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Abstract: We present an analysis of x-helix folding in the coarse-grained coordinate of number of
formed helical hydrogen bonds (NHBs) for four alanine peptides (ALA)n, with n =5, 8, 15, and
21 residues. Starting with multi-microsecond all-atom molecular dynamics trajectories in aqueous
solution, we represent the system dynamics in a space of between four (for ALA5) and twenty (for
ALAZ21) hydrogen-bonding microstates. In all cases, transitions changing the hydrogen bond count
by 1-2 dominate and the coil formation, NHB 1 — 0, is the fastest process. The calculation of global
maximum weight paths shows that, when analyzed at a sufficiently long lag time, folding in the
NHB coordinate is consecutive, with direct folding, 0 — 3, for ALA5 and bottlenecks at transitions
4 — 6 for ALAS8, 0 — 5 for ALA15, and 0 — 9 for ALA21. Further coarse-graining to 2—4 dimensions
was performed with the optimal dimensionality reduction method, allowing the identification of
crucial folding intermediates and time scales of their formation in ALA8, ALA15, and ALA21. The
detailed analysis of hydrogen bonding patterns revealed that folding is initiated preferentially at both
peptide termini. The kinetic model was also used to estimate diffusion and friction coefficients for
helix propagation. The description of the helix formation process in the hydrogen bonding coordinate
NHB was in good general agreement with the experimental data and qualitatively similar to previous
kinetic models of higher dimensions based on structural clustering. Use of the low-dimensional
hydrogen bonding picture thus provides a different, complementary way of describing the complex
and fascinating mechanism of helix formation.

Keywords: helix folding; molecular dynamics simulation; hydrogen bond kinetics; optimal
dimensionality reduction

1. Introduction

Hydrogen bonds are the outstanding features of protein secondary structures, with
specific patterns defining helices and sheets [1]. It is thus natural to model the properties
of these elements through hydrogen bond analysis. In an analogy with the description of
protein folding through native contacts [2] and earlier studies using helix folding statistical
thermodynamics through helix nucleation and propagation [3], we propose here an ap-
proach to describing helix kinetics in terms of hydrogen bond breaking and formation in a
coarse-grained representation.

Due to the importance of helical structures in biology, helix folding has been the subject
of much experimental and computational work. Experimentally, folding times from tens to
hundreds of nanoseconds have been observed for peptides of various sizes [4—6]. A time
scale of 50 ns for helix elongation has been estimated [7]. Higher melting temperatures and
slower relaxation in the center relative to termini [8-10] and directional folding from the N-
towards the C-terminus [11] have been observed.
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Atomistic computer simulations have contributed significant microscopic insights
into helix dynamics in general and folding in particular [12]. Among applied methods
are molecular dynamics (MD), replica exchange, milestoning [13-15] and Markov state
modeling [11]. We have previously undertaken joint experimental and computational
studies for model peptides, following the structure, dynamics, and pathways of their
folding. This included studying the influence of force field, peptide length, and pH on the
energy landscape [16,17]. Recently, we performed extensive MD simulations of a series
of alanine homopeptides with lengths of 5, 8, 15, and 21 residues: ALA5, ALAS, ALA15,
and ALA21 [18]. We found an increase in helix content from 6% to 60% and a slowing of
relaxation from 2 to 500 ns with peptide length. The shorter peptides had different folding
landscapes than the longer ones and specific folding intermediates were detected in the
longer systems [18].

In this work, we employ the multi-microsecond atomistic MD trajectories of ALA5,
ALAS8, ALA15, and ALA21 at 300 K, as described previously [18], with some new extended
simulations for the largest ALA21 system (see Section 2—Methods). Rather than structurally
clustering the trajectories, as was undertaken previously, we use the natural variable
of the number of formed helical hydrogen bonds (NHBs) to define the basic structural
microstates. An appropriate lag time is applied when analyzing transitions to smooth out
fast fluctuations and focus on the slowest processes. This allows a simplified analysis of
hydrogen bond dynamics in helical systems, with several interesting features. We find
that a majority of transitions occur for NHB changes of £1 and +2. We calculate global
maximum weight paths in the hydrogen bond space, finding consecutive folding, a direct
coil-to-helix transition in ALAS5, and specific bottleneck transitions for the longer peptides.
An additional level of coarse-graining is then applied through the optimal dimensionality
reduction method to generate even more simplified kinetic models of the folding process.
These models reflect the main features from the previous structural clustering analysis
and also provide new structural insights. Finally, we map the hydrogen bond kinetics on
a diffusion model to provide alternative estimates of conformational diffusion rates and
internal friction for helix propagation. Our investigation presents an alternative picture
of helix folding, using the natural coordinate of hydrogen bond number to uncover new
microscopic details of this crucial biological process.

2. Methods

The simulated peptides were Ac-Alas-NH; (ALA5), Ac-Alag-NH; (ALAS8), Ac-Ala;s-
NH; (ALA15), and Ac-Alay;-NH; (ALA21). The molecular dynamics (MD) trajectories
were generated at 300 K in TIP3P water and Na* and Cl~ ions at 0.15 M concentration,
as described previously [18]. For each system, there were two trajectories starting from
the helical (trajectory h) and extended (trajectory e) structures, each being 5 us in length
for ALAS5, 10 ps for ALA 8, 10 us for ALA15, and 20 ps for ALA21 [18]. To improve
sampling for ALA21, three additional 20 us trajectories were created, starting from the
structures selected from a 1 ps simulation at 500 K, denoted as b, c and d. The system
details are presented in the Supplementary Materials. The MD simulations were performed
with GROMACS 5.1.4 [19,20] using the CHARMM36m force field [21] and TIP3P water
model [22]. A time step of 2 fs was employed under conditions of constant number of
particles, volume and temperature (NVT), the temperature of 300 K was maintained by
velocity scaling. Nonbonded cutoffs were 1.2 nm, and the Particle-Mesh Ewald (PME)
method [23] was used to account for long-range electrostatic interactions.

Alpha helical hydrogen bonds” distance time series were calculated for all peptides
C=0 of residue i and the peptide NH of residue i + 4. In order to smooth out the data, each
hydrogen bond was counted as fully formed for O...N distance below 3.2 A (weight of 1)
and fully broken for distances above 4.0 A (weight of 0). At intermediate distances, the bond
was partially formed, with an intermediate weight obtained from a cubic interpolation. The
weights for all helical hydrogen bonds were then added up in order to obtain the value of
our reaction coordinate, NHB (the total number of present alpha helical hydrogen bonds).
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Our blocked peptides had maximum numbers of helical hydrogen bonds (MAXHB) of 3, 6,
13, and 19 for ALA5, ALAS8, ALA15, and ALAZ21, respectively. The helix fraction f for each
trajectory was calculated as the average of the ratio NHB(t)/MAXHB, where NHB(t) is the
number of formed helical h-bonds at time t. The structures of the helical conformations of
the peptides are shown in Figure 1, which also illustrates the hydrogen bonds present.

© (D)

Figure 1. Three-dimensional structures of helical conformations of the studied peptides, with the
backbone depicted by ribbons, and terminal blocking groups and sidechains as sticks. Colors are
gold for C, red for O, blue for N, and white for H atoms. Standard helical hydrogen bonds are shown
as blue-dashed lines; additional hydrogen bonds due to blocking groups are shown as orange-dashed
lines. (A) ALA5. (B) ALAS. (C) ALA15. (D) ALA21. Figures created by USCF ChimeraX [8].

The kinetic model analysis started in the space defined by the variable NHB, the total
number of helical hydrogen bonds. Thus, the space was of 4 dimensions for ALA5 (NHB
from 0 to 3), 7 for ALA8 (NHB from 0 to 6), 14 for ALA15 (NHB from 0 to 13), and 20 for
ALA21 (NHB from 0 to 19). Initial kinetic matrices and transition matrices were calculated
from the transitions and residence times in the NHB space using the moving window count
method based on the data processing used in MSM [24]. The lag time was chosen so that the
slowest relaxation agreed with the slow correlation time of the global properties of MD [25]
(see Supplementary Materials for details). Finally, kinetic coarse-graining was performed
using PCCA+ [26] to lower dimensionality further to 2—4 dimensions, and effective rates
were determined with optimal dimensionality reduction (ODR) [27]. Committor values
were calculated with the EMMA package transition path theory tool [28].

Global maximum weight paths (GMWPs) for the kinetic networks defined by hydro-
gen bond transitions were calculated using the recursive Dijkstra algorithm described by
Elber et al. [29]. The initial state was NHB = 0 and the final state was NHB = MAXHB for
each peptide. The total number of transitions between microstates, proportional to the
reactive flux and symmetrized to ensure detailed balance [30], were used as edge weights
(see Supplementary Materials).

To analyze diffusion and friction for helix formation, we converted the kinetic equation
to a diffusion equation, as described by Bicout and Szabo [31]. We used our data for rate
constants k; 1 ; and populations p; to estimate local diffusion coefficients D;_;,, for the
consecutive transitions i — i+ 1 along the helix folding path. Diffusion coefficients were
converted to friction coefficients through the Einstein relation [32] fi11,2» = kgT/Di+1/2,
with kp representing the Boltzmann constant and T the absolute temperature. Equations
and method details are described in more detail in the Supplementary Materials.
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3. Results and Discussion

The basic trajectory properties, including helix content, relaxation times, and times
for folding and unfolding, are presented in the Supplementary Materials. These results
are the same as previously reported for ALA5, ALAS, and ALA15, and are updated here
to incorporate the extended simulations for ALA21 [18]. Briefly, the helix fraction based
on hydrogen bonding was about 3% for ALA5, 6% for ALAS, 25% for ALA15, and 53%
for ALA21.

The slow relaxation times found in the autocorrelation functions of the global variables
in the MD trajectories were 2.4, 13.2, 110, and 340 ns, for ALA5, ALAS, ALA15, and ALAZ21,
respectively, and were assigned to global peptide folding. Faster relaxations, assigned to
individual hydrogen bond fluctuations, were estimated at 0.2, 0.8, 2, and 10 ns, respectively
Combining helix fractions with the slow relaxations yielded the folding 7, = —f and

unfolding 7, = k times and rates (see Supplementary Materials). The peptide folding
times were 40, 145, 390, and 610 ns, while the unfolding times were 2.6, 14, 140, and 770 ns
for ALA5, ALAS, ALA15, and ALA21, respectively. Peptide trajectories exhibit multiple
folding and unfolding events, which have been discussed in more detail previously [18].
As expected, the time scales of the global folding transition increased with peptide length.
The rates for ALA21 are comparable to those found for the WH21 peptide, which has a
similar length and a more diverse amino acid composition [25]. The rates for ALA5 are
comparable to measurements for the helical pentapeptide WHS5 [33,34].

Table 1 shows a comparison of the basic peptide kinetic parameters obtained with
different methods. The slow relaxation times 1, can be well determined from MD data, and
are reproduced in the RMSD clustering by the adjustment of the cluster radius [18] and in
HB kinetics by the adjustment of lag-time (Section 2—Methods). Thus, these results agree
well for all methods. Notably, the average folding relaxation is 340 ns for ALA21 from five
20 us MD trajectories, lower than the 500 ns previously reported based on two trajectories.
A single fast relaxation time 7 is difficult to determine from the MD data due to presence
of processes at multiple time scales [35], which is denoted by prefacing the MD values with
the ‘~” symbol. While MD relaxations are based on the analysis of millions of structures
with picosecond time resolution, kinetic models involve significant coarse-graining, based
on 10-200 structures for RMSD clustering with an adjustable core radius and 4-20 for
hydrogen bond count with an adjustable lag-time. As a result, the fast motions are filtered
out in the last two approaches, and 1; estimates for each peptide increase (from 0.2 to 1.6 ns
for ALA5, from ~1 to ~5 ns for ALAS, from 2 to 18 ns for ALA15, and from 10 ns to 100 ns
for ALA21) between the direct MD method and the models. Interestingly, the estimates of
71 from the trajectory discretization by RMSD and NHB are comparable.

