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Impact of Hydrodynamic Interactions on the Kinetic Pathway of Protein Folding
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Protein folding is a fundamental process critical to cellular function and human health, but it remains a
grand challenge in biophysics. Hydrodynamic interaction (HI) plays a vital role in the self-organization of
soft and biological materials, yet its role in protein folding is not fully understood despite folding occurring
in a fluid environment. Here, we use the fluid particle dynamics method to investigate many-body
hydrodynamic couplings between amino acid residues and fluid motion in the folding kinetics of a coarse-
grained four-a-helices bundle protein. Our results reveal that HI helps select fast folding pathways to the
native state without being kinetically trapped, significantly speeding up the folding kinetics compared to its
absence. First, the directional flow along the protein backbone expedites protein collapse. Then, the
incompressibility-induced squeezing flow effects retard the accumulation of non-native hydrophobic
contacts, thus preventing the protein from being trapped in local energy minima during the conformational
search of the native structure. We also find that the significance of HI in folding kinetics depends on
temperature, with a pronounced effect under biologically relevant conditions. Our findings suggest that HI,
particularly the short-range squeezing effect, may be crucial in avoiding protein misfolding.
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Protein folding is vital for achieving a functional three-
dimensional structure, known as a native state, through
amino acid interactions [1]. Recent advancements in arti-
ficial intelligence have enabled accurate prediction of native
structures from amino acid sequences [2,3]. However,
understanding nonequilibrium folding pathways to access
these native structures remains a grand challenge [4—10], as
proteins often encounter kinetic barriers before reaching
their global free-energy minimum state [8], leading to
metastable intermediates.

Hydrodynamic interaction (HI) induced by solvent flow
could significantly affect protein folding by dynamically
coupling the motion of amino acid residues, yet this aspect
has been less explored [11,12]. Most coarse-grained sim-
ulations of protein folding have adopted Langevin dynamics
and Brownian dynamics (BD), both of which neglect HI
between amino acid residues through solvent [13-24]. For a
polymer in a solvent, HI was shown to accelerate the
collapsing [25-27]. The effects of HI on the folding of
helix and f hairpin were explored by pioneering simulations
but reported negligible [26,28]. Subsequent simulation
studies revealed that HI accelerates folding by 2-3 times
for specific proteins [29,30]. A recent work also reported
that HI can either speed up or slow down folding kinetics
depending on the temperature [31]. These prior studies
provide valuable insights into the roles of HI [26,28—-31]: HI
tends to speed up the protein collapsing [12], as observed in
the coil-globule transition of homopolymers [25,26,32-34].
However, HI appears to have a minor impact on the selection
of folding pathways [12,29].
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To our knowledge, previous simulations [26,28-31]
have frequently employed Rotne-Prager tensor for model-
ing HI [35,36]. However, we note that Rotne-Prager
tensor [35] cannot properly account for the short-
range many-body HI arising from the fluid incompress-
ibility that tends to prevent particles from closely
approaching each other to form densely packed arrange-
ments. This short-range contribution, known as “squeez-
ing flow effect” [11,33,37,38] (also called “lubrication
effect” [39-43]; we use the term “squeezing flow” through-
out this Letter), is essential for modeling phase ordering
kinetics of soft materials [37,38,44-47]. Therefore, in
situations where the incompressibility condition must be
satisfied, the most suitable simulation method is directly
solving the Navier-Stokes (NS) equation.

