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In this article we consider consequences of spatial coherences and conformations in diffraction of
(macro)molecules with different potential energy landscapes. The emphasis is on using this understanding to
extract structural and temporal information from diffraction experiments. The theoretical analysis of structural
interconversions spans an increased range of complexity, from small hydrocarbons to proteins. For each
molecule considered, we construct the potential energy landscape and assess the characteristic conformational
states available. For molecules that are quasiharmonic in the vicinity of energy minima, we find that the
distinct conformer model is sufficient even at high temperatures. If, however, the energy surface is either
locally flat around the minima or the molecule includes many degrees of conformational freedom, a Boltzmann
ensemble must be used, in what we define as the pseudoconformer approach, to reproduce the diffraction.
For macromolecules with numerous energy minima, the ensemble of hundreds of structures is considered,
but we also utilize the concept of the persistence length to provide information on orientational coherence
and its use to assess the degree of resonance contribution to diffraction. It is shown that the erosion of the
resonant features in diffraction which are characteristic of some quasiperiodic structural motifs can be exploited
in experimental studies of conformational interconversions triggered by a laser-induced temperature jump.

1. Introduction

It is remarkable that structural and energetic changes caused
by conformational interconversions in bioorganic molecules are
controlled by a subtle balance of weak forces such as hydrogen
bonding, electrostatics, dispersion, and hydrophobic interac-
tions.! The net result is the emergence of a unique function out
of complexity.! One example is the rotational motion in
biopolymers, which is known to largely determine the stability
of the secondary and higher-order molecular structures as well
as to control the dynamics of their (un)folding. At the end, the
potential energy barriers of rotation about the Ramachandran
angles, which define the backbone conformation of a protein,
are surmounted and structures are stabilized by formation of
bonding intramolecular interactions.? These interactions, in their
turn, are weak enough to be disrupted at the expense of a few
kcal/mol, or ~0.1 eV, underscoring the fluctional nature of the
native fold. Thus, conformational change is at the heart of
complex macromolecular function, as it reveals the topology
of the energy landscape guiding the (un)folding process.?

Earlier, we noted that experimental observations of transient
changes reveal non-two-state dynamics of DNA/RNA melting
and provide evidence for the existence of collapsed structures
of DNA/RNA hairpins, labile in destacking but compact in
nature.* Similar states, which often arise in protein folding,
typically involve hydrophobic and/or secondary structure col-
lapse.’ Recently, we constructed a robust theoretical model of
DNA (un)folding which predicted the temperature-dependent
unfolding behavior.® To represent the ensemble-level temporal
evolution or energetics of a large bioorganic molecule in three
dimensions, coarse graining of the atomic detail to two or three
variables is often required. Within the framework of our model,

T Part of the “George C. Schatz Festschrift”.
* Fax: +1 (626) 792-8456; E-mail: zewail @caltech.edu.

10.1021/jp8104425 CCC: $40.75

which allows for a lucid visualization of the collapsed state(s)
in a simple 2D space, intermediate structures are well defined
by the two coordinates of the landscape during (un)zipping,
whereas the dependence of the (un)folding transition on the stem
sequence and the loop length of the hairpin is shown in the
enthalpic and entropic contributions to the free energy of the
hairpin—water system.®

Because elementary events of (un)folding, which include
conformational interconversions, often occur, or are triggered,
on the ultrafast time scale, their inherent structural dynamics is
elusive to the conventional methods of probing on the nano-
second and longer time scale. Such elementary events’ span a
time window—from femtoseconds to nanoseconds—which turns
out to be orders of magnitude shorter than the typical time scale
of the globular motions in biopolymers (microseconds or longer).
As with molecular and materials studies, ultrafast electron
diffraction (UED), crystallography (UEC), and microscopy
(UEM) have the potential for direct visualization of biostructural
change as they provide atomic-scale spatial and temporal
resolutions.® In a recent study, we considered the ensemble-
wide resonant features associated with certain structural motifs,
such as o-helices, f-sheets, etc., and noted that they can be
exploited in experimental studies of conformational changes
triggered by a laser-induced temperature jump.’ Thus, if a
transition is induced in an ensemble of macromolecules pos-
sessing a particular structural motif, the long-term spatial
quasiperiodicity associated with a number of repeating inter-
nuclear distances characteristic of the native (e.g., helical) fold
is expected to vanish, or rapidly decrease, throughout the
ensemble.

To explore the helix-to-coil transformation in a macromo-
lecular ensemble of o-helices, we suggested an experimental
UED methodology. Specifically, monitoring the fraction of the
“pitch” internuclear distances (~5.5 A), which is a natural
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measure of the residual helicity in the ensemble, was found to
uniquely elucidate conformational change, even for isolated
systems. In the theoretical UED simulations, the experimentally
determined structure of the protein thymosin-f3y, which consists
of two adjoining a-helices connected by a loop, was used to
calculate the electron-diffraction patterns of isotropic molecular
ensembles composed of up to N =~ 4000 partially randomized
macromolecular conformations. The ensemble-averaged residual
helicity measurements, though blind to some structural details,
were shown to be robust and insensitive to the random, strain-
free globular irregularities in the fold.” Because of the quasi-
random nature of the conformational change, ensemble-
convergent simulations provide a common ground for the
theoretical biomolecular studies reported here.

In this paper, we examine the theoretical basis for under-
standing structural interconversions involving multiple rotational
barriers to conformational changes. Of particular focus is the
role played by the shape and dimensionality of the potential
energy surface in isolated systems and their manifestation in
UED. We begin by considering systems with two to three
intramolecular large-amplitude motions (n-butane and trans-
stilbene) and end with the analysis of arachidic acid, a system
of 19 degrees of rotational freedom. For the latter molecule,
the role of spatial coherence is highlighted.

2. Preliminaries

In the course of a UED experiment, the gas-phase (molecular)
sample is typically clocked with an ultrashort laser pulse, and
the changes are pictured by time-delayed ultrashort probing
electron pulses.'? Because of the very large cross-section for
scattering of electrons, as compared to that of X-ray light, it is
possible to achieve the ultrafast temporal resolution when
studying molecular systems in the gas phase (a nontrivial task
because of the lack of crystallinity and low molecular density
of the sample). This conceptual methodology'! has been further
developed and applied in the studies of chemical reactions,
excited-sate structure dynamics, and nonequilibrium conforma-
tional changes on their native (ultrafast) time scales.!> Examples
of experimental UED studies from this laboratory'>™'¢ include
determination of transient structures in radiationless (dark)
processes, bifurcations, and intramolecular structural rearrange-
ments. The ongoing UED research involves studies of complex
biomolecules, and the entry to this area was made in the recent
study of the biological chromophore, indole,'® in its ground-
and excited-state structure. The challenge is in the study of
systems with many conformers.

For such complex systems, the traditional analyses of gas
electron diffraction (GED), which have been successful in the
determination of thousands of structures,'” need to be revisited.
The theoretical framework of UED and GED methods has been
developed and outlined in a number of sources.'® Briefly, a 2D
electron-scattering pattern represents an average over a certain
molecular ensemble {/}, [ € [1, N]. The pattern is radially
averaged to yield one-dimensional ensemble-averaged scattering
intensity,

d(s)0= M)+ Bis), (1)
where
M) z ZMlﬁj(s) )
[
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is an oscillatory, molecular structure- and conformation-de-
pendent intensity component which is summed over all the
internuclear distances of a molecule r;, i #= j, and over the
ensemble N. The term B/(s) is a monotonic background scattering
function, which is the sum of atomic and inelastic scattering
and other experimental factors contributing to the background,
and s is the magnitude of momentum transfer between an
incident electron and an elastically scattered electron; s =
(47t/2.)sin(0/2), where A is the de Broglie wavelength (0.069 A
at 30 keV), and @ is the scattering angle.

For the /,i,jth quasiharmonic oscillator in thermal equilibrium,
the isotropic molecular scattering intensity may be expressed
as
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where rj, = rhe — (u)*rhe and rl. are the effective and
equilibrium rl; separations, respectively. Scattering amplitudes
and atomic phases, fi(s) and 7,(s), have been tabulated for most
of the atoms." In the equilibrium (Boltzmann) limit, the root-
mean-square (rms) vibrational amplitude of an oscillator is given
by

“

where k}; and v}; denote the force constant and the frequency of
vibration, respectively. Thus, in the ensemble-averaged modified
molecular intensity,

SB/II(S)D
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where (k, n) is typically chosen to be the heaviest pair of atoms
in the molecule, and each r} is represented by a damped
scattering intensity wave (the larger the u}, the greater the
damping). It is noteworthy that {r;} and {u};} form a set of
parameters that can, in principle, be obtained from the experi-
mental data. However, because eq 5 has, in principle, more than
one solution, a molecular model based on some estimated
structure parameters and vibrational correction terms has to be
constructed and further refined using a least-squares fitting
procedure until a reasonable agreement between the experi-
mental and calculated scattering intensities is achieved.

For small- and medium-sized molecules, quantum chemical
(QC) calculations followed by normal-coordinate analyses of
the resulting Cartesian force fields are normally used to assess
{r;} and {u;} along with higher-order vibrational corrections®
(alternatively, rms vibrational amplitudes may be obtained from
spectroscopic data®' or estimated using empirical equations).??
For a biomolecule, however, the ensemble averaging involves
the entire landscape of quasirandom conformations, and a new
methodology is needed in order to obtain structural changes
and evolutions. The approach briefly described in one of our
studies’ allows for the generation of nonoverlapping random
macromolecular conformations within seconds on a standard
CPU. When the model is extended to span the conformational
landscape, we can obtain the ensemble-averaged diffraction
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patterns using an expanded version of the standard UED
program developed in this laboratory.'®* By analyzing the
conformational ensemble jointly with its diffraction pattern, we
can elucidate the (un)folding transitions from an experimental
perspective.

Upon the Fourier transformation of LM(s)Owith respect to
(s, r), the ensemble-averaged radial distribution function,

(r) 0= j; ” @M(s)@in(sr)eil“zds (6)

is obtained, where an artificial damping coefficient k is typically
used to compensate for the unwanted oscillations induced by a
finite data range (smax < ). Because [f{r)[Jhas more intuitive
appeal than [M(s)L] both UED and GED results are typically
interpreted in terms of [Ar)Uwhich provides a snapshot of the
density distribution of internuclear distances throughout the
ensemble. In the case of UED, the procedure is repeated for a
series of experimental measurements corresponding to a set of
well-defined time points {¢#,} and, by Fourier-transforming
{LsM (t,,; s)J with respect to (s, r), {{At,; r)J is obtained.
Finally, by taking the difference of electron-diffraction patterns
recorded at different times, we obtain the ensemble-averaged
diffraction differences,

Afit,; 1, nO= [Mt,: nO— [At,; NO (7

which map the spatiotemporal evolution of the structure.

For almost half a century, the so-called pseudoconformer
approach of Morino and Hirota,® which is sometimes confus-
ingly termed dynamic GED model, has been successfully used
to describe small-scale molecular systems with intramolecular
large-amplitude conformational motions.?* It is to be noted that,
in the GED studies, the word “dynamic” typically denotes a
stationary ensemble of pseudoconformers rather than the actual
dynamics of interconversions between the conformers. To
properly account for the scattering term arising from a given

Tijs

MIij(s) U fs)IIf(s)lcos(ms) — 1,(s)) fom %Pij(r)dr,
(®)

the generalized probability P (r)dr of finding r; € [r, r + dr]
has to be calculated (cf. eq 3 which implies that Py(r) is a
Gaussian distribution function). Because the low-frequency
torsional motions are assumed to be adiabatically separable from
the quasiharmonic molecular vibrations restricted by rigid
potentials, P;(r) is represented by

Pyr) O Py(r,9)P($)AS, )
¢

where a (multidimensional) probability density distribution
function describing the slow large-amplitude motions, P(¢), is
approximated by statistical weights of a representative set of
discrete pseudoconformers. Notably, the pseudoconformers
spanning the conformational space of a molecule are vastly
different from the thermally stable rotational isomers of the
molecule. Rather, they constitute a basis used to parametrize
molecular ensembles similarly to the parametrization of electron
shells of atoms by spherical harmonics.?
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Because the studied specimen is normally assumed to be in
thermal equilibrium, the anticipated pseudoconformer weights
are typically obtained using simple Boltzmann statistics (the
same approach is invoked to assess the mole fractions of
rotational isomers parametrizing the distinct-conformer, or static,
GED model). The far-from-equilibrium molecular ensembles
which are observed during the course of UED measurements
can also be described in a similar fashion, provided that their
characteristic probability density distributions are defined.
However, as we recently pointed out, nonthermal molecular
ensembles represent a real challenge to both theory and
experiment as they are often dominated by far-from-equilibrium
structures accumulating in the vicinity of the classical turning
points of a potential well.®® Because of the complex nature of
the nonequilibrium phenomena, the explicit analytical and
numerical methods, such as wave function calculations and
Monte Carlo (MC) simulations,”®'® are usually invoked to
unravel the details of the accompanying microscopic transformations.

A key point pertinent to the choice of a particular theoretical
model (distinct-conformer vs. pseudoconformer) is a priori
computational assessment of the conformational separability
under the experimental conditions. The separability of rotational
isomers in an ensemble depends on whether the rotational
probability density distribution function P(¢), with ¢ = (¢,
¢, ¢s,...) being generalized rotational coordinates, is character-
ized by separable maxima in the ¢-space. It has long been known
that thermally equilibrated ensembles of simple organic mol-
ecules which possess a set of thermally stable rotational isomers
and a limited number of internal rotational axes can, in principle,
be approximated with a distinct-conformer model at the expense
of enlarged rms vibrational amplitudes. Though the resulting
u; values can not be interpreted as physically meaningful
quasiharmonic vibrational amplitudes because they are forced
to account for intramolecular motions other than quasiharmonic
thermal vibrations, the structure parameters obtained from such
studies in many cases come out to be in agreement with one’s
expectations. '8

However, flexibility and fluxionality characteristic of proteins,
DNASs/RNAs, and other biopolymers with complex high-
dimensional energy landscapes preclude any use of the primitive
quasiharmonic model which does not provide an adequate
description of the conformational space. It is to be noted that,
besides low energy barriers between rotational isomers which
facilitate both (un)folding and secondary structure formation,?
there exist areas of landscape which are energetically unfavor-
able. Because biopolymers are known to be sterically frustrated
molecules,”’ the self-avoidance condition imposes severe restric-
tions on the freedom of conformational interconversions. As a
result, there exist a large number of collapsed structures
facilitating the search for the native fold which are energetically
proximal to the native structure(s) possessed by the macromol-
ecule. In addition, the coupling between individual rotational
motions is usually quite strong because of the steric strain. Aside
from the above-mentioned complications to the energy landscape
for macromolecules, the existence of flat U-shaped potentials
E(¢) of internal rotation precludes formation of well separated
rotational isomers, even for small molecules (see below).

It is perhaps instructive to comment on the relevance of P(¢)
for large biopolymers. At thermal equilibrium, the summation
over the upper energy levels of a given potential which is
required to obtain pseudoconformer populations throughout an
ensemble can, in principle, be replaced with a calculation of
Boltzmann weights of the pseudoconformers parametrizing the
ensemble, provided that the number of molecules in the
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trans-n-butane (t) gauche-n-butane (g)

C?h CJ

trans-stilbene

arachidic (eicosanoic) acid

Figure 1. Optimized molecular structures of trans-n-butane (¢), gauche-n-butane (g), trans-stilbene, and arachidic (eicosanoic) acid as obtained
using specified symmetry constraints at our standard computational level (see text).

ensemble is infinitely large. Unlike vibrational wave functions
of a simple harmonic oscillator which can be assessed analyti-
cally or, in general, the upper-level wave functions of an nD
restricting potential (n = 1), which can be assessed by
numerically diagonalizing the corresponding Hamiltonian, the
exact rotational wave functions of a biomolecule are impossible
to obtain. Moreover, the rotational potential itself is usually not
known, which precludes a precise assessment of the statistical
weights of the pseudoconformers. However, if E(¢;), E(¢,),
E(¢3),... of the biopolymer are assumed to be known, one can
calculate P(¢ 1), P(¢,), P(¢ 3),... and thus obtain the approximate
uncorrelated Boltzmann probability density distribution P(¢)
throughout the ensemble. The resulting P(¢), in its turn, may
be used to generate a pseudocomformer ensemble of a finite
size which will satisfy P(¢) with a given degree of precision.
The latter approach is used here to assess the temperature
dependence of the pseudoconformer populations throughout the
ensemble of 1024 molecules of a long-chain alkane. Self-
avoidance is taken care of by restricting conformation-dependent
nonbonded distances, excluding {C,*++C3} distances already
described by {P(¢;)} (see Figure 1), to the sum of van der
Waals-type radii of the atoms involved, as discussed below.
In what follows, we first focus on the structure and confor-
mational preferences of a small saturated hydrocarbon molecule,
n-butane, which is intended to serve as a benchmark system
for long-chain alkanes. Having assessed the energy differences
and structure parameter variations which accompany confor-
mational interconversions of n-butane, we construct a pseudocon-
former model and demonstrate the applicability of the distinct-
conformer model of n-butane in a wide range of temperatures.
To outline the impact of certain structural motifs on the
conformational preferences of molecules possessing single C—C
bonds, we compare potential energy landscapes, rotational
probability-density distributions, and theoretical electron-dif-
fraction patterns of stilbene and n-butane (it is noteworthy that
a robust distinct-conformer model cannot be constructed in the
case of stilbene; see below). Finally, stimulated by an earlier
experimental study of fatty acids and phospholipids on sub-
strates,?® we use thermal probability-density functions to generate
large molecular ensembles of arachidic acid in the gas phase

and simulate their averaged electron diffraction patterns at a
variety of temperatures. The role of the structural resonance’
and the significance of the pseudoconformer representation are
explored in detail for the linear saturated hydrocarbon chains,
and connections to the (un)folding transitions in proteins are
made.

3. Conformational Prototypes: Case Studies

n-Butane. Molecular structure and rotational isomerization
of gaseous n-butane have been repeatedly studied by Bartell
and co-workers for more than two decades.?” From GED data®
and DFT calculations,’! there exists a local potential energy
minimum characteristic of gauche-butane (symmetry group Cs;
g) about 3 kJ/mol above the structure of trans-butane (symmetry
group Cyp; 1), which represents the global minimum on the
potential energy hypersurface.’> Here, we analyze computed
energy differences and structure parameter variations which
accompany conformational interconversions in n-butane, con-
struct a pseudoconformer GED model which explicitly treats
large amplitude motions in n-butane, and assess the temperature
dependence of the conformational mixture of n-butane in terms
of a simple but robust two-conformer model of Bartell.

Molecular structures of the two rotational isomers of n-butane
as obtained at our standard B3LYP/6—311G(d,p) computational
level using GAUSSIAN software package are shown in Figure
1. Most importantly, Tcye—c—c—cme(g) exceeds 60°, the value
characteristic of the idealized g-conformer of n-butane, by
6—12° (Teae = 65.6°, Tgep = 72(5)° 2°¢). This may be attributed
to the influence of a steric strain, as the closest H++*H
nonbonded distance in the g-conformer of n-butane equals 2.38
A, and dc—c—cme opens up by about 1° on going from the
t-conformer to the g-conformer. Indeed, because the van der
Waals radius of a hydrogen atom equals 1.20 A the two
methyl groups of gauche-butane must be engaged in a pro-
nounced steric interaction (this is also evidenced by calculated
Cye***Cue nonbonded distance of 3.19 A, cf. van der Waals
radius of a Me group which reportedly equals 2.0 A).3
Interestingly, the calculated rc—c(g) = 1.537 A is found to
exceed re_c(7) = 1.533 A by only 0.004 A. Calculated C+++Cye/
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Figure 2. Rotational potential of n-butane as obtained from a relaxed
(¢1, ¢2) scan calculation with a step of 10° at our standard computational
level. Note that imposing a C, point group symmetry on the structure
of n-butane implies a concerted rotation of its two Me groups (see
text).

Chpe*** Cyme nonbonded distances equal 2.56/3.93 and 2.58/3.19
A in t- and g-conformers of n-butane, respectively.

Simultaneous internal rotations with respect to the three C—C
bonds of n-butane give rise to a potential energy landscape
populated by an ensemble of rotational pseudoconformers. The
three large amplitude motions are coupled because varying
TC—C—CMe—H1 €AUSES Teme—c—C—cMe tO deviate significantly from
its equilibrium value, and vice versa. For simplicity, we impose
a C, point group symmetry on the structural model of the
molecule. The potential energy landscape which hinders the
torsional motions in n-butane can then be defined in terms of
two, rather than three, rotational coordinates (¢, = Teme—c—c—CMes
¢2 = Tc—c—cme—n1) Which range from the eclipsed configuration
(¢1,= 0°, ¢, = 0°) to the staggered configuration (¢;,= 180°,
¢, = 180°) thus spanning the entire conformational space. A
more elaborate treatment of internal rotations in n-butane is, of
course, feasible but, given that it requires construction of 4D
potential-energy surfaces, we impose the above-mentioned
symmetry constraints on our model because the case study of
n-butane is only invoked here as an illustration.

The potential energy landscape of n-butane as obtained from
a relaxed (¢, ¢,) scan calculation with a step of A¢ = 10° is
presented in Figure 2. For a given value of ¢; = 0, 10,... 360°,
the Me groups would make a complete turn from ¢, = 0° to ¢,
= 360° with a step of 10° (colored slices). For clarity, only the
uppermost quadrant of the (¢, ¢,) grid will be considered here
(see Figure 2). We note that the two Me groups of n-butane are
rotated concertedly within the framework of our model. Thus,
the trans-to-trans conformational barrier we obtain as we move
along ¢, (23.9 kJ/mol) is twice the barrier to internal rotation
“per Me group” (~12.0 kJ/mol). The latter value is similar to
our estimate for the trans-to-gauche isomerization barrier along
¢ (13.6 kJ/mol) which implies that the three torsional motions
in n-butane are almost equally significant. Notably, reye—np 1S
practically unaffected by the conformational changes. The same
is true for both ac—c—cme and Oc—cme—n1 Within the “strain-
free” area of the landscape (66° < ¢; < 294°). The local
symmetry of a Me group, however, is dependent on the value
of ¢, as Twr—cme—c—n1 may deviate from 120° by £3—4° (Figure
3).

It is noteworthy that if the internal rotation with respect to
the central C—C bond is explored, the corresponding bond
length, rc—¢, exhibits a pronounced variation as a function of
¢, (Figure 3). However, if the internal rotation occurs with
respect to a (peripheral) C—Cy bond, rc—cme demonstrates a
much weaker variation as a function of ¢,. According to
Weinhold and co-workers, the vicinal hyperconjugation plays
an important role in determining the preference for staggered
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®
. 180 180

Figure 3. Rotational variations of selected structure parameters of
n-butane (see legend and comments in the text). During the scan
calculation over the two rotational coordinates shown in Figure 2, the
structure parameters of n-butane (symmetry group C,) were fully
optimized.

conformations characteristic of linear alkanes.’® This is in
agreement with rc_ shortening in the staggered configuration
of n-butane as compared to the eclipsed configuration, as the
hyperconjugative delocalization is only efficient when in-phase
lobes of vicinal o and o*' orbitals eclipse (¢ = 60, 180, 300°).
Because in the g-conformer (¢, = 65.6°, ¢, = 177.3°) the
electron delocalization is somewhat hindered, rc—c(g) turns out
to be 0.004 A longer than rc—c(f) (see above). If, on the other
hand, the in-phase lobes of vicinal o and o* orbitals are
staggered, rc—c increases by 0.02 (¢, = 120, 240°) to 0.03
(1 = 0° A, which may be attributed to the absence of
hyperconjugative delocalization and an increase in the steric
strain, especially at ¢; = 0°. As seen in Figure 3, a similar (but
weaker) effect accompanies rotation of a Me group in n-butane.
However, a recent theoretical study has reinstated that conven-
tional steric repulsions overwhelmingly dominate the barriers
in ethane.’’

In a series of GED studies carried out at room temperature,
Bartell and co-workers invoked the following assumptions in
their analysis: (i) the entire ensemble of rotational pseudocon-
formers of n-butane can be reduced to a thermally weighted
mixture of gauche-butane and trans-butane, and (ii) the structure
parameters of the two rotamers of n-butane are essentially the
same.??*<¢ Generally, the structure of a molecule is determined
by 3n — 6 degrees of freedom, where 7 is the number of atoms
in the molecule. The pseudoconformer GED model used in our
study implies that, for each node of the (¢;, ¢,) grid shown in
Figure 4, both the energy change and the 3n — 6 structure
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Figure 4. Radial distribution functions ([Ar, T)[ a, c, e) and thermal probability density distribution functions (P(¢, ¢», T); b, d, f) as obtained
for fully correlated 2D pseudoconformer models of n-butane at 7 = 300, 600, 900 K, respectively; [Ar, T)Ucharacteristic of the two-conformer
models of Bartell® and calculated potential energy surfaces E(¢;, ¢,), cf. Figure 2, are plotted for comparison (see legend).

parameter variations obtained from DFT calculations are taken
into account. Below, we present a detailed comparison of an
improved two-conformer model of Bartell with a number of
pseudoconformer models. In the case of n-butane, it is also
demonstrated that the distinct-conformer approach is applicable
in a wide range of temperatures.

The electron diffraction simulations discussed below were
carried out as follows. First, the two-conformer model we
constructed, (1 — a)g + o, where o € [0, 1] is the mole fraction
of trans-n-butane in the mixture, was similar to that of Bartell,
apart from the fact that molecular structures of the g- and
t-rotamers of n-butane (Figure 1) were optimized at our standard
computational level (see above). Second, the (simplified) 1D
pseudoconformer model, which assumed no coupling between
¢, and ¢,, implied that rotational barriers E(¢;) and E(¢,) were
obtained from 1D relaxed potential-energy surface scans over
¢, and ¢,, respectively; Molecular ensembles of 1024 rotational
pseudoconformers of n-butane were generated using 1D thermal
probability density functions P(¢;, T) and P(¢,, T), Figure 5.
The model was based on the optimized structure of the #-rotamer
(no changes in the structure parameters other than ¢; and ¢,
were allowed). Third, the (correlated) 2D pseudoconformer
model was based on the relaxed (¢, ¢,) potential energy surface
scan, Figures 2 and 3; 37 x 37 = 1369 rotational pseudocon-
formers of n-butane representing the nodal values of
TCMe—C—C—CMe and Tc—C—CMe—H1 ON the (¢1, ¢2) gI'ld were assigned

the statistical weights obtained from the calculated 2D thermal

probability density distribution functions P(¢;, ¢», T), Figure

4. The 3n — 6 = 36 structure parameter variations (n = 14 for

n-butane) were included in the model as 2D functions of ¢,

and ¢,. Fourth and finally, radial distribution functions [Ar, 7)1
were calculated using UEDANA'® for the above-mentioned

models at 7= 300, 600, and 900 K with an artificial damping

factor of 0.0084 AZ; rms amplitudes of thermal vibrations were

estimated using the empirical equations at 7 = 300 K and further

extrapolated to elevated temperatures.

Variations of the 2D and 1D rotational probability density
functions with ¢, and ¢, are shown in Figures 4 and 5 at
different temperatures. At 7 = 300 K, the radial distribution
functions [Ar, T)Oare clearly dominated by #- and g-like
pseudoconformers of n-butane with the two Me groups in
staggered orientation (¢, ~ 60, 180, 300°). Along with low
electron-scattering power of H atoms, this provides a posteriori
justification of imposing the C, molecular symmetry on the
models of n-butane. A slight discrepancy between the 1D and
2D pseudoconformer models (Figure 5) may be attributed to
both model imperfections, such as crude vibrarional corrections
and fixed structure parameters of the g-rotamer (see above) and
increasing mole fractions of intermediate pseudoconformers and
the g-rotamer at elevated temperatures. We conclude that the
presence of sharp, separable maxima in P(¢,, ¢,, T) allied with
the averaging nature of electron-diffraction experiments renders
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Figure 5. Radial distribution functions ([fr, T)[Jl a, c, ) and thermal probability density distribution functions (P(¢, T), P(¢», T); b, d) as obtained
for uncorrelated 1D pseudoconformer models of n-butane at 7= 300, 600, and 900 K; [Ar, T)[kharacteristic of fully correlated 2D pseudoconformer
models and two-conformer models of Bartell* are plotted for comparison. Pertinent diffraction differences are shown as well (see legend).

the (uncorrelated) 1D pseudoconformer model fairly accurate
in the case of linear alkanes.

It is noteworthy that, in full agreement with the GED** and
spectroscopic®® evidence analyzed by Bartell, our 2D pseudocon-
former model predicts 68, 50, and 40% fractions of trans-n-
butane at 7 = 300, 600 and 900 K, respectively. The two-
conformer [(1 — a)g + ou] and the pseudoconformer radial
distribution functions fall almost exactly on top of each other
at room temperature (Figure 4). Despite some slight deterioration
of the agreement between the two approaches at elevated
temperatures, it remains satisfactory even at 7= 900 K, which
can be attributed to the statistical separability of the #- and
g-rotamers of n-butane. Unsophisticated as it may seem, the
uncorrelated 1D pseudoconformer model may also be used to
simplify the explicit treatment of internal rotations in biomol-
ecules such as long-chain linear alkanes and possibly proteins.
Finally, we note that because the mole fraction of frans-butane
is expected to approach 98% on cooling of the conformational
mixture to 7 = 100 K,** the so-called “gauche effect™ in
n-butane has a purely thermal nature.

trans-Stilbene. Unlike n-butane which is composed of sp*-
hybridized C-atoms forming a flexible hydrocarbon chain, trans-
stilbene (or trans-1,2-diphenylethylene) possesses a number of
fairly rigid ;r-systems which determine its unique conformational
preferences. Perhaps the major controversy surrounding the
structure of frans-stilbene is related to exact planarity (or
nonplanarity) of the molecule in its ground electronic state.*’

From experimental studies, it has been derived that the potential
functions of internal rotation for free molecules of phenyleth-
ylene (styrene) and trans-stilbene are similar in form and that
they have a broad, flat minimum at an angle 0 < ¢ < 20°
between the planes of the phenyl group and the ethylene
fragment.*' A 2D pseudoconformer GED and ab initio study of
Konaka and co-workers recently addressed the issue of planarity
of the electronic ground state in trans-azobenzene.*? Despite
the small barrier (at ¢ = 0°) separating the two slightly
nonplanar rotamers, as obtained at the MP2/6—31+G* com-
putational level, the experimentally determined topology of the
potential energy landscape of trans-azobenzene revealed that
the molecule is planar with a 99.1% certainty. Below we
demonstrate that the inversion barrier at ¢ = 0° may be an
artifact of using deficient ab initio methods.

A 2D rotational potential of the ground electronic state of
trans-stilbene as obtained at our standard computational level
is presented in Figure 6 (cf. Figure 8 in ref 43; see also Figure 1
for the optimized molecular structure). Because no symmetry
constraints were imposed on the theoretical model of the
molecule, two rotational coordinates, ¢; = Tcpni—c—c=c and ¢,
= Tcpna—c—c=c, ranging from 90° to 270° were chosen to define
the orientations of the two phenyl groups with respect to the
ethylene plain (Figure 6). A relaxed (¢;, ¢) scan calculation
with a step of A¢p = 10° was then carried out (for a given
orientation of the first phenyl group, ¢; = 90, 100,... 270°, the
second phenyl group would make a turn from ¢, = 90° to
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Figure 6. Rotational potential of rrans-stilbene as obtained from a relaxed (¢, ¢,) scan calculation with a step of 10° at our standard computational
level. Note that, despite the flatness of the potential in the vicinity of the equilibrium structure, there exists a slight bias toward the nonplanar
pseudoconformers of frans-stilbene which possess a quasi-C, point-group symmetry (¢; = ¢,).

¢> = 270° with a step of 10°). The resulting potential energy
landscape has a single broad minimum centered at (180°, 180°)
which corresponds to the planar equilibrium structure. Because
the two phenyl groups are reportedly engaged in an electrostatic
interaction,*' the rotational landscape is slightly asymmetric with
respect to directions of the phenyl-group twisting (Figure 6).
The topology of the landscape indicates that there is a slight
bias toward nonplanar pseudoconformers of trans-stilbene
possessing a quasi-C, molecular symmetry (¢; = ¢,). For
comparison with the 2D GED and ab initio study of trans-
azobenzene, the calculations were repeated at MP2/6—31+G*
computational level.*? Slightly nonplanar equilibrium structures
of trans-stilbene obtained at this level of theory may be
indicative of computational deficiency of the ab initio approach
used in ref 42.

Generally, the topology of the rotational potential of trans-
stilbene implies that the structure of its electronic ground-state
is fluctional, i.e., there exists an ensemble of rotational
pseudoconformers energetically proximal to the “equilibrium
structure”. Regardless of whether such structure is planar, or
slightly nonplanar, there will always be a number of energy
quanta deposited into the large-amplitude modes at elevated
temperatures. The resulting rotational wavepacket will wander
within the 2D potential energy well depicted in Figure 6 and,
because of the averaging nature of GED/UED, the molecular
structure obtained will of course be nonplanar; for example,
CO; is a linear molecule, but high-temperature GED data reflect
a bent geometry as the probability of all the bent configurations
increases (the so-called shrinkage effect).** For stilbene, reports
vary on the actual value of ¢, and there are studies that suggest
nonplanarity at elevated temperatures.*® As discussed below,
the restricting potential is flat and care has to be exercised in
assessing the values of ¢. Thus, the explicit pseudoconformer
modeling of intramolecular rotations must be used to account
for the conformational preferences of gaseous trans-stilbene.

The electron diffraction simulations presented below were
carried out as follows. First, two single-conformer models
featuring ¢, = ¢, = 180° and ¢, = ¢, = 150° (¢ = 30°) were
constructed. All molecular structure parameters except ¢; and
¢, were optimized at our standard computational level (see
above). Second, the (correlated) 2D pseudoconformer model
was based on the relaxed (¢;, ¢,) potential energy surface scan,
Figure 6; 19 x 19 = 361 rotational pseudoconformers of trans-
stilbene representing the nodal values of Tcpp—c—c=c and
Tepho—c—c=c on the (¢, ¢,) grid were assigned the statistical
weights obtained from the calculated 2D thermal probability
density distribution functions P(¢,, ¢, T), Figure 7. The

3n — 6 = 72 structure parameter variations (n = 26 for trans-
stilbene) were included in the model as 2D functions of ¢, and
¢». Third and finally, radial distribution functions [fr, T)Uwere
calculated using UEDANA'® for the above-mentioned models at
T = 300, 600, and 900 K with an artificial damping factor of
0.02 Az; rms amplitudes of thermal vibrations were estimated
using the empirical equations at 7 = 300 K and further
extrapolated to elevated temperatures.

Variations of the 2D rotational probability density functions
with ¢ and ¢, are shown in Figure 7 at different temperatures.
Because the 2D potential energy well in frans-stilbene is wide
and flat (cf. “particle in a box”), the most likely structures which
dominate the molecular ensemble are energetically proximal.
As a result, the radial distribution function [fr, T)Uof the
pseudoconformer model is not very sensitive to temperature.
The temperature dependence of radial distributions characteristic
of distinct-conformer models has been discussed in detail
elsewhere using Fe(CO)4 as an example.'®* Briefly, because
intramolecular motions in vibrationally hot molecular ensembles
cannot be considered small and harmonic, the quasiharmonic
treatment of molecular vibrations becomes less adequate at
elevated temperatures. Within the framework of a quasi-C,
single-conformer model, neither ¢ = 0° nor ¢ = 30° provide
an adequate description of the conformational space of trans-
stilbene. The structural proximity between planar and slightly
nonplanar pseudoconformers is also noteworthy, as it must
preclude a reliable experimental discrimination between mo-
lecular structures of the pseudoconformers which fall within
the ¢ < 30° nonplanarity range (Figure 7).

Using the two case studies outlined above as an example,
we have demonstrated that in the absence of intermolecular
interactions and/or intramolecular chemical processes, such as
formation or rupture of hydrogen bonds between molecular
fragments, the conformational preferences of an isolated mo-
lecular ensemble can be traced down to an interplay of large-
amplitude motions. Depending on how these motions are
hindered and coupled, we either describe the rotational energy
landscape as quasiharmonic and dominated by the isomers at
the energy minima (distinct-conformer approach) or U-shaped,
requiring a (multidimensional) Boltzmann ensemble to capture
the conformational distribution (pseudoconformer approach). For
small and medium-sized molecules, calculated structure para-
meter variations associated with conformational interconversions
and realistic vibrational corrections obtained from normal
coordinate analyses of Cartesian force fields may be taken into
account. Having considered these prototype systems, we next
address conformational interconversions for biotype molecules
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Figure 7. Radial distribution functions ([Ar, T)[J a, c, e) and thermal probability density distribution functions (P(¢, ¢», T); b, d, f) as obtained
for fully correlated 2D pseudoconformer models of frans-stilbene at 7= 300, 600, 900 K, respectively; [Ar, T)[kcharacteristic of single-conformer
models which represent planar (¢ = 0°) and nonplanar (¢ = 30°) optimized molecular structures and calculated potential energy surfaces E(¢1, ¢»),

cf. Figure 6, are plotted for comparison (see legend).

and demonstrate that multidimensional Boltzmann ensembles
should be used to properly account for their behavior at thermal
equilibrium.

4. Structural Resonance in Macromolecules

Long-Chain Hydrocarbons: The Case of Arachidic Acid.
Perhaps the simplest of membrane-type structures is a bilayer
of fatty acids. These long hydrocarbon chains possess a quasi-
1D spatial periodicity, self-assemble on surfaces (substrates),
and can also be made as ‘2D crystals”. Stimulated by recent
experimental and theoretical studies of the structural dynamics
of fatty acids and phospholipids on substrates,*>*® in the present
section we discuss the theoretical modeling of conformational
interconversions in molecular ensembles of arachidic acid at
thermal equilibrium.

The molecular structure of arachidic acid, C;9H3;gCOOH, was
optimized at our standard computational level, imposing the Cj
point-group symmetry which implied planarity of the backbone
chain of the molecule (Figure 1). The backbone-averaged values
of bond distances and valence angles, [#c—c[hnd [dic—c—cLlwere
equal to 1.533 A and 113.6°, respectively. A single rotational
coordinate, ¢ = Tcy—cio-ci1-c12 ranging from 0 to 180° was
chosen to define the relative orientation of the two equally large
fragments of the molecule, and a scan calculation with a step
of A¢ = 10° was then carried out with respect to ¢ (in order to

save the CPU time, all molecular structure parameters except
¢ were kept fixed to their optimized values throughout the scan).
Though the resulting potential to internal rotation closely
resembled that of n-butane on going from trans-togauche-
configuration with respect to C10—C11 axis (60° < ¢ < 180°),
the rotational barrier at ¢ = 0° turned out to be considerably
higher in arachidic acid (E, = 34 kJ/mol, cf. 24 and 11 kJ/mol
as obtained for n-butane and ethane, respectively; see Figure
8). It is to be noted, however, that relaxing the structural
constraints imposed on the molecule, including those imposed
on the C9—C10—C11—C12 moiety (rc—c = 1.533 A, 0c—c—c
= 113.6°), during the scan calculation is expected to somewhat
decrease the value of E, that we obtained for arachidic acid,
which will further improve the agreement between the rotational
potentials of arachidic acid and n-butane. It is also noteworthy
that the relative impact of E, on the thermal probability density
distribution which describes the internal rotation in arachidic
acid is insignificant because P(¢, T) — 0 for E — E in the
assumption of thermal equilibrium.

The electron diffraction simulations discussed below were carried
out as follows. First, the single-conformer model of a “straightened”
molecule of arachidic acid was constructed using the structure
parameters optimized at our standard computational level (see
above). Second, the (simplified) pseudoconformer model, which

assumed no coupling between ¢, = Tc,—c,,,~Ci,-Ciup [ € [1, 17]
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Figure 8. 1D rotational potentials with respect to the central C—C bond as obtained at our standard computational level for ethane, n-butane, and
arachidic acid (see text). Molecular geometries characteristic of the eclipsed and staggered conformations of arachidic acid with respect to ¢y are

shown in the insets for clarity.

implied that rotational barriers E(¢;) were obtained from the 1D
potential-energy surface scan over ¢ = ¢; 1024 random, nonlinear
rotational pseudoconformers of arachidic acid were generated using
1D thermal probability density functions P(¢;, T) = P(¢, T). The
model was based on the optimized structure of the straightened C,
rotamer (no changes in the structure parameters other than ¢, were
allowed). A given pseudoconformer characterized by {¢;} was
excluded from the ensemble if it did not satisfy one of the following
steric restraints: (i)cr,-]- > 1.09 A; (i) r; > 1.09 A, FCpeeCