29) because in WW domain, folding nucleates at the loops (25). We avoided reaction
coordinates that require prior knowledge of the folded state structure (e.g., O, the fraction of native contacts, or
RMSD, the root-mean-square deviation from the folded structure). Instead, the folding transitions were tracked in
terms of hydration-related coordinates such as the solvent-accessible surface area (S4SA4), the radius of gyration (R
)» and the exposed hydrophobic area (FEHA) (Methods). These coordinates produce folding/unfolding time series
that look like noisy binary steps, suggesting that GTT is in the regime connecting downhill and fast two-state
folding (Fig. S1).

For each of the three coordinates R,, SAS4, and EHA, smaller values correspond to the folded states. We found
these coordinates to be significantly different from one another in terms of their running averages and standard
deviations (Fig. S2). We generated a set of six w(f) (running average) and oi(¢) (running standard deviation) time
series, which could then be reduced to two principal components PC1(¢) and PC2(¢) that account for over 97.5% of
the variability in the complete data (Fig. S3). PC1(¢) weights all ¢ and o; values with the same sign, and the vertical
axis PC2(7) weights all the y values with the opposite sign to that of the ¢; values; these two coordinates can be
roughly thought of as u+o combinations (Table S1). PC1(¢) distinguishes the folded and unfolded ensembles; PC2

correlates with transit time (next subsection). Fig. 2A (top) shows all trajectories plotted in the t£o space.

Rarity to identify the transition region. The full PCI trajectory spends roughly 70% of the time in the
unambiguously folded ensemble of states and about 10% of the time in the unambiguously unfolded states. To
determine the centers of transits in the wto space, we sorted the PC1 (u) coordinates of the full trajectory into a
histogram from smallest (native-like) to largest (unfolded-like) PC1 value and then defined ‘Rarity’ as the moving-
window standard deviation of that histogram (Fig. S4 and SI Methods). Thus, Rarity is at its maximum for values
of PC1 where the protein spends the least time, i.e. during transits. Depending on the Rarity function decision
threshold, the time intervals near each transit are partitioned into Folded, Transit, or Unfolded states. For example,
a Rarity decision threshold of 33% results in the color-coded partitioning shown in Fig. 2A (top) with the
normalized Rarity plotted below it.

For comparison, we applied the forward-backward transit identification method described in ref. (1) (see SI
Methods) to the standard RMSD coordinate, obtaining an average transit time of 0.43 us (Fig. S5), which agrees
with the 0.5+£0.1 us mean duration published in (1). Setting the Rarity threshold to 5% of its maximum yields a
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comparable average transit time of 0.33 us (Fig. S5). To study hydrogen bonding in the middle of the transits, we
henceforth use a more stringent Rarity threshold of 33% (Fig. S6), partitioning each folding/unfolding transition
into the three segments shown in Fig. 2A (top): folded side (lavender), center of transit (orange, blue, or gray), and
unfolded side (pale green).

Through sonification (next subsection), three classes of transitions were identified: smooth arcs with large PC2
(orange), convoluted paths with a low value of PC2 (blue), and paths that did not fall into either category (gray). We
henceforth refer to these as Highway=H, Meander=M, and Ambiguous=A transitions. We confirmed that a k-
means clustering based on features of the ce=u trajectories produces a similar classification (Fig. 2B, Fig. S7). This
tripartite clustering agrees with the findings reported in (1).

The transition regions we studied (SI Methods, Fig. S6) range in duration from =19 ns for the fastest Highway to
~180 ns for the slowest Meander (Table S2). We found that the distribution of transit durations was not consistent
with an exponential distribution (Fig. S8). Clustering on the transit time alone yields a classification that agrees
with the k-means clustering of oy, with one exception: a transition at 552.322 us was classified as Highway by the
duration clustering, whereas it was classified as Ambiguous by the authors (using sonification) as well as by the

automated oty clustering in Fig. 2B.