In this Letter, we employ the fluid particle dynamics (FPD)
method [33,48,49] based on the direct computation of the NS
equation to study the folding kinetics of four-a-helices
bundle protein [17]. We find that HI facilitates the selection
of fast folding pathways, leading to rapid attainment of the
native state without kinetic trapping, and significantly
accelerates folding kinetics compared to their absence.
Specifically, directional flow speeds up collapsing during
protein folding, consistent with previous findings [12].
Notably, the incompressibility-induced squeezing flow [33]
plays a crucial role in establishing proper hydrophobic
contacts by preventing the accumulation of non-native
interactions and avoiding trapping the protein in local energy
minima, which is crucial for selecting fast folding pathways.
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FIG. 1. Folding kinetics of four-a-helices bundle protein in the

absence of HI. Temporal change of order parameter y and protein
volume for (a) folded and (b) misfolded trajectories in BD
simulations (at kg7 /e = 0.6). The inset of (a) shows a typical
initial configuration of a swollen amino acid coil at kg T, /e = 1.
The protein volume is determined by calculating the convex hull
[51] of amino acid residues.

We simulate a four-a-helices bundle protein [17] placed
in a cubic three-dimensional periodic box using the FPD
method [33,48,49] (Appendix A). The folding temperature
Tiis kgTr/e ~ 0.7, where kg is the Boltzmann constant and
€ is the energy coupling of Lennard-Jones potential [17]
(see Supplemental Material [50]). Figure 5 in Appendix A
shows the native structure obtained by slowly cooling the
system to zero temperature. We prepare the initial con-
figuration [see, e.g., the inset of Fig. 1(a)] at kg T/ = 1,
and then, instantaneously quench the system to T < T.
Time is measured in units of the Brownian time for a single
free bead, zgp. We focus on the quench depth of
kgT/e = 0.6. However, we demonstrate that our findings
also hold for kgT/e = 0.65. To characterize the folding
kinetics, we adopt the structure order parameter y [16,17].

As areference system, we first explore the folding kinetics
using BD simulations without HI (Fig. 1). We find that only
3 out of 14 trajectories reach the correct folded state,
characterized by y ~ 0 (see Ref. [50] for the definition of
x), before t~ 1.2 x 10°7p [Fig. 1(a)]. We classify these
successful folding pathways into two types, depending on
the chronological order of folding [Fig. 1(a), left] and
collapse [Fig. 1(a), right]: the collapse and folding occur
almost concurrently for the type I pathway [f1 in Fig. 1(a)],
whereas in the type Il pathway [ f2 — f3 in Fig. 1(a)], folding
is completed significantly later than the collapse. In the
majority of instances, proteins are trapped in misfolded
intermediates with y = 0.2-0.4 [Fig. 1(b), left] despite being
collapsed [Fig. 1(b), right]. Among all the simulations we
conducted, the quickest folding pathway has a folding time
of approximately # ~ 2 x 10*zgp. Even though the native
structure of the four-a-helices bundle protein seems simple,
misfolded pathways are quite often selected [Fig. 1(b)].

The situation becomes far more different when HI
is included (Fig. 2). Seven out of 14 trajectories reach
the correct folded state [Figs. 2(a) and 2(b)] within a
much shorter time #; = 5 x 1037gp — 1.5 x 10*7gp. In the
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FIG. 2. Folding kinetics of four-a-helices bundle protein in the
presence of HI. Temporal change of order parameter y and protein
volume for (a),(b) folded and (c) misfolded trajectories in FPD
simulations (at kg7 /e = 0.6). The presence of HI promotes the
selection of type I and type II folding pathways and significantly
reduces the folding time. We classify folding pathways into two
types based on the chronological order of collapse and folding.
See text for details.

remaining simulations, proteins remain misfolded until the
end of the simulation [Fig. 2(c)]. Note, however, that due to
the computational constraints, the accessible simulation time
for FPD is approximately 7 to 8 times shorter than with BD,
reflecting higher computational costs associated with FPD
due to the need to calculate the flow field at each time step
using NS equation. Thus, some of the misfolded states in
Fig. 2(c) might eventually fold if the FPD simulation covers
the same amount of time as BD. The shortest folding time
among these fast folding pathways [f1 and f3 in Fig. 2(a)] is
t; = 50007gp. These results indicate that HI promotes the
selection of type I and type I folding pathways and reduces
the likelihood of misfolded pathways (Fig. 2), compared
to BD simulations without HI (Fig. 1). Additional trajectories
from FPD simulations in the Supplemental Material (Fig. S1
in [50]) further support our findings. These results collec-
tively demonstrate that HI decreases the probability of
misfolded pathways and enhances the preference for
type 1 and type II pathways compared to free-draining
simulations.

Here, we characterize microscopic features of type I and
type II folding pathways. Figure 3(a) shows the number of
native N, [red line in Fig. 3(a)] and non-native N, [blue line
in Fig. 3(a)] hydrophobic contacts (we use cutoff distance
30) in the simulation f1 [Fig. 2(a)] with type I folding
pathway. The growth of native contacts progresses step-
wise. Analyzing the formation of correctly folded helices
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FIG. 3. Characterization of type I and type II folding pathways.
We show the results for the folded trajectories f1 [Fig. 2(a); type [
folding pathway] and f4 [Fig. 2(b); type II folding pathway].
(a) Temporal change of the number of native N (red line), non-
native N, (blue line), interhelix non-native (black line), and
intrahelix non-native (magenta line) hydrophobic contact (we use
cutoff 30) in the trajectory f1. (b) Top: temporal change of correct
folded helices in the trajectory f1. Here, we calculate the order
parameter y(z) for each of the four helices and regard a helix as
folded if y(r) < 0.3. Only when helix i is folded properly
(r; <0.3), do we indicate a point on the axis of IDi. To avoid
the overlap between different lines, folded helices with ID 1-4 are
labeled as 1-4, respectively. Bottom: temporal change of the
relative orientation between helix pair 1-2, pair 2-3, and pair 3-4
in the trajectory f1. Note that, in the native state, the neighboring
helices are almost antiparallel. (c) Simulation snapshots of pro-
tein folding at various times in the trajectory f1. (d)—(f) The same
characterization of the trajectory f4.

[Fig. 3(b), top] and the orientation of neighboring helices
[Fig. 3(b), bottom] reveals that folding begins with the
middle region of helices 2 and 3 arranged in an antiparallel
structure [t = 19407gp in Fig. 3(c)], followed by the
addition of helix 4 [t = 2400zpp in Fig. 3(c)]. At this
stage, helix 1 is still floating outside, and finally, the
insertion of helix 1 occurs [¢ = 4800zgp in Fig. 3(c)]. This
step-by-step folding process leads to minimal non-native
hydrophobic contacts [blue line in Fig. 3(a)] and results in
almost simultaneous folding and collapse at ¢ =~ 5000zgp
[Fig. 2(a)].

In Figs. 3(d)-3(f), we present the same analysis for the
simulation f4 [Fig. 2(b)] with type II folding pathway. Here,
we observe a higher amount of non-native hydrophobic
contacts, peaking at around 40 to 50 at ¢ ~ 50007 during
protein collapse [Fig. 3(d)]. Unlike the type I pathway,
where folding and collapsing happen nearly simultaneously,
in the type II pathway, collapse (¢~ 50007pp) precedes
correct folding (# ~ 150007gp). A detailed analysis of the
collapsed structure at ¢ = 50007pp reveals the improper
formation of helix 4 and incorrect relative orientation
between helices 1 and 2, confirming the misfolding of the
collapsed globule. This globule has a larger number of non-
native hydrophobic contacts, particularly those resulting
from interhelix contacts [black line in Fig. 3(d)], compared
to the type I folding pathway. Thus, the protein undergoes

structural relaxation until helices 1 and 2 are properly
arranged into antiparallel structures [Fig. 3(e), bottom].
Typically, the type II pathway requires a slightly longer
time than the type I pathway.

We also analyze misfolded pathways [Fig. 2(c)] and
reveal their physical origin (Fig. 6). These misfolded
pathways share a common feature: a large number of
non-native hydrophobic contacts in the collapsed globule.
These non-native contacts frustrate structural relaxation
toward the native conformation, leading to slow folding
dynamics. To demonstrate this, we choose two misfolded
trajectories labeled u1 and u2 in Fig. 2(c). The temporal
change in the number of native and non-native contacts
[Fig. 6(a)] and correct folded helices [Fig. 6(b)] in the
misfolded trajectory ul reveals that the folding kinetics is
accompanied by a large number of non-native contacts
reaching around 60 to 70 at t ~ 6000z, when the protein is
collapsed. Even in the late stage, only helix 2 is properly
folded, while the other helices remain incorrectly folded
[Fig. 6(b)]. As seen in Fig. 6(c), the final collapsed state at
t = 12000zpp significantly differs from the native con-
formation, suggesting a long relaxation time for folding
into the native state beyond the accessible timescale of our
FPD simulations. We also quantify the folding pathways of
the misfolded trajectory u2 [Fig. 2(c)], with results shown
in Figs. 6(d)-6(f). Again, many non-native contacts exist
[blue line in Fig. 6(d)]. Notably, the final collapsed state at
t = 15000zgp appears similar to the native state [Fig. 6(f)]
with all four helices properly folded [Fig. 6(e), top].
However, their relative orientation is incorrect [Fig. 6(e),
bottom]. For instance, in the native configuration, helices of
2-3 and 3—4 should be in an almost antiparallel arrange-
ment; however, this is not the case in the final state [red line
and black line in Fig. 6(e), bottom]. We also analyzed
trajectory u4, revealing different misfolded structures at the
microscopic level but with numerous non-native contacts
(Fig. S2 in [50]). Therefore, the accumulation of many non-
native hydrophobic contacts upon the collapsing is the
origin of misfolded pathways with slow folding dynamics.

What, then, is the mechanism of the observed impact of
HI on protein folding? Earlier works [12] have noted
that the initial extended amino acid random coil resembles
a swollen polymer. For the latter, it has been shown that
the directional flow along the backbone accelerates col-
lapsing [25,26,32-34,52]. We indeed find that protein
collapsing [Fig. 4(a)] and early-stage native tertiary con-
tact growth [the inset of Fig. 4(a)] occur faster with HI,
supporting previous arguments [12]. However, the accel-
eration of collapsing alone [12,25,26,32] may not fully
explain the significant difference caused by HI (Figs. 1
and 2). Particularly, considering that folding typically occurs
later than collapsing, the roles of HI in protein folding should
go beyond the directional flow scenario [12].
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FIG. 4. Roles of hydrodynamics in protein folding. (a) Temporal change of ensemble-averaged protein volume in BD and FPD
simulations. The inset shows the growing native hydrophobic contact. (b) The local pressure P of the solvent upon volume shrinking of
protein. The solvent is squeezed out from the protein domain to the surroundings to satisfy the incompressibility condition V - v = 0.
Temporal evolution of ensemble-averaged non-native hydrophobic contact along with the interhelix and intrahelix parts in (c) FPD and
(d) BD simulations. The arrows indicate the typical collapsing time determined from (a). (e) Temporal change of interhelix non-native
hydrophobic contact between nearest (1-2, 2-3, and 3-4), second-nearest (1-3 and 2—4), and distant (1-4) neighboring helices.
(f) Temporal change of order parameter y of individual « helix in BD and FPD simulations. (g) Folding kinetics of an isolated « helix.
Temporal change of order parameter y for a single « helix in FPD and BD simulations. We utilize an initial configuration under

kgTinii/€ = 1. The inset shows the native state of a single « helix.

In our previous study of polymer collapsing, we uncov-
ered the dual effects of HI: while it accelerates the
collapsing of swollen polymers, it can also decelerate
the collapsing of compact polymers due to a slow squeez-
ing process of the solvent [33]. We speculated that this
squeezing flow effect upon volume shrinking might be
crucial in avoiding the establishment of non-native hydro-
phobic contact [11]. Indeed, we can see in Fig. 4(b) that
pressure counteracts solvent flow, maintaining the incom-
pressible condition V -y = 0 and preventing amino acids
from moving in such a way as to aggregate in one place. By
comparing the ensemble-averaged number of non-native
contact N, in FPD [Fig. 4(c)] and BD [Fig. 4(d)] simu-
lations, we can see that the squeezing flow effects of HI
indeed significantly reduce the formation of such disfa-
vored contacts by a factor of around 1.5-2 upon collapsing
[as indicated by the arrows in Figs. 4(c) and 4(d)]. This
indicates that HI makes the collapsed globule much closer
to the native conformation and the kinetic barrier toward
the native conformation significantly lower, which is
critical to selecting type I and type II folding pathways.
Here, we stress the importance of avoiding non-native

contacts as, during protein collapse, hydrophobic beads are
more prone to encountering non-native neighbors than their
native counterparts. This propensity arises from the abun-
dance of potential non-native neighbors, a quantity that
scales with the number of hydrophobic beads under thermal
fluctuations. Therefore, the squeezing flow does not
directly facilitate the formation of native contacts; instead,
it accomplishes this indirectly by preventing the buildup of
non-native contacts during protein collapse. Conversely, in
BD simulations, hydrophobic beads make direct contact
easily without the associated squeezing flow, resulting in a
higher probability of forming a random globule. This
squeezing flow [Fig. 4(b)] arises only when the short-
range part of HI is incorporated [33,48], a critical role
overlooked in previous simulations.

Furthermore, we find that non-native hydrophobic
contacts mainly occur between helices, while intrahelix
contacts decrease over time [Figs. 4(c) and 4(d)]. The
accumulation of interhelix non-native contacts increases in
the order of nearest, second-nearest, and distant helix
pairs, but each becomes almost equal in the late folding
stage [Fig. 4(e)]. A large amount of interhelix non-native
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contacts in BD simulations significantly slows down the
folding kinetics of individual a helix [Fig. 4(f)]. As a
comparison, we also simulate the folding kinetics of a
single a helix [Fig. 4(g)]. We find the presence of HI
slightly accelerates the folding kinetics [Fig. 4(g)], whose
equilibration time is much shorter compared to that of the
protein folding [Fig. 4(f)]. The acceleration in the folding
kinetics of a single a helix by HI [Fig. 4(g)] is relatively
weak, consistent with the minor effects reported in
previous studies [26,28]. This indicates that interhelix
hydrophobic miscontacts are crucial in frustrating the
folding of a helices. Thus, HI exerts a more substantial
influence on protein folding kinetics than on its isolated
structural units. We also discuss the temperature depend-
ence of folding kinetics in Appendix B. Additionally, we
examine the folding of the p-barrel protein [13] and
confirm the general applicability of the role of HI
(Fig. S3 and Fig. S4 in [50]).

To summarize, we have elucidated the vital roles of HI in
the folding kinetics of four-a-helices bundle protein [17]
and p-barrel protein [13] using the FPD method [33,48,49].
We demonstrate that HI helps select fast folding pathways
and significantly accelerates folding compared to its
absence. We attribute the roles of HI to the following
essential effects. First, directional flow along the polymer
backbone accelerates initial collapsing, consistent with
previous simulations [12,29,30]. Second, incompressibil-
ity-induced squeezing flow hinders the accumulation of
non-native hydrophobic contacts, particularly in interhelix
regions, preventing kinetic trapping and allowing more
time for the protein to find its global minimum state. The
squeezing flow is crucial throughout the folding process, an
aspect often overlooked in earlier simulations. We also find
that the impact of HI varies with temperature, being most
pronounced under biologically relevant conditions. These
findings provide fresh insights into the contributions of HI
to protein folding.
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Appendix A: Fluid particle dynamics simulation.—The
fluid particle dynamics (FPD) method [33,48,49] resolves
both the near-field and far-field HI based on the direct
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%
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B‘,‘,\' hllix 2
helix 4

FIG. 5. The native conformation of four-a-helices bundle
protein. The amino acid residues contain hydrophobic (red
beads), hydrophilic (blue beads), and neutral ones (yellow beads).
The linking section between the four a helices is known as the
turning region.

computation of the Navier—Stokes (NS) equation. Given
that the beads in coarse-grained protein models represent
entire amino acid residues that surpass water molecules in
both size and mass by several multiples, they are
commonly regarded as rigid objects while the solvent is
treated as a continuous medium [12,17,24], allowing the
use of the NS equation for describing hydrodynamic
interaction (HI) [53]. In the framework of FPD, each
bead is represented as a viscous fluid particle expressed
by w,(r) =3 {tanh[(a — |r = R,|)/&] + 1}, where a is the
particle radius, ¢ is its interface thickness, and R, is the
position vector of particle n. The flow field v is
calculated by solving the NS equation p[(d/0t) +v-V]y =
f+V-(6+068), where p is the constant fluid density,
f=>,Fw,(r)/[w,(r)dr is the smooth force field,
and F,, = —0(Vj + Viond + Vangle T Vdihedaral)/OR,, is the
body force acting on bead n. 6 = n(r) (Vv + (V»)T) — pI
is the internal stress of the fluid, where 75(r) = n, +
(mp — 11s) Do w,(r) is the viscosity field, », and #, are
the viscosities of fluid and beads, I is the unit tensor, and
p is the pressure determined to satisfy the incompressible
condition V-v =0. We solve the NS equation by the
marker-and-cell method with a staggered lattice under
periodic boundary conditions [54]. The protein configu-
ration is updated off-lattice by integrating the equation
dR,(1)/dt =V, (1), where V(1) = [dr(vy,(r)) is the
particle velocity. To properly incorporate thermal
fluctuations, we introduce the random fluctuating stress
field o® that satisfies the fluctuation-dissipation relat-
ion (6%) = 0 and (a}(r, 1)), (r', 7)) = 2n(r)kgT(546; +
846;)6(t — ') [49,55], where § is the Dirac delta function.

We set the length unit as lattice size [, the time unit as
7o = pl3/ng, a =321y, E=1ly, 6 =2a+ E="14l, box
size L =256l) =34.590, n, =2, and time step
At = 0.0257). We set = 1/(kgT) = 0.07p/(lon?) such
that diffusive dynamics is achieved within a reasonable
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FIG. 6. Characterization of misfolded pathways. We show the
results for misfolded trajectories u#1 and u2 [Fig. 2(c)]. (a) Tem-
poral change of the number of native N, (red line), non-native
N, (blue line), interhelix non-native (black line), and intrahelix
non-native (magenta line) hydrophobic contacts (we use the
cutoff distance of 3¢) in trajectory ul. (b) Temporal change of
correct folded helices in trajectory u1, with only helix 2 folded
correctly in the late stage. (c) Simulation snapshots of protein
folding at various times in trajectory ul. (d)—(f) Similar char-
acterization of trajectory u2 [Fig. 2(c)]. In the bottom panel of
(e), we show the temporal change in the relative orientation
between two helices. While the « helices form in the late stage
[(e), top], the relative orientation between helices 2-3 and 3—4 is
incorrect.

simulation time [44]. The quench depth kgT'/¢ is controlled
by changing the energy coupling ¢ while kg7 is fixed. The
simulation time is scaled by the Brownian time of a single
particle 7gp = 63;/24D, where D is the diffusion constant
of a single particle, oy = 8.14[, is the hydrodynamic
diameter, and A= [y(r)dr/ [w(r)*dr is a correction
factor (A~ 1.69 for £/a = 1/3.2) [49]. This parameter
setting yields 7y/7gp = 0.04. We perform multiple simu-
lations starting with different configurations and ran-
dom seeds.

We remark that incorporating the short-range part of
hydrodynamics into simulations poses a challenge [39—41].
To validate our FPD method’s capability in capturing this
short-range HI, we calculate the viscous drag coefficient of
two approaching particles with 57, = 507;. The results show
a rapid increase at close distances, aligning well with the
theoretical result [56] [Fig. S5(a) in [50] ]. Nonetheless, a
slight discrepancy arises when employing 7, = 2#;. In this
study, we employ 7, = 2r to accelerate simulations by
allowing the use of a larger time step while maintaining the
slowing down feature upon particle contact. Notably, in our
previous work [33], we observed polymer collapse decel-
eration induced by squeezing flow even with 7, = ;.
Crucially, we emphasize the significance of anticipating
water permeation into beads in actual polymers and
proteins. Anticipating water permeation into beads justifies

selecting a smaller viscosity ratio #,/n,. Our findings
remain consistent with 77, = 50, (Fig. S6 in [50]).

Finally, we emphasize the significance of squeezing flow
effects [33,38], also known as lubrication effects [39—43],
in many-body systems. To illustrate, we examine the
aggregation kinetics of 13 particles initially positioned
on the 12 vertices and the center of an icosahedron
[Figs. S5(b),(c) in [50]]. As these particles aggregate
and form clusters, squeezing effects impede direct particle
contact [Fig. S5(b) in [50] ] and induce flow with transverse
character due to the incompressible nature of the fluid [38].
Remarkably, squeezing flow facilitates the formation of
long-lasting elongated structures [Fig. S5(c) in [50]].
However, in free-draining simulations as well as RP-
tensor-based simulations, particles rapidly assemble
into a densely packed cluster while maintaining symmetry
during aggregation [Fig. S5(c) in [50] ]. This underscores the
pivotal role of squeezing flow in selecting distinct kine-
tic pathways. Furthermore, it implies that RP tensors [26,28—
31] are inadequate in capturing the squeezing flow effects
[Fig. S5(c) in [50]] [33,38]. This is due to their poor
depiction of rapidly increased viscous drag as two parti-
cles are brought closer [Fig. S5(a) in [50] ], highlighting
the necessity of incorporating lubrication corrections
[39-42].

Appendix B: Temperature dependence of protein
folding.—In the main text, we focused on quench depth
kgT/e = 0.6. However, it is worth noting that HI effects
are also significant at kg7 /e = 0.65, where HI accelerates
the folding process, with nearly 50% of trajectories
exhibiting rapid folding within 7~1.5x 10*zgp (Fig. 7).
This observation is qualitatively similar to the findings for
kgT/e=0.6. Increasing the temperature from kg7 /e =
0.6 to kgT /e = 0.65 enhances the probability of success-
ful folding due to the increased thermal fluctuations,
promoting faster structural relaxation of the collapsed
globule toward the native conformation. Nevertheless, HI
consistently leads to faster folding, particularly through
selecting type I folding pathways (Fig. 7).

The range of quench depths that we have examined,
kgT/e = 0.6-0.65, corresponds to scaled temperatures
T/T; = 0.86-0.93, where kgT;/e~0.7 is the folding
temperature. Assuming a physiological temperature of
T ~309 K, this yields folding temperatures of T =
343-360 K(70-86°C) and an energy scale of ex
1 Kcal/N,, where N, is the Avogadro constant. These
values fall within reasonable parameters for many proteins.
Therefore, we expect that the range of kg7 /e = 0.6-0.65,
where the impact of HI is significant, is critical to biological
cells. Conversely, when the temperature is either much
lower than or too close to the folding temperature, folding
dynamics can be slowed down [Fig. S7 in [50] ] by either
kinetic trapping or strong thermal fluctuations [28,57],
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determined by calculating the convex hull [51] of amino acid residues.

resulting in weaker impacts of HI [Fig. S8 in [50]].
However, such extreme conditions are rarely encountered
in protein folding in living cells. This suggests that proteins
are designed to maximize their folding capability under
physiological conditions.
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