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Helix Unfolding and Intramolecular Hydrogen Bond Dynamics in Small a-Helices in
Explicit Solvent
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The dynamics of folding and unfolding of secondary structural motifs found in proteins is crucial to
understanding the protein folding problem. In this paper we study the short-time dynamics of loop unfolding
and hydrogen bond formation and breaking in the alanine pentapeptide at room temperature, using several
constant-energy molecular dynamics simulations of about 4 ns of duration. We analyze the results in terms
of time histories of “core’a-carbon dihedral angles. We also perform a principal component analysis of the
data. We find that the time scale for a considerable deformation of the dihedral angles formedumatbens

is on the order of 1 ns whereas hydrogen bonds seem to break and form on a shorter time scale.

1. Introduction that the time history of these two torsional angles conveys most

) o . of the important dynamical features of the system.
The thermodynamics of the helixcoil transition in polypep-

tide; has been extensively studied in the pagt using simplez_ Methods

statistical models such as those developed by Lifson and'Roig

and Zimm and Braggbut the folding dynamics itself has only In this study constant-energy molecular dynamics (MD)
been experimentally and theoreticd!y probed during the past ~ simulations of the peptide AeAlas—NHMe (Alas) using the

few years. Several ultrafast techniques have been used to studprogram SIM developed in the Berne gréUpere performed.
helix to coil dynamics. In some, the rate process is first initiated The system simulated contained one peptide molecule and 470
by a temperature junip*4 and the subsequent folding or SPC water molecules in a cubic box with periodic boundary
unfolding is studied by monitoring transient IR absorption, v conditions. We used the partietparticle particle-mesh Ewald
Raman or the fluorescence of a chromophore. A different (P3ME) methoéf*9to treat the long-range electrostatic interac-
technique is to initiate the transition with a pH jump, and tions. The reference system propagator algorithm (r-Respa) with
monitor the time-dependent circular dicroidThe results from  two nested Trotter level$2°2twas employed to minimize the
these different experiments seem to be contradictory. For number of force evaluations computed for slower degrees of
example, the time-dependent CD experim&ive a slow helix freedom. The force field employed was the all-atom OPLS-

nucleation rate of 1578, whereas temperature-jump experi- AA potential of Jorgensen et &.A time step of 2 fs was used
ment&1° give a rate between I1Gnd 16 s ! for peptides of for the slow degrees of freedom and 0.5 fs for the fast ones.

similar size and amino acid sequence. To emulate the conditions of tiiejump experiment, in which

Recent constant-temperature molecular dynamics simulations? short nanosecond _near-mfrareo_l pump pL_lIse InCreases _the
of an alanine pentapeptide appear to indicate that helix temperature of the region surrounding the helix, we started with

nucleation occurs rapidly, on a time scale of 0.1 ns. This estimateAla5 In-an q-hg “(j;f"“ cczmormatltp dn and p;ﬁrforlmed ta dgf':\st-phatl)se
is based on the analysis of the time dependence of the root-ePergeT'?ﬁgt'Zﬁ;gn'beeﬁ perg I'oe gase e?‘[;r:ztegde a;ns?og }gx
mean-square distance from a reference structure computed fro V;\;Ia ing water molecu[I)esV\l/v:reyren?gl/:a d and the s ste'm
principal component analysis (PCAY.0 better understand the was epSiIil?rated for an additional 100 ps é\t 300 K uysin
above disagreements, we performed a molecular dynamics study q P 9
. . . “constant-temperature and pressure Anderstwover molecular
of the short-time dynamics of loop and hydrogen bond formation . . g .
A - S - dynamics. In general, 100 ps is a sufficiently long time to
and breaking in the alanine pentapeptide in explicit solvent at - . . -
. : equilibrate a box of water molecules in an MD simulation;
room temperature. We focused on the formation and disappear- e .
. e . however, it is still much shorter than the duration of the short-
ance of a helical cot€ by monitoring two dihedral angles of . frared | is theref bl h
backbonex-carbon atoms, and we monitored the formation and . & oo PUMP PUISE. I s therefore reasonable to assume that
disappearance of the ir;tramolecular hvdrooen bond in thethe configuration after this relatively short equilibrium represents
entgpe tide. Our analvsis shows that )(/:oregmelt'n is m Chthe state of the system immediately after the pulse. Our
P peptide. Du YS! W Ing 1S mu production runs consisted of four independent constant-energy
slower than 0.1 ns whereas hydrogen bond breaking and

¢ i i I th der of 100 W MD simulations, each of them 4 ns long; they are presumed to
ormation occurs on a ime scale on the order o PS. Y€ yeflect the short-time behavior of the system after the external
find that even when the core is intact the intramolecular

hydrogen bond can be made or broken many times. We alsoperturbatmn.
perform a PCA analysis of our simulations and find that the
free-energy landscape as a function of the first two principal
components closely resembles that computed from backbone The Ala peptide studied is capable of forming one and a
a-carbon torsional angles. It is therefore reasonable to assumehalf loops when in a complete-helical conformation. To study
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3. Results
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Figure 1. Snapshot of a configuration of the peptide studied showing
thea-carbons involved in the dihedral anglg closest to the N terminus
(a). Snapshot of a configuration of the peptide studied showing the
o-carbons involved in the dihedral angle closest to the C terminus (b).
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Figure 2. Free energy computed combining our four MD trajectories
as a function of the twat-carbon torsional anglgspn,¢c}. On theX
axis is the torsional angl¢y closest to the N terminus; on théaxis
is the torsion angléc closest to the C terminus. The lower left basin
corresponds to the ciscis configuration, the upper right basin to the
trans-trans configuration, and the upper left and lower right to the
cis—trans and transcis configurations, respectively.

barrier heights. Improved statistics can be generated using the
replica exchange method as described in ref 23 and references
therein. In any case, we observe a barrier of about 1 or 2 kcal/
mol to cross from ciscis to trans-trans in the space of these
reaction coordinates. The sizes of these barriers seem to be
consistent with the PCA analysis presented later in this paper
and with experimental results from refs-81 and 14.

Inspection of the free energy surface in Figure 2 is also helpful
when trying to analyze the time history of the dihedratarbon
angles. In most cases, during the course of our simulations, we

the backbone dynamics, we monitor two dihedral angles, one observe that the system passes through thet@ss or trans

closest to the N terminugjy, and the other closest to the C
terminus¢gc where each of them is defined by four contiguous

cis configurations, shown as shallower minima in Figure 2,
before unfolding into the trangrans extended state. This can

backbonex-carbon atoms. We regard these dihedral angles asbe established by inspecting Figure 3a, where during the first
order parameters or reaction coordinates for the formation and1.4 ns of constant-energy MD, the system exists in the ds
destruction of the “helical core.” These dihedral angles between conformation; immediately after this, the system can be found
corea-carbons are shown in Figure 1a,b, respectively. In terms for 0.6 ns in the cistrans conformation before finally unfolding

of these two angles the system can be found in either of the to the totally stretched trargrans unfolded state. In Figure 3d,

following configurations: cis-cis, cis-trans, transcis, or
trans-trans. The ciscis configuration corresponds to a com-
pletely folded structure, whereas trarigans corresponds to the
completely extended or unfolded structure,—ti®ns corre-
sponds to an unfolded C terminascarbon dihedral angle, and
trans—cis corresponds to an unfolded N terminus angle.
Figure 2 displays a contour plot of the free energy at 300 K

computed as-kgT log(P(¢n,¢c)), whereP(¢n,¢c) is the joint
distribution function of the dihedral angles axgds Boltzmann’s

however, it is the transcis configuration that is visited for about

0.5 ns as an intermediary between the-@is and transtrans
states. Figure 3c is somehow different in that both intermediate
conformers, the cistrans and the transcis, are visited inter-
mitently, before finally unfolding into the trardrans config-
uration at about 3.2 ns. We observe from these time histories
of the torsionakt-carbon angles that some transitions are sharp
(they happen in 50 ps), whereas some others are slow and take
200 ps or more to occur. Note that these transient periods

constant. This free energy surface is based on the combinedbetween conformers are long, even longer perhaps, than the helix

data from all of our constant-energy MD trajectories and
corresponds to a total time of about 16 ns. Four basins
corresponding to the aforementioned-eaiss, cis-trans, trans

cis, and transtrans configurations can be distinguished. The
size of the basin corresponding to traiteans configurations

is larger, although the ciscis basin is slightly deeper. As will

or coil lifetimes reported in ref 3.

To understand the relationship between Thgimp experi-
ments and the CD measurements, one should address the
fundamental question of whether the hydrogen bond holds the
loop together or if a stable loop structure can exist without the
formation of this intramolecular hydrogen bond. Clearly, the

be made clearer in the next paragraph, the lifetime of these transient infrared probe used in tligump experiments!®can
folded and unfolded states is on the order of nanoseconds;discriminate between the presence or absence of the intra-
therefore, 16 ns might not be enough run time to achieve an molecular hydrogen bond, whereas CD measurerfesense

exact statistical description of the basin’s relative depths or

the presence or absence of the helical core.
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Figure 3. Time evolution of the two torsional-carbon angles for each of the constant-energy MD trajectories: (red) theganglesest to the
N terminus; (green) the angg: closest to the C terminus.

Following Kabsch and Sandé&twe monitor the formation
and destruction ofi{i + 4) intramolecular hydrogen bonds by
computing the function

€ = 0,q,[1/r(ON) + 1/r(CH) — 1/r(OH) — L (CN)Jf (1)

€ is an order parameter used to define the intramolecular H bond
and does not correspond to any term in the force field used to
generate the molecular dynamics. Hgye= 0.42 andg, = 0.2
are in units of the electron charggAB) is the interatomic
distances from A to B in Af = 332 is a dimensional factor,
ande is in kcal/mol. € is sensitive to the NH—O angle and
N—O distance. Values ok smaller than—0.5 kcal/mol
correspond to angles below 6®&hen the N-O distance is 2.5
A, or to distances below 5.2 A for the perfect B—H—0O
alignment. An ideal intramolecular hydrogen bond has arON
distance of approximately 2.9 A, an-NH—0O angle of 0; and
an energy of-3.0 kcal/mol. The intramolecular H bond is said
to exist whene < —0.5 kcal/mol.

Three {, i + 4) intramolecular hydrogen bond pairs are
consistent with am-helix in the pentapeptide studied here.
These hydrogen bonds are depicted in Figure 4. A typical time

g!stolry ?jf.thg. eVOIUSt'O_Ir_]hOff.thf hyq[r:)gent_bon_d t];"nCtlljon IS showing the three {+4) hydrogen bonds, including the one closest to
ISplayed in Figure 5. 1he Tirst point 10 notice 1S the absence ,q N terminus (red), the one closest to the C terminus (blue), and the

of hydrogen bonding after 1.5 ns. This correlates with the gne halfway between the two termini (green).

begining of the unfolding process. It is obvious from this picture

that no intramoleculari(i + 4) hydrogen bonds are observed fluctuations around their equilibrium structure than when all
in an unfolded helix. It is important to notice, however, that hydrogen bonds are formed, they still correspond to helical
the absence of hydrogen bonding is not necessarily a sign ofconfigurations. The system in fact remains a helix until about
unfolding. If we concentrate on the period from 0 to 250 ps in 1.5 ns. Some of these nonintramolecularly hydrogen bonded
Figure 5 we clearly observe that two of the three hydrogen bonds periods correspond to fast exchanges of intra- and intermolecular
are broken. If we look at the same period of time in Figure 3a hydrogen bond acceptors. Proof of this is given by the radial
we find that although the torsional angles seem to have largerdistribution functions in Figure 6 between the hydrogen atom

Figure 4. Snapshot of the gas-phase energy-minimized peptide studied
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Figure 5. Time evolution of all possibleif+4) intramolecular
hydrogen bond functions from trajectory one. In red is the hydrogen
bond closest to the N terminus depicted in Figure 4, in green is the 0 1
central hydrogen bond, and in blue is the hydrogen bond closest to the PCA-1

C terminus. Figure 7. Free energy computed from PCA analysis using projections
into the first and second principal component eigenvectors a¥Xthe
andY axes, respectively.
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and other temperatures and analyzing the root-mean-square
distance from a PCA structure allowed some investigéatiars
report that helix melting and formation occurs rapidly on a time
scale of 0.1 ns. We believe that this difference can be explained
by their criterion for unfolding. Their definition of melting is
based on whether an aligned structure deviates by more than
0.6 A from an average reference structure. If one looks carefully
at their reported data, no stretched configurations (tramr@ms)
occur at 300 K even for times as long as 8 ns. Even more
intriguing is the fact that stretched configurations do not occur
even at higher temperatures. Thus their criterion for an unfolded
i structure does not correspond to a tratrans structure and
0 —5 " 3 ) 10 12 rather than the time for unfolding being 0.1 ns as claimed, it is
RIA] much longer than the 1 ns we find for the OPLSAA potential.
Figure 6. Water oxygen radial distribution function centered on the The fact that their dynamics is at constant temperature and ours
central amide hydrogen shown in Figure 4. The solid line corresponds is at constant energy could also influence the results, but we
to an intramolecularly hydrogen bonded period of about 200 ps, and pelieve that the main reason is the force field. The AMBER
the dashed "I”e. Co"e$p°r|'ds to the same dur:‘gtt:onhof time b”tlspa'?s thgorce field appears to stabilize thehelix. This raises again
ﬂme interval immediately previous in which the intramolecular the fundamental question of how force fields are engineered
ydrogen bond was absent. . - . .
and whether polarizability needs to be included in the param-
making the second intramolecular hydrogen bond (green) in etrization.
Figure 4 and the solvent’'s oxygen. Figure 6 plgfs) for the For the principal component analysis of the data collected
period in which no intramolecular hydrogen bond is present, from the four trajectories, we proceeded in the following
and the period inmediately after in which the internal hydrogen fashion: only backbone heavy atoms were considered; that is,
bond is re-formed. It is clear from the plot that the peak at hydrogen atoms and methyl groups were left out of the
arourd 2 A occurs during the period when there is no calculation. We took conformations every 0.2 ps, making a total
intramolecular H bond whereas it is absent in the period during of about 90 000 snapshots of the peptide. Each of these
which there is an intramolecular H bond. This behavior is configurations was aligned to the energy-minimizetelical
exactly what one would expect when there is a switch to initial structure, with minimal RMSD using the algorithm in
intermolecular hydrogen bonding to a water molecule. We ref 25.
conclude that there are sharp transitions between intramolecular Once the alignment procedure is acomplished, we build and
hydrogen bonding and intermolecular hydrogen bonding. Al- diagonalize the covariance matrix, obtaining eigenvalues and
though these events might be correlated with small changes ofeigenvectors. There seems to be a most important eigenvalue
the core angles, they do not seem to alter the stability of the that is about 10 times larger than any other. Other eigenvalues,
backbone appreciably. This can be established by observing thaexcept from the second and third perhaps, are much smaller,
dihedral angle values consistent with the existence of an being only about 1% or less of the first one. In Figure 7 we
a-helical core exist even during periods where the intramolecular show the calculated free energy at 300 K resulting from the
hydrogen bond is absent. projection of all structures into the first two principal component
Monitoring the a-carbon dihedral angles shows that the axis. As one can establish from examining Figure 7, the two
helix—coil transition in alanine pentapeptide occurs on a time deepest minima lie at oposite ends of the first principal
scale on the order of 1 ns. Studying the constant-temperaturecomponent axis. The cigis conformers are on the left, and
dynamics of this system with the AMBER force field at 300 K the trans-trans conformers are on the right. The other conform-

o
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ers, cis-trans and transcis appear as shallower minima, on trans conformation occurs even at higher temperatures. The
the upper center and center of the graph. To visualize the unfolding time scale for AMBER is thus not 0.1 ns, as reported,
multidimensional direction of the most important PCA com- but much longer than the 1 ns that we observed for the OPLSAA
ponent, we perform small displacements on the gas-phasesystem. It appears that the AMBER force field predicts much
energy-minimized structure along this first PCA eigenvector. more stable and long-lived-helices than OPLSAA. Given the
We observe that this corresponds to a “screw-like” unfolding large differences predicted by different force fields, it is essential
motion of the molecule. that more work be done comparing force fields with each other

The resemblance of the PCA free-energy landscape with theand with experiment. This raises again the fundamental question
one computed from the torsional angles is remarkable. Barriersof how force fields are engineered and whether polarizability
from cis—cis to trans-trans are on the order of 1 or 2 kcal/ needs to be included in the parametrization.
mol, the same value obtained from the free energy as a function To address whether temperature-jump experiments do actually
of a-carbon torsional angles. Basin depths for-ais and measure core melting and not just hydrogen bond dynamics,
trans—trans are also similar to the ones obtained from torsional shifts in the time-dependent vibrational frequencies of carbonyl
angles. This leads to the conclusion that the system can indeedonds can be computed during a molecular dynamics simulation.
be thought of as a combination of two simple “most important” To calculate the actual spectra, an ensemble of constant-energy
variables, the twax-carbon dihedral angles, each fluctuating molecular dynamics simulations must be run with initial
according to the dynamics imposed by the interaction with the conditions obtained from a Boltzmann distribution generated,
surrounding solvent and able to be found in any of two discrete for example, from a constant-temperature MD run. To extract
configurations (cis or trans). data that can be directly compared with experiments, the
. ensemble of trajectories would need to run for microseconds.
4. Conclusions This is still computationally very expensive but faster computers,

This paper focuses on the time scales for intra- and better algorithms for treating the electrostatics, and paralleliza-
intermolecular hydrogen bond formation and destruction and tion should make this task feasible soon as long as force fields
for core melting in a small alanine polypeptide. We also studied are reliable enough to deliver the correct results.
the energetics for unfolding from a totally folded, €iss,
structure, to a stretched, trartsans, configuration. Starting from Acknowledgment. This work was supported by Grant GM
a perfect helical configuration, each system was equilibrated at43320 from the National Institute of Health.
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