Table 1. Relaxation times 71 and 7, in alanine homopeptides. Molecular dynamics results in MD C(t)
column are obtained from two exponential fits of autocorrelation functions C(t) of global variables in
MD trajectories, such as distance from helix state and number of hydrogen bonds (NHBs) (details in
Supplementary Materials). RMSD column shows slowest time scales from kinetic modeling, obtained
by discretizing MD trajectories based on Cax atom RMSD clustering with selected cluster radius, as
described in [18]. NHB column shows slowest relaxations from kinetic modeling obtained from
hydrogen bond count discretization with selected lag-time in this work, as described in Methods and
below. Units: ns.

MD C(t) RMSD [18] NHB
1 T k<l T2 T T2
ALA5 ~0.2 2.4 1.6 2.4 1.6 2.4
ALAS8 ~0.8 13.2 5.8 13.4 4.6 13.4
ALA15 ~2 107 17.6 107 17.6 104
ALA21* ~10 340 105 315 87 306

* Based on 5 MD trajectories; previous published data were with 2 trajectories.
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3.1. Folding Kinetics in Hydrogen Bond Space

The populations of the states with different helical hydrogen bond counts are shown
in Figure 2. Interestingly, the coil state (NHB = 0) is the most highly populated for all
peptides. This is true even for ALA21, which has a helix fraction of 53%. At equilib-
rium, the microstate populations p; and transition rates k;; are related by detailed bal-
ance: k;jp; = kjip; [27,30]. Thus, the population ratios from Figure 2 may be used to ex-
plain the ratios of the microscopic rate constants provided in Tables 2 and 3 and the
Supplementary Materials.
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Figure 2. Microstate populations in alpha-helical hydrogen bond space. (A) ALAS5 from 2 x 5 us MD
trajectories. (B) ALAS from 2 x 10 ps MD trajectories. (C) ALA15 from 2 x 10 us MD trajectories.
(D) ALA21 from 5 x 20 us MD trajectories.

Table 2. Rate constants k;; for transitions in hydrogen bond space of ALA5 in units of s~ L. The value
of k,-]- describes the rate of j — i transition for microstates i,j = 0,...,3. The diagonal elements are
ki = —Z#,- kji- State 0 corresponds to the fully unfolded form, NHB = 0, and state 3 to the fully
folded form, NHB = 3.

ilj 0 1 2 3

0 —25.810 495.923 352.216 293.136
1 18.889 —557.187 105.347 113.718
2 3.954 31.047 —547.609 99.876
3 2.967 30216 90.047 —506.731
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Table 3. Rate constants k;; for transitions in hydrogen bond space of ALA8 in units of us~ L. Details
are listed in Table 2. State 0 corresponds to the fully unfolded form, NHB = 0, and state 6 to the fully
folded, NHB = 6.

il 0 1 2 3 4 5 6

0 —21.861 198.539 164.924 116.158 65.025 27.333 21.733
1 13.139 —229.144 28.979 28.310 18.834 11.017 10.369
2 4.632 12.300 —232.070 20.109 17.433 12.049 11.464
3 2.173 8.001 13.390 —227.066 24.320 22573 21.612
4 1.073 4.695 10.239 21.451 —211.700 41.158 40.487
5 0.429 2611 6.728 18.928 39.127 ~190.615 62.686
6 0.416 2.998 7.810 22.110 46.960 76.484 —168.352

Table 2 shows the full 4 x 4 kinetic matrix of ALA5 in the hydrogen bond space.
The main characteristic of this matrix is the much faster rate of hydrogen bond break-
ing/unfolding (upper triangle) relative to forming/folding (lower triangle). This may be
explained by the very high population of the fully unfolded form of this peptide (94% for
i = 0). The second interesting feature is the fall of the transition rate with the hydrogen
bond difference between states: ANHB = j — i. Thus, the highest rate is kg; = 496 us~1,
describing transition NHB =1 — 0, i.e., the unfolding of the state with a single h-bond to
form the coil with NHB = 0. The unfolding processes NHB=2 — 0 and NHB=3 — 0
are also fast, with rates of about 300 us~!. This picture is in accord with our previous
study, where an important contribution of direct helix — coil transitions was found in
ALA5 dynamics [18]. For folding, the rate k3g = 3 us~! of the 0 — 3 transition is the
slowest, with rates increasing to k3; = 30 us~! for 1 — 3 and k3 = 90 us~! for 2 — 3.
Thus, generally, the fastest transitions are between NHB = i and i &= 1. Only for states
2 and 3, which have comparable populations (both ca. 1%), do we find similar folding and
unfolding rates: ko3 = 100 ps~! and k3» = 90 us~!. For comparison, the global unfolding
and folding rates for ALA5 are 390 and ca 26 us~! (see above).

Table 3 shows the full 7 x 7 kinetic matrix of ALAS in the hydrogen bond space. This
matrix exhibits somewhat different features than ALA5. Overall, there tend to be higher
rates for unfolding relative to folding and higher rates for smaller changes in the NHB
count. For ALAS, the fastest process is also NHB =1 — 0, with a rate of kg; = 198 us~1,
and NHB=2 — 0 and 3 — 0 are also among the fastest. However, the transitions among
the states with the highest h-bond count (i = 4-6, NHB = 4-6) occur at similar rates in
the forward and reverse directions, e.g., kes = 76 us~ ! and ksg = 63 us~!. This may be
explained by the similarity of their populations (all ca. 1.5%, see Figure 2). The full direct
unfolding of NHB = 6 — 0 is present, but with a much lower rate of kg = 22 us~1. The
slowest process is the full direct folding of NHB =0 — 6, with kgp = 0.4 us~—!, which is
not statistically different from zero, given the trajectory length. The global folding and
unfolding rates for ALAS are 69 and 7 us~1 (see above).

The kinetic matrices for ALA15 (14 x 14) and ALA21 (20 x 20) are shown in the
Supplementary Materials. These display some new features compared to ALAS. The
fastest rates are still for NHB = 1 — 0, with ki = 95 ps~! for ALA15 and 9 us~! for
ALAZ?1, as the fully unfolded state remains the most highly populated (53% for ALA15 and
17% for ALA21). However, the transition rates become more symmetric within the set of
more structured states (i > 4), with i — i £ k rates becoming comparable, as these states
exhibit comparable low populations. Corresponding to the dip in the populations in the
intermediate range (i = 4-6 for ALA15 and i = 3-10 for ALA21, see Figure 2), there is also a
decrease in transition rates between states.

Thus, there is an overall trend for the fastest process being the formation of the coil
state, i = 0, from states with a relatively small number of h-bonds (i = 1-2 for ALAS5,
i =1-9 for ALA21). The unfolding rates are faster than folding for the states close to the
coil, while the folding and unfolding transition speeds become comparable for states close
to the full helix. A general trend is that i — i = k rates become slower with an increasing
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difference in h-bond count k. This is in accord with our previous analysis of correlations
of individual h-bond fluctuations in helical peptides, where significant correlations were
found only for the 2-3 nearest neighbor hydrogen bonds [18]. Finally, all rates decrease
with peptide length.

3.2. Global Maximum Weight Paths

The global maximum weight path (GMWP) is an insightful way of analyzing discrete
kinetic networks [29]. Briefly, kinetic networks may be represented by directed graphs,
with edges assigned weights equal to the reactive flux passing between the two vertices
forming the edge. Any path between an initial state s and final state f may be assigned a
weight equal to the minimal edge weight along the path. This edge is called a bottleneck
or edge of minimum weight (EMW) along the path. The maximum weight path (MWP)
between s and f is then defined as the path with the highest weight of its EMW. Finally, the
global maximum weight path GMWP is introduced as a path in which each sub-path is also
an MWP. Here, we use the total transition counts as edge weights (see Section 2—Methods,
and Supplementary Materials).

The GMWPs for helix folding in the hydrogen bond space are presented in Figure 3.
For the smallest ALAS5 peptide, we find a direct folding GMWP from coil to full helix,
which may be denoted by 0 — 3 in the NHB space. This transition/edge is also the
bottleneck for ALA5 folding. For ALAS, the GMWP is 0 — 4 — 6, passing through
the intermediate with NHB = 4. Here, the bottleneck is 4 — 6. In the case of ALA15,
the GMWPis 0 -5 -6 -7 -8 - 9 — 10 — 11 — 12 — 13, i.e, the state
with NHB = 5 forms directly from the coil, followed by the sequential addition of further
hydrogen bonds, and the bottleneckis 0 — 5. The GMWP for ALA21 is the most complex,
following the pathof 0 —+ 9 — 10 — 13 — 14 — 16 — 17 — 18 — 19, with the
coil first forming the NHB = 9 intermediate, after which hydrogen bonds are added in
groups of one, two or three. In this case, the bottleneckis 0 — 9.

All paths represent monotonic increases in the number of hydrogen bonds. As ex-
pected, the path complexity increases with peptide length, with ALA5 folding directly,
ALAS exhibiting a single intermediate, and ALA15 and ALA21 passing through multiple
partly folded states. Except for the case of ALA5, the first intermediates on the GMWDPs
correspond to the state with about half of the hydrogen bonds formed: NHB = 4 for ALAS,
NHB =5 for ALA15, and NHB = 9 for ALA21.

AG KCAL/MOL

.

3 ! T ; ; T

‘

| |
)
& n
T T

AG KCALMOL
N
e

<@

1 2
HYDROGEN BOND COUNT

| . | . | 0 .
1 ! « P [3

HYDROGEN BOND COUZIiIT
(A) (B)

Figure 3. Cont.



Crystals 2024, 14, 532

8 of 17

AG KCAL/MOL

T . T T T T T T T T

" ]
\@_,@_%\@/@_’ N

AG KCAL/MOL

4 6 8 12
HYDROGEN BOND COUNT
© (D)
Figure 3. Global maximum weight paths (GMWPs), shown with arrows, overlaid on potentials of
mean force (PMFs), shown with circles. PMFs in hydrogen bond space are givenby G; = —RTIn %,

with R representing the gas constant, T = 300 K the temperature, p; the population of state i, and pjax
the population of the most stable state. Bottleneck edges are marked with asterisks “*’. (A) ALA5
GMWPis 0 — 3, same as bottleneck. (B) ALA8S GMWPis 0 — 4 — 6 and bottleneckis 4 — 6.
(C) ALAI5GMWPis0 -5 -6 -7 -8 -9 — 10 - 11 — 12 — 13 and bottleneck is
0 — 5.(D)ALA2IGMWPis 0 -+ 9 — 10 — 13 — 14 — 16 — 17 — 18 — 19 and bottle-
neckis 0 — 9.

3.3. Kinetic Models

To gain further insight into the hydrogen bond dynamics, we performed kinetic coarse-
graining with optimal dimensionality reduction (ODR [25]) for the four studied alanine
homopeptides. The starting points were the discretized MD trajectories in the hydrogen
bond count space (NHB), obtained as described in the Methods. Lower dimensional models
with N = 24 aggregate states were then generated with ODR. Details of the procedure and
results are in the Supplementary Materials. The assignment of helix and coil states is easy
with NHB discretization—the helix aggregate state is the one containing the microstate
with NHB = MAXHB, i.e., the maximum possible number of helical h-bonds, while the
coil aggregate state contains microstate NHB = 0. The relaxation times obtained from the
ODR models are in very good agreement with the times obtained with the full NHB kinetic
matrix (Table 1), typically differing by less than 10% in the two slowest relaxations (details
in Supplementary Materials).

Two-state models (N = 2). Summaries of the lowest levels of coarse-graining, found with
the two-state models, are given in Table 4 and Figure 4. These models are in good accord
with the results extracted directly from the MD trajectories (above and Supplementary
Materials). The rates agree quite well, while the free energies are within 0.1-0.4 kcal /mol.
Thus, most of our two-state models capture the system structure and dynamics main
features, with the additional insight of the partition of microstates into the helix and coil
aggregate sets. There are two noteworthy features of the aggregate sets: heterogeneity and
contiguity. The helix set covers the fully helical structure and neighboring partly folded
forms: 1-2 h-bonds for ALA5, 4-6 for ALAS, 6-13 for ALA15, and 7-19 for ALA21. The coil
set includes microstates with the lowest numbers of hydrogen bonds: 0-1, 0-3, 0-5, and
0-6 for ALA5, ALAS8, ALA15, and ALA21, respectively.
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Table 4. Time constants for folding are inverses of the reduced-dimension effective rate matrix R [27]

off-diagonal elements in ns. The folding free energy AG = G(helix) —

G(coil) is calculated from the

populations of the aggregate states (ODR) and compared to the corresponding microstate populations
obtained directly from trajectories (MD) at 300 K kcal/mol (details in Supplementary Materials).

System Ty, NS Tf, NS AG, ODR AG, MD
ALA5 2.4 115 2.3 2.1
ALAS8 13 280 1.8 1.6
ALAI15 150 290 0.6 0.7
ALA21 400 900 —0.5 —0.1
#s=2; [2,3]=h #s = 3; [4-6]=h
2.4 ns T=24ns 13 ns r=_13ns
- AG = 2.3 keal/mol | AG = 1.8 kcal /ol
#s=2; [0,1]=c / ' |45 = 4; [0-3]=c
T =115ns 115 ns 7=280ns
AG =10 |a6=0 | 280 ns
A. ALAS N=2 B. ALAS N=2
#s=8; [6-13]=h #s=7; [0-6]=¢c
150 T =150ns T=400ns
= AG = 0.6 keal fmol :00)’ AG = 0.5 keal /mol
#s =6; [0-5]=c : #s=13; [7-19]=h '
T=290ns T =900ns
P 290 ns Az 900 ns
C.ALA15 N=2 D. ALA21 N=2

Figure 4. Optimal dimensionality reduction (ODR) coarse-grained kinetic models of dimension N =2
for the ALAn peptides. (A) ALA5 model based on discretization with lag time 7; = 1.6 ns. (B) ALAS
model with 7; = 4.0 ns. (C) ALA15 model with 7; = 8.0 ns. (D) ALA21 model with 7; = 60 ns.

Properties of coarse-grained models of the four peptides with N = 3—4 aggregate states
are shown in Figures 5-8 and described below.

gie fis=1; [3]=h
o — | =208 T=2.0ns
#s=2; {2 A | acs27 keal fmol
T=20ns - - ¢ |
AG = 1.8 keal /mol 22:ns

\M ns
2.2ns

#s=1; [0]=c
T=139ns
AG=0

V
350 ns

(A)

#s=1; [3]=h
T=20ns
AG = 2.7 keal/mol

9ns IBB ns
340 ns

#s=1; [1]=i1

#s=1; [2]=i2
7=18ns
AG = 2.7 kcal/mol

#s = 1; [0]=c 2} T=18ns
T=1739ns AG = 1.9 kcal /mol
AG =

(B)

Figure 5. Optimal dimensionality reduction (ODR) coarse-grained kinetic models for ALA5 with lag
time 77 = 1.6 ns. (A) N = 3 aggregate states. (B) N = 4 aggregate states.



Crystals 2024, 14, 532

10 of 17

#is=2; [5,6]=h
i =9.7ns
#s=13; [2-4]=i 13 ns T
7=>53ns ‘;' AG = 2.0 keal/mol |

AG = 1.7 keal /mol

‘\115 ns
7 ns

#s=2; [0,1]=c

7 =106ns
AG=10

23ns

42 ns
1300 ns

(A)

7=>50ns

16y
Aﬂns

#s=3; [1-3]=i1

AG = 1.3 kcal /mol

'\51ns
6ns

AG = 2.7 kcal/mol

24 ns
#s=2; [5,6]=h

T=93ns
AG = 2.0 kcal /mol

52 ns
#s=1; [0]=c 1500 ns
T =47 ns
AG=0

(B)

Figure 6. Optimal dimensionality reduction (ODR) coarse-grained kinetic models for ALA8 with lag

time 77 = 4.0 ns. (A) N = 3 aggregate states. (B) N = 4 aggregate states.

#is=6; [4-9]=i
T=24ns
AG = 0.7 kcal/mol

\1?0 ns
50 ns

47 ns

#s=4; [10-13)=h
T=>52ns

#s = 4; [0-3)=c

7=194ns
AG=0

(A)

AG = 1.1 kcal/mol

#s=13; [11-13)=h
7=28ns

48 ns
AG = 1.3 kcal fmol
28 ns
#s=4; [3-6]=i1 ,‘EA #s = 4; [7-10)=i2
T=14ns ﬁ T=27ns
AG = 1.1 kecal/mol 42ns AG = 0.8 kcal /mol
wl ns
21 ns 420 ns

fs=3; [0-2)=c 1400 ns

=113 ns

AG =0

(B)

Figure 7. Optimal dimensionality reduction (ODR) coarse-grained kinetic models for ALA15 with

lag time 77 = 8.0 ns. (A) N = 3 aggregate states. (B) N = 4 aggregate states.

. 300 ns
#s=9; [5-13]=i
T=130ns
AG = 0.03 kcal/mol 416 ns

NDD ns
1390 ns

#s=6; [14-19]=h
T=210ns
AG=0

(A)

#5=5; [0-4]=c
T=7310ns
AG = 0.24 kcal /mol

s =5; [10-14]=i1
r =103 ns
AG = 0.1 keal/mol

QU ns
160 ns

T =161 ns
AG =10

#5=5; [15-19)=h

[#s=7; [3-9]=i2
213 ns T=91ns 260 ns
AW | 26 = 03 keal/mol § #s=3, [02]=c
307 ns T=235ns
220ms | AG = 0.2 kealfmol
570 ns
960 ns
(B)

Figure 8. Optimal dimensionality reduction (ODR) coarse-grained kinetic models for ALA21 with
lag time 77 = 60.0 ns. (A) N = 3 aggregate states. (B) N = 4 aggregate states.

ALAS. Here, the unfolded or coil state is the most highly populated, and the helix
is a minor conformer (3%). In the N = 3 state model (Figure 5A), the helix and coil are
represented as single microstates; NHB = 0 for the coil and NHB = 3 for the helix, while
the intermediate state has 1-2 h-bonds. In the N = 4 state model (Figure 5B), which
for ALA5 describes the full kinetics, there are two intermediate states, with 1 and 2 h-
bonds, respectively. The intermediates have lifetimes of ca. 2 ns and AG of 2-3 kcal/mol,
comparable to the helix. The unfolding rates are significantly faster than the folding rates.
All states are connected by transitions. The direct folding/unfolding path from coil to helix
is present at all levels of detail (N = 2—4).
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ALAS8. Here, the helix is also a minor conformer (7%). In the N = 3 model (Figure 6A),
the helix is represented by microstates with NHB = 5, 6, the coil with NHB =0, 1, and the
intermediate by NHB = 2—4. In the N = 4 case (Figure 6B), the coil involves only NHB =0,
while the two intermediates contain NHB = 1-3 and NHB = 4. The helix aggregate state
is thus heterogenous. The intermediates have lifetimes of ca. 5 ns, shorter than the helix
(9-10 ns) or coil (50-100 ns). The intermediate free energies are about 1-2 kcal/mol above
the coil. The unfolding rates are faster than the folding rates. All states are connected by
transitions and a direct folding/unfolding path from coil to helix is possible, but with a
low flux.

ALA15. The population of the helix is quite high for this peptide (25% helix fraction).
In the N = 3 model (Figure 7A), the helix involves microstates with NHB = 10-13, the coil
NHB = 0-3, and the intermediate NHB = 4-9. There emerges a simple consecutive folding
pathway from the coil through the intermediate and then to the helix. For the N = 4 model
(Figure 7B), the helix corresponds to NHB = 11-13 and the coil to NHB = 0-2. A consecutive
pathway emerges from the coil to i1 (NHB = 3-6), then to i2 (NHB = 7-9) to the helix. Only
in the initial states, coil to i1, is folding significantly faster than unfolding. The intermediate
lifetimes are 14-27 ns, comparable to the helix, and their free energies are ca. 1 kcal/mol
above the coil.

ALAZ?1. For this longer peptide, the helix is the major conformer, with 53% helix
fraction. For the N = 3 model (Figure 8A), the helix consists of microstates NHB = 14-19, the
coil of NHB = 04, and the intermediate of NHB = 5-13. A consecutive folding path from
the coil through the intermediate to the helix can be seen. In the N = 4 model (Figure 8B),
the helix has NHB = 15-19, the coil NHB = 0-2, the intermediate i1 NHB = 10-14, and i2
NHB = 3-9. Here, a consecutive folding path is also found from the coil through i1, then to
i2, and finally to the helix. The intermediate lifetimes are about 100 ns, somewhat shorter
than the helix or coil (200-300 ns). The free energies of the intermediate states are about
0.1-0.3 kcal/mol above the helix.

3.4. Helix Folding Pathways from GMWPs and ODR

Both the GMWPs (Figure 3) and ODR modeling (Figures 4-8) showed progressive
increases in hydrogen bond formation along the folding paths, with similar but somewhat
differing patterns. The GMWP of ALAS5, based on reactive flux, represents the single-step
direct folding of 0 — 3 as the main reaction path, while the ODR models, based on the
reaction rates, show several possible paths in ALA5, with some preference for passing
through intermediates and no resolved transition state. For ALA8, the GMWP has two
stages, 0 — 4 — 6, and the bottleneck is the later stage, i.e., the 4 — 6 transition. In
the kinetic models, the peptide forms through intermediates, including the NHB = 4 state
involved in the bottleneck. For N = 4, the NHB = 4 state has a committor value of q = 0.52.
Thus, this is essentially a transition state for folding, as q = 0.5 is expected at the transition
state [36,37]. In the case of ALA15, the GMWP bottleneck is 0 — 5, followed by the
consecutive addition of further hydrogen bonds. The ODR models indicate folding through
intermediates with a range of formed h-bonds close to NHB = 5. TPT analysis indicates that
the aggregate state with NHB = 6-7, found in the N = 5 state model (data in Supplementary
Materials), is close to the transition state, with q = 0.53. In ALA21, the GMWP bottleneck
is 0 — 9, followed by addition of small batches of hydrogen bonds. The ODR models
indicate folding through a range of intermediates with about one half of the possible
hydrogen bonds formed. The microstate close to a transition state is NHB = 3-8 (N = 3),
with q = 0.504. Thus, while details differ, there is good qualitative agreement between the
ODR model transition state and the GMWP bottleneck predictions. As has been discussed,
kinetic paths based on reactive flux are considered more reliable than those based on
rates [29].
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3.5. Structures of the Intermediates: Hydrogen Bond Patterns

In general, a peptide with a total of n possible hydrogen bonds can have a total of
2" states corresponding to individual formed /broken bonds, and a state with k hydrogen
bonds formed out of #n possible includes n!/ [k!(n — k)!] different hydrogen bond patterns.
The sampled patterns are described in more detail in the Supplementary Materials, and
some examples are shown in Tables 5 and 6. The patterns are encoded as ordered strings of
0/1 values, with 1 denoting a formed and 0 a broken hydrogen bond at a given position. The
main feature of the most highly populated patterns in the ALAn peptides is the prevalence
of contiguous helix segments formed at the N- and C-terminal. Thus, for ALAS5, ‘001’ and
‘100" have higher populations than ‘010, while ‘011" and ‘110" are more populated than ‘101’
For a high enough NHB value, single helices at the N- and C-terminal are strongly favored:
at NHB > 3 for ALA8, NHB > 7 for ALA15, and NHB > 9 for ALA21 (Tables 5 and 6 and
Supplementary Materials).

Table 5. Populations of all sampled hydrogen bond patterns for ALAS5. Patterns given as character
strings with ‘0’ for broken and ‘1’ for formed helical hydrogen bonds. Thus, ‘110’ denotes a state with
formed h-bonds at positions 1 and 2, and a broken h-bond at 3. Populations are given as fractions of
total time spent in a given state. More details in Supplementary Materials.

Pattern Population NHB
000 0.942420 0
001 0.016703 1
100 0.013279 1
010 0.006606 1
o1 0.005473 2
110 0.004386 2
101 0.000817 2
111 0.010310 3

Table 6. Populations of selected sampled hydrogen bond patterns for ALA15. Data as described in
Table 5. Details in Supplementary Materials. Data sorted by population for each NHB value.

Pattern Population NHB
0000000000000 0.536536 0
1000000000000 0.008691 1
0000000000001 0.007928 1
0010000000000 0.005570 1
0000000000011 0.004487 2
1100000000000 0.003571 2
0011000000000 0.003231 2
0000000001111 0.003435 4
1111000000000 0.003422 4
0000011110000 0.002355 4
0000111100000 0.001822 4
1111100000000 0.004142 5
0000111110000 0.003308 5
0000000011111 0.002979 5
0001111100000 0.002564 5
0000000111111 0.004510 6
0000111111000 0.003970 6
0000011111100 0.003725 6
1111110000000 0.003509 6
0000001111111 0.007504 7
1111111000000 0.007049 7
0000111111100 0.004537 7
0001111111000 0.003502 7
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Pattern Population NHB
0000011111111 0.008405 8
1111111100000 0.007298 8
0011111111000 0.004902 8
1111111111111 0.044636 13

It is interesting to look at the hydrogen bond patterns of the important folding inter-
mediates found in the analysis above. In ALAS, the most populated intermediates with
NHB = 4 are ‘111100’ and ‘001111’, followed by ‘011110’. For ALA15 and NHB = 5, the
top patterns are “1111100000000’, “0000111110000’, and “0000000011111’. Analogously, in
the case of ALA21 and NHB =9, the most populated patterns are “0000000000111111111’,
“1111111110000000000’, and “0000000011111111100’.

Folding intermediates identified previously in kinetic models based on 3D structural
clustering also included partly formed N- and C-terminal helices, as well as other forms
such as structured turns and compact coils [18]. Thus, there is an overlap between the fold-
ing intermediates found in both approaches, but differences in the details are also present.

3.6. Self-Diffusion Constants and Friction Coefficients Associated with Helix Propagation

The rate constants and populations obtained for the hydrogen bonding microstates
were used to define a diffusion model based on the Smoluchowski equation [31]. The
results are presented in Figure 9 and in the Supplementary Materials. The average dif-
fusion coefficients D were 1866 + 330, 703 4139, 414 £ 78 and 58.1 £ 12.3 x 10~ ®m?s ™!
for the four peptides, ALA5, ALA8, ALA15, and ALA21, respectively. There is a clear
trend of slowing diffusion with peptide length. This may be rationalized by the decreas-
ing helix propagation rates k;,;; with peptide length (see above). Due to the Einstein
relationship [32], friction coefficients follow the opposite trend, with average f values of
2.3540.47, 6.65 + 1.77, 12.07 4-3.84 and 83.7 +-31.8 x 10~ kgs~! for the four peptides,
respectively. As shown in the Supplementary Materials, there is some variation in D; 1 /»
and f; 1/, with helix content i—diffusion tends to be fastest at the start and end of the
folding process, and slowest at the early intermediate stages, with friction exhibiting the
inverse trend. Again, this may mostly be explained by the pattern of rate constants.

g
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Figure 9. Average diffusion and friction coefficients of helix propagation for the four simulated
alanine peptides. Diffusion coefficients are calculated using the method of Bicout and Szabo [31] and
friction coefficients are calculated through Einstein relation [32]. Estimated peptide length change
upon helix propagation is d = 0.15 nm (see Supplementary Materials).

It must be noted that the results of D and f are crucially dependent on the value of
the parameter d for peptide elongation due to helix propagation. In the Supplementary
Materials, we present an expanded discussion and comparison of several strategies for
obtaining this parameter, which lead to d being estimated between 0.05 and 0.34 nm [35].
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Here, we employ an intermediate value of 4 = 0.15 nm, which is also consistent with our
earlier works. Then, the results obtained here are not only qualitatively, but also quantita-
tively similar to previously obtained estimates of helical friction coefficients in water and
not so far off the corresponding internal friction obtained in the limit of vanishing viscosity.
Namely, the averaged values of f in water from Ref. [31] were as follows: 1.76 +-0.12,
4.72 £ 0.07, 23.3 + 8.4 and 47.0 £ 9.2 x 1077 kgs~! for the four peptides ALA5, ALAS,
ALA15, and ALAZ21, respectively. It must be mentioned, however, that herein these results
are obtained from the diffusion models based on the Smoluchowski equation, while in the
other works [35] they were obtained from overall folding/unfolding reaction rate constants.
The agreement is striking and shows indeed that such theoretically calculated friction
coefficients serve as good discriminatory parameters between helical peptides. Their actual
values, however, have yet to be experimentally measured.

3.7. Comparison with Experiment

A detailed comparison between alanine-based peptide simulations and experimental
data has been presented previously [18]. Here, we reiterate the main findings, focusing on
hydrogen-bond-based behavior and including data from the additional ALAZ21 trajectories.
Briefly, the hydrogen-bond-based helix content at room temperature for ALA5 was lower
(~3% vs. 20-46%) and that for ALA21 (53% vs. 60%), and was in excellent agreement
with the observed values for peptides of a similar size. The global relaxation times were
comparable for ALA5 (~2 ns with MD vs. ~10 ns observed) and in excellent agreement
for ALA21 (340 with MD vs. 300 ns observed). Faster relaxation components were also
in reasonable agreement: ~1.6 vs. ~1 ns for pentapeptides [34] and 10-87 vs. ~20 ns in a
21-residue system [25,38]. A helix propagation rate of ~50 ns measured for a 20-residue
alanine-based peptide [7] agrees quite well with our faster ALA21 component. Further,
temperature-jump experiments with isotopically edited peptides have shown that the
central region of a helix tends to be more stable, with higher melting temperatures and
slower relaxations than the termini [8-10]. This is in accord with our pattern analysis in
Section 3.5, although our results indicate that this might be a result of the overlap of nascent
helices forming independently at the N- and C-terminal.

Overall, comparing direct molecular dynamics data, 3D structural clustering models,
and experiments, it appears that the simple one-dimensional kinetic analysis of hydrogen
bond space is able to realistically represent the helix folding landscape in a low-resolution
way. Structural coarse-graining and a focus on the slowest time scale leads to the loss of
some details, but the main features of structure and dynamics are reproduced.

4. Conclusions

In this work, we present an approach to a description of alpha-helix folding using
hydrogen bonding analysis. Based on multi-microsecond atomistic MD trajectories of
model alanine-based peptides ALA5, ALAS, ALA15, and ALA21 at room temperature,
we find that a simple picture of helix formation appears at sufficiently long time scales
when viewed in terms of the natural variable of the number of formed helical hydrogen
bonds (NHBs).

Following native contacts has been found to be a good reaction coordinate for protein
folding [2], as well as the basis of successful protein folding models [39-42] and experimen-
tal analyses of folding [43]. However, there are several problems with using this coordinate
for a-helices. At short time scales of 100 ps to 10 ns, depending on peptide length, helix
hydrogen bonds undergo fast formation/breaking fluctuations [18] and folding is non-
monotonic in the hydrogen bond count variable [38]. Further, states for which only the
hydrogen bond count is specified are highly heterogenous. A peptide with k out of n possi-
ble hydrogen bonds formed exhibits n!/ [k!(n — k)!] sub-states. As shown in our analysis,
the picture of helix folding along the hydrogen bonding coordinate becomes significantly
simplified when analyzed at time scales long enough to average out the fast fluctuations.
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Kinetic matrices in hydrogen bond space indicate that the fastest processes involve
the unfolding of the last hydrogen bond and that transitions with small changes in NHBs
are dominant. To further characterize the folding pathways, we calculated global maxi-
mum weight paths (GMWPs), performed optimal dimensionality reduction (ODR) coarse-
graining, and identified transition states. GMWPs indicate a direct folding mechanism
for the smallest peptide, ALA5. In the case of ALAS, able to form six helical hydrogen
bonds, the folding bottleneck is the 4 — 6 transition, corresponding to the formation of
the full helix from an NHB = 4 intermediate. For the longer peptides, the bottlenecks are
the 0 — 5 transition for ALA15and 0 — 9 for ALA21, involving forming intermediates
with about half the possible hydrogen bonds present from the coil state. These are followed
by the consecutive addition of small batches of hydrogen bonds till the full helix is reached.

An additional level of coarse-graining is applied through optimal dimensionality
reduction, generating even more simplified kinetic models of the folding process. These
models reflect the main features from the previous structural clustering analysis [18]
and also provide new structural insights. Here, direct folding is also detected for ALAS5,
and important intermediates are identified with 4 hydrogen bonds for ALAS, 6-7 for
ALA15, and 3-9 for ALA21. As in previous studies, the helix, coil, and intermediate states
exhibit heterogeneity, mostly consisting of multiple basic microstates. A deeper look at
sampled structures allows the decomposition of states with a defined total number of
hydrogen bonds into separate individual patterns, showing the preferred helix formation
at the termini.

Finally, we map the hydrogen kinetics on a diffusion model to provide alternative
estimates of conformational diffusion rates and the internal friction of helical peptides,
yielding results comparable to previous nanomechanical calculations.

Due to the nature of the coarse-graining procedure, our models mostly represent only
the 2-3 slowest modes of motion in the studied peptides. Faster time scales represent the
formation of individual hydrogen bonds for shorter systems and folding intermediates for
longer ones. These times are also comparable to the faster time constants found directly
in molecular dynamics trajectories and previous structure-based kinetic models involving
much larger numbers of microstates.

Our findings on helix content, folding times, and helix propagation time scales agree
with the available experimental data. The inclusion of more trajectories for the largest
ALAZ21 system led to the improved agreement of models with observations, indicating the
excellent performance of the CHARMMS36m protein force field with TIP3P water [21].

Our investigation presents an alternative picture of helix folding using the natural
coordinate of hydrogen bonding. This presents a different, complementary view of the
microscopic details of this crucial biological process. The observed features—folding paths,
intermediates, heterogenous ‘helix” states, and timescales—were similar to those found in
previous models. New insights involved the identification of GMWPs and bottlenecks, and
the observation of folding initiation at both peptide termini. Finally, we provide a mapping
of hydrogen bond kinetics on helix diffusion. These discoveries show that helix folding
remains an interesting object of scientific inquiry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ cryst14060532/s1, Additional details about the simulations and
their analysis are provided in the Supplementary Materials.
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