Inspection of the mid-transition GTT structures (Rarity ~1, Fig. 1BCD) revealed that H-transitions often
proceed rapidly via early formation or late dissolution of loop 1 with native-like hydrogen bonding, M-transitions
are more likely to involve strand misregistration or non-native helical structure associated with non-native
hydrogen bonding. A few A-transitions also include non-native helical structure (Fig. 1C), while a subset of A-
transitions is further distinguished by long range non-native contacts of the C-terminus (discussed in the last Result

sub-section), which reduces the SAS4 of the three C-terminal ‘PSG’ residues.

Sonified protein-protein and protein-water hydrogen bond dynamics: methodology. Once we identified
different transition classes of GTT, we investigated the hydrogen bond dynamics in the neighborhood surrounding
each transition. In an animated molecular visualization of water molecules within a small cut-off distance around
the protein, it proved difficult to visually track the formation of individual hydrogen bonds among the numerous
sidechain, backbone, and water O/H atoms. However, using the sonification tool we developed (Methods, Fig. S9),
we were easily able to identify time-dependent patterns of hydrogen bond formation (Movie S1). In the
sonification, a sound event is triggered each time a hydrogen bond forms with a contact in or near loop 1 (residues
12-18) or loop 2 (residues 21-29), including the three mutant residues GTT (residues 26-28). Each combination of
bond position and type is associated with a distinct frequency, making it possible to hear when bonds form on
multiple residues simultaneously and to independently track the state of each bond type as GTT folds or unfolds

(Movie S2, S3).

The hydrogen bond sonification listening results from the ‘discovery phase’ were compiled, summarized, and

then recapitulated by quantitative computation directly from the data (Methods, Tables S2, S3, S4). In the



quantitative analysis, associations emerged between the H-, A-, or M-transition classification and patterns of
hydrogen bond formation; for example, in Table S4 the slowest M-transitions are markedly different from the
faster H-transitions both in (A) protein-protein and (B) protein-water bonds. Fig. S10 and Table S5, obtained by
averaging the likelihood of each specific hydrogen bond over the course of each transit passage duration, confirm
that the hydrogen bond profile of H-transitions tends to be most like that of the native state, and that the likelihood

of non-native hydrogen bonds increases with increasing transit duration in A- and M-transitions.

Correspondence between gtoplot and hydrogen bond formation. Kinks and loops in the g+otrajectory of
a transition correspond to time intervals of change in key hydrogen bonds. For example, Fig. 3 compares an H- to
an M-transition. Although the averaged hydrogen bond likelihoods (10% threshold) of the H-transition at 300.800
us are indistinguishable from those in the M-transition at 332.898 us, the M-transition takes 5.5x longer to pass
through the transition state. In Fig. 3A the putotrajectory of the H-transition (black) is a smooth curve with large
average PC2, while the M-transition (red) traces out a meandering path in the plot before finally folding. Fig. 3B
shows a ‘piano roll’ of hydrogen bond formation involving loops by amino acid vs. time, and the associated
sonification facilitates the recognition of temporal patterns in hydrogen bonding (Movie S4). The M- and H-
trajectories reach alignment by point ‘x’ in Fig. 3A, when most of the expected native hydrogen bonds (Q29
N—=Y20 O/ Y20 N—=Q29 O, Q29 NE2—E31 O and others) have formed. Prior to that, the M-transition lacks
several native hydrogen bonds at point ‘u’ and instead several non-native or misregistered bonds form, involving
residues R14, T27 and T28 (Fig. 3B). Between ‘u’ and ‘v’ more of the native-like structure breaks down and is
replaced by non-native bonds, most notably, the non-local bond M12 N—E31 O. M12 does not usually participate
in protein-to-protein hydrogen bonding in GTT WW domain (Table S7C). Following ‘w’, the native structure
begins to reassemble and is characterized at “y’ by higher than usual hydrogen bonding among the side chains of

S13, D15, and R17, residues which frame the ‘RDG’ loop 1 (Movie S5 and Movie S6).

Piano Rolls such as Fig. 3B include only a subset of the residues (those in or near loop 1 and loop 2) and are thus i
nsufficient to explain all changes visible in the u+o trajectories. However, as demonstrated by this example, the
time evolution of loop hydrogen bonding is an important feature to consider when identifying state passage
transition heterogeneity. (See Fig. S11 for additional examples and Fig. S12 for a comparison of Piano Rolls to

RMSD and secondary structure.)

Overview of protein-protein hydrogen bonds. Fig. 4 shows the hydrogen bonds formed >5% of the time in
the folded state, during H-transitions (orange), A-transitions (gray), M-transitions (blue), and in the unfolded state
(see Methods). As expected, the fastest H-transitions maximize native-like hydrogen bond formation even during
the transit, whereas the A- and M-transitions form significant non-native hydrogen bonds, such as at residues M12
or V18. Thus, the likelihood of non-native hydrogen bonds increases, and the bonding patterns become more
heterogeneous as the transition durations increase from the fastest Highway (=19 ns) to the slowest Meander (=180
ns) transitions (Table S2). In the unfolded state just before or just after a transition, certain native hydrogen bonds

persist with high probability (>40%) (Fig. SI0A). Of the residues S13, D15, R17, F21, all but one (F21) originate in
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or around loop 1 — evidence that some loop 1 structure is pre-formed prior to folding or persists after an unfolding
transition. These same residues also participate in the only bonds to exceed a 5% threshold during the long-term

unfolded state (Fig. 4, green bars).

Importance of multi-hydrogen-bond donors and acceptors. We hypothesize that evolution favors multi-
hydrogen bond donors and acceptors (26, 27) in regions that are critical to the early stages of folding. Among all
hydrogen bonds, the overall prevalence of residues E9 and R11 (Table S7A, S7D), capable of forming reciprocal
native bonds F21 N—E9 O/ E9 N—F21 O (Table S5SA)and R11 N—=Y19 O /Y19 N—=R11 O (Table S5B) — both
of which frame the central ‘RDG’ loop 1, which is the most likely nucleation site for WW domain folding (28) — is
consistent with this hypothesis. In addition, of the 3 residues in the short ‘RDG’ loop, D15 is the most active
participant in protein-protein hydrogen bonds (Table S7A). Likewise, in the longer ‘HITG’ loop 2, H23
makes/breaks a key protein-protein hydrogen bond during folding/unfolding (H23 N—G?7 O and, less often, H23
ND1—9 OEl, see Table S5A). In both cases, residues on the immediate C-terminal side of the loops (residues 13
and 21, 22) are strongly involved, indicating asymmetric zipping of both f-strands. Table S5B also shows
hydrogen bonds formed outside the two loops, and Tables S7B-F show the likelihoods of hydrogen bonds

aggregated by residue, sidechain type, and in several other ways.

Cooperative non-native hydrogen bonds associated with a decrease or increase in speed. In one type of
non-native hydrogen bond, neither amino acid forms a native protein-protein hydrogen bond over the course of the
transition, for example, M12 N—Y19 O / Y19 N—=M12 O and R14 N—=R17 O / R17 N—=R14 O (leading to
misregistration of strands 1 and 2), Q29 N— F21 O and H23 N—T27 O (leading to misregistration of strands 2 and
3), or Q29 N—P6 O (leading to incorrect structure between strands 1 and 3). The latter is an example of a long-
range non-native contact, which nonetheless ends up being corrected during transit (Table S5). Other non-local
non-native contacts, e.g., those involving the C-terminal ‘PSG’ residues in A*-transitions discussed in the next

subsection, are also associated with a slow-down in the speed of transit.

Even when at least one amino acid in the hydrogen-bonding pair ultimately forms a native protein-protein
hydrogen bond, its non-native hydrogen bond can block native protein-protein hydrogen bonds to a varying degree.
For example, R14 N—=R17 O, R32 NH1—=R17 O and S13 N—=V18 O, S13 N—E9 O all block the native S13 N—
R17 O bond, one of the most prevalent (65%), in the folded WW domain (Table S8). In the native state, each of
these non- or half-native bonds is replaced by the native reciprocating -sheet hydrogen bond pattern such as F21N
—E9 O/E9 N—=F210 and Q29 N—Y20 O/ Y20 N—Q29 O (Table S5A). Non-native hydrogen bonds, especially
those involved in non-native helical structure (Fig. 1C), could increase internal friction and slow down torsional

motions during folding (29, 39) as well.

Sonification followed by targeted visualization reveals several instances of cooperative formation of multiple
non-native (as well as native) hydrogen bonds during the transition period (Fig. 5, and Fig. S14). For example, in
the folding trajectory at 557.4 us in Fig. 5, the non-native hydrogen bond Y19 N—=M12 O forms 55% of the time,
concurrently with several others (on R14, R17, N22, G26, T27 and Q29), preventing native hydrogen bonds (e.g.,
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S13 N—R17 O and G16 N—S13 O) from forming during the transition and resulting in a ‘Meander’ transition with
an exceptionally slow transit time of =160 ns. Non-native cooperative hydrogen bonds have been shown to slow

down overall folding rates (30); in this work, they appear to modulate transition passage times.

It is not always the case that non-native bonds act to slow the transition. Somewhat surprisingly, in the very
fastest unfolding H-trajectory (which, at 18.8 ns transit time is 20% faster than the next fastest H-transition) a non-
native, non-local hydrogen bond forms between Q29 OE1 and W8 NEI during the transition (Tables S5A and
S7D). In this instance, a non-native non-local bond appears to accelerate the unfolding, perhaps by breaking a

native bond to Q29.

Principal Component Analysis of hydrogen bonding patterns. An SVD principal components analysis of
the 69 most common protein-protein hydrogen bonds formed during transit (Table S9) reveals that 5 principal
components (PCa through PCe) account for 91% of the variations, hinting that there may be additional sub-
categories within the three H, M, and A already identified. 70% of the variance is captured by a single component,
PCa, which encompasses the full set of native bonds (row 1 of Table S9A). Not surprisingly, sorting all transitions
by the contribution of PCa to that transition roughly organizes the transitions in order of increasing transit time as
given in Table S2 — additional evidence that the absence of native-like hydrogen bond patterns during a transition

is associated with increased transit time.

A negative weighting of PCc is a strong indicator of an Ambiguous transition (See Table S9C). Three of the A-
type transitions (552.332, 413.378, and 598.638 us) stand out as having particularly strong negative contributions
from PCc (all are less than -3 in Table S9C). These transitions differ from both H- and M-transitions in two
respects: the non-native S34 N—V18 O, R32N—=Q29 O, and Y20 N—R32 O are highly likely, whereas the
likelihoods of the native E9 N—F21 O, Y20 N—=Q29 O, and R11 NH1/NH2—E9 OFE]1 are greatly reduced during
transit, suggesting that the sub-group of three A-transitions may represent a fourth category: A* (See Table S5AB,
Fig. S14AB). In Fig. 1C the structure of one such A*-transition shows the characteristic S34 N—V18 O bond as
well as Q29 N—Y20 O. As discussed in the next section, the protein-water hydrogen bond half-life is longer for the
group of A* transitions than it is for either the Highway or the Meander transitions, exceeding even that of the

unfolded state: further evidence that these transitions may represent a distinct subcategory.

It has been previously shown that inter-strand hydrogen bonds foster structural organization but do not have
significantly more favorable free energy when compared to protein-water hydrogen bonds (31). Although in this
paper we focus on the loops that nucleate folding, the B-strands, as expected, show a lower probability of hydrogen
bonding to water and a higher total number of overall hydrogen bonds. Finally, Q29 is unique among all loop
residues in that it undergoes strong backbone-backbone hydrogen bonding with Y20 in the middle of (3-strand 2
(Fig. S13 and Table S5A).

Water dynamics in the folded, unfolded, and transition classes. Dynamics of protein-water hydrogen bonds
during solvation and desolvation of protein also play a critical role both in guiding protein folding and in stabilizing

the native state of proteins in general (32), and our sonifications and visualizations confirm this to be true for the
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WW domain (Table S4B, and Fig. S14CD). Of the three residues in the short ‘RDG’ loop 1 (Fig. 1), the most likely
nucleation site for folding, both R14 and D15 remain bonded to water as the protein folds (see Table S7G and Fig.
S14C), constraining the number of possible protein-protein hydrogen bonds. Lysine residues (K3 and K 10), which
occur only in the beta strands, participated in protein-water hydrogen bonds more than the other basic amino acids

(Table S7G and H), even though arginine has a higher hydrogen-bonding capacity.

Protein-water bonds, like protein-protein non-native bonds, can also slow down a transition. We found that
S13 N—Water, D15 N—=Water, G16 N—Water, Water—=R17 O, Water—F21 O, and H23 N—Water are
associated with slower folding (Fig. S14C and Table S4B). Most of these hydrogen bonds involve backbone amino
groups which was unanticipated, given that O-HO hydrogen bonds are generally stronger than NH~O hydrogen
bonds due to the higher electronegativity of oxygen (33).

Hydrogen bonds between the protein and the first hydration shell break and re-form frequently during the
folding transitions as observed across the Piano Rolls (Fig. S14CD). Water dynamics (diffusion, protein-water
hydrogen bonds, water-water hydrogen bonds, water orientation, etc.) take place quickly, on the picosecond
timescale, and the original data (sampled every 200 ps) does not provide the temporal granularity needed to resolve
these changes (1).

To further characterize the hydrogen bond dynamics, we selected three transits of each type (H/M/A*), two
folding and one unfolding, from among the 28 transits we studied. In addition, we also selected two time points
from elsewhere in the trajectory: one when the protein was unfolded and another when it was folded. From these
short simulation trajectories, we determined that the ‘continuous’ hydrogen bond half-lives for both protein-water
(Fig. 6) and water-water (Fig. S15) are on the order of picoseconds, as expected from previous protein folding
studies (34). (See Methods for further details). Overall, the continuous water-water hydrogen bonding half-lives
depended more strongly on the distance of water molecules from the protein than on the transition class (Fig. S15);
however, we did observe an association between transition class and protein-water hydrogen bonding half-lives for
water molecules in the solvation shell at the protein surface (3 A in Fig. S15).

Fig. 6 shows that the shortest protein-water hydrogen bond half-life values of water molecules directly solvating
the protein (<3 A shell) are associated with the folded state. Fig. 6 also suggests that water plays a significant role in
defining the A* transitions and slowing down the A* transit, a solvent effect that could contribute to the prefactor
(friction) for folding and affect the folding kinetics of fast-folding proteins with low free energy barriers (35). The
SASA of the three terminal residues ‘PSG’ is much smaller for the A* transitions than for any of the other states
(Fig. S16), as can also be seen in Fig. 1C (where a S34—V18 hydrogen bond that may help block solvent
accessibility of the terminus is visible) and in Table S7A. We also observed that the hydrogen bond lifetimes of the
A-transitions, all drawn from subgroup A* whose hydrogen bond signatures differed most from H and M, were
significantly longer (10-12 ps) than those of the Folded, Highway, Meander transitions, and even longer than those
of the unfolded states of the protein. Longer half-life generally corresponds to a stronger hydrogen bond (36); for

example, hydrogen bonds between protein carboxylate groups and water have been observed to be stronger relative



to those involving other protein atom groups (33, 37), and Tables S7TE/S7F show that water bonds to the E9

sidechain are particularly likely in A* transitions.

Conclusion

WW transits between folded and unfolded states over a wide range (10-fold) of transit durations and with
distinct signatures in the protein-protein and water-protein hydrogen bonding patterns. We identified at least three
transition state passage (transit) classes in an MD simulation of GTT protein, a variant of WW: Highway (faster),
Meander (slower), and Ambiguous (intermediate). In most cases, cooperative formation of non-native hydrogen
bonds is associated with slowing down the passage time, although occasionally non-native hydrogen bonds can
help speed up the transition (38). We computed average transit times in the range of 0.33 to 0.43 us, which, when
corrected for the =3 lower viscosity of TIP3P water, are on the order of 0.9 to 1.3 us, in good agreement with
previous estimates (9, 10, 19, 20). Here we focused on the Rarity>33% region to look at hydrogen bonding in the

middle of the transition.

The temporal dynamics of hydrogen bond formation during transits proved difficult to characterize using
visualization alone. To overcome some of these difficulties we devised the pto plot (a projection of the high-
dimensional protein conformation, via observables, to a 2-D “state space” representation), and a rarity function
with an adjustable cut-off criterion to automatically identify transition time intervals, enabling us to isolate and
study individual transit time intervals during the protein folding/unfolding reaction. We then developed multiple
data sonification tools for the detection of hydrogen bond formation during a transit and a Piano Roll for visualizing

continuous changes in the likelihood of each bond during the transition.

Our measurement of simulated water-water hydrogen bond half-lives reveals that they are more sensitive to
distance from the polypeptide chain than they are to the state (folded, unfolded, or transitional). In the hydration
shell closest to the protein, however, protein-water hydrogen bonds were characterized by a longer half-life (Fig. 6)
and a more compact structure (Fig. 1C) during the A* transitions, suggesting that these transitions may be subject

to higher internal friction (29, 39) — one possible factor contributing to slower folding.

Protein-protein and protein-water hydrogen bonds are important, not just for organizing structure and for
maintaining free energy neutrality as they form and break; they are also correlated with how quickly a polypeptide
chain can switch from the unfolded to the folded state or vice-versa. This process occurs via surprisingly organized

and cooperative patterns that recur through multiple folding and unfolding events.

The methods reported here have potential applications in analyzing other systems, such as protein-protein and
protein-ligand models as well as in analyzing long simulation trajectories. We are also enthusiastic about the

expanding role of data sonification as a legitimate tool for scientific exploration and discovery.
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Methods

The trajectory in ref. (1) was generated using the CHARMM22* force field and TIP3P water model. At the simulation
temperature of 360 K, near the unfolding temperature, GTT had an average residence time <40 us in the folded and <8 us in
the unfolded states. We used VMD (40) to obtain time series for three structural parameters: EHA, SASA4, and R,. Each time
series has 3,254,126 rows and each row represents a time step of 200 ps. For R, the units are Angstroms, and for S4S4 and
EHA, the units are A% Following principal component analysis of the three coordinates and their standard deviations in
gaussian-smoothed 125, 250 or 500 ns moving windows, the PC1 u+o and PC2 u-o were plotted (Fig. S2, S3 and SI
‘Dimensionality reduction’ section). Time intervals for the 28 transition regions are shown in Fig. S6; the time ranges for
sampling the folded and unfolded states are shown in the caption of Fig. S13. We used CPPTRAIJ to calculate total residue-
residue hydrogen bonds and residue-water hydrogen bonds, based on atom type, present for the different transition categories
(41).

Sonification was implemented in the sound design language Kyma (42, 43). Hydrogen bond formation was represented by
a polyphonic, pitch-dependent Geiger counter, allowing for multiple hydrogen bonds to be tracked simultaneously. The user
interface allows for interactive selection of individual residues and types of hydrogen bonds (e.g., side chain-backbone) for
auditioning, while the PC1 and PC2 components described above could be followed simultaneously in a phase plot or time-
series plot (Fig. S9 and associated SI text). The initial classification by human listeners (consensus of all authors) was then
algorithmically reproduced directly from the hydrogen bond data (Fig. S17, Tables S3-4 and SI ‘Sonification of hydrogen

bond dynamics’ section).

Water hydrogen bonding. We simulated 200 ps of hydrogen bond dynamics using NAMD (44), sampled every 200 fs, at
the midpoints of the 11 categories selected in Results (Table S10). Hydrogen bond half-lives were calculated (45), as done
previously (34, 46), by fitting an averaged auto-correlation decay curve for hydrogen bond presence across the simulation

frames to a sum of two exponentials (See SI ‘Hydrogen Bond Lifetimes’ section for further details).

Associated Content

Supporting Information
A PDF file of Supporting Information, containing: (1) links to the sonified movies of folding reactions, (2) further
figures and tables with details of the computational results, (3) supporting text, (4) supporting code and data.
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Figure Captions

Fig. 1. WW domain structures during the transition between folded and unfolded states. Key hydrogen
bonds are shown as black dotted lines. As discussed in the text, ‘Highway’ (H), ‘Ambiguous’ (A) and
‘Meander’ (M) transitions correspond to increasing state passage time and increased numbers of non-native
bonds. (A) Representative structure of the folded state; the C terminus interacts with the N-terminal region.
(B) Structure near the middle of a ‘Highway’ transition (which starts at 169.5338 ps) showing native bond
Y19 N—R11 O. (C) Structure near the middle of an ‘Ambiguous’ transition subtype A* (start time = 552.622
us) showing the non-native, non-local bond S34 N—V18 O. (D) Structure near the middle of a ‘Meander’
transition (start time = 557.6732 ps) showing a misregistered bond M12 N—=Y19 O. (E) WW sequence
showing amino acids single letter codes, where strands are in yellow, loop structures (loop 1 and loop 2) are
cyan. We use the residue numbering of ref. (18).

Fig. 2. Folded, unfolded and transitional states of WW domain projected onto a reduced-dimensional
utospace. (A) All folding trajectories analyzed as a function of PC1 and PC2. Transitions shown in orange
(H), dark blue (M) and gray (A) are identified by high rarity. Bottom: the rarity as a function of PC1; the
yellow/green region (rarity > 33%) defines the transition region. (B) k-means clustering in 2 dimensions
reveals three transition regions, separated by dashed blue line separators, which are generally in agreement
with subjective assignment of Highway, Ambiguous and Meander. The ‘Ambiguous’ trajectory at t =552.322
us that is within the range of ‘Highway’ transit times is marked by an arrow and is a member of sub-category
A* described in the main text.

Fig. 3. Comparison of a Highway (black) and Meander (red) folding transition in gto'space (A) to side-
by-side Piano Rolls (B). The H-transition starts at ~300.8 us and the M-transition starts at ~332.9 us in the
data from Ref. 1. See SI for details on transition identification and hydrogen-bond sonification. (A) The w0

trajectory of the H-transition (black) has a consistently high value of PC2 and is smooth, while the M-
transition (red) partially unfolds (between points ‘y’ and ‘z’) before finally folding. By point ‘x’ (orange dot
in H-transition, lime dot in M-transition), most of the expected native bonds have formed in both the Highway
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and the Meander transitions. (B) Intensity on the piano rolls encodes the likelihood of a hydrogen bond from a
donor (blue = NH) or acceptor (red = O) in the residue listed on the vertical axis (for detailed key, see Table
S6B). The H-transition is on the left and is separated from the M-transition by a black vertical line; each
transition is labeled by its start time in us in the simulation. For reference, Fig. S12 compares the RMSD,
secondary structure, and Piano Roll time series for the same H- and M- transitions.

Fig. 4. Likelihoods of selected hydrogen bonds as a function of transition category (H, A, or M). For
each bond, its likelihood in the folded state (sampled from 3.6 to 80.6 us) is shown in purple, its likelihood
during the Highway transitions is shown in orange, Ambiguous in gray, Meander in blue, and its likelihood in
the unfolded ensembles (sampled from each of the unfolded simulation segments) is shown in green. Native
bonds show decreasing likelihood (purple) with increasing transition passage duration from the fastest, H
(orange), to A (gray), to the slowest, M (blue). Non-native bonds show increasing likelihood with increasing
transition passage duration. Included here are protein-protein bonds involving at least one residue in one of
the loops with a 5% threshold applied. For a histogram of all protein-protein hydrogen bonds with a 10%
threshold applied, see Fig. S13.

Fig. 5. Cooperativity among protein-protein hydrogen bonds represented as a ‘Piano Roll’ which shows
the relative onset and duration of each type of hydrogen bond within each of the folding transitions (See Table
S6B for a detailed Y-axis key; blue is NH donor, red is O acceptor). Transitions are displayed in order from
shortest to longest transit duration. Labels below the x-axis refer to the approximate start time of each
transition in us. F=folding, H=Highway, A=Ambiguous, M=Meander. Unfolding transitions are shown in
Fig. S14B.

Fig. 6. Hydrogen bond half-life with water at the protein surface. Continuous hydrogen bond lifetime at
the protein surface during an example folded state (lavender), at the midpoint of three Highway transitions
(orange), three Meander transitions (blue), three Ambiguous (subgroup A*) transitions (gray) and an
example unfolded state (green). Within each bar is a label giving the timepoint that was resampled from the
original WW domain mutant GTT 650.8 pus full trajectory of ref. (1) These snapshots were equilibrated for
1,000 ps and run for 200 ps to generate the required water dynamics for analysis. The text at the top of each
transition state bar indicates the direction of the transition with U — F indicating a folding transition and F
— U indicating an unfolding transition.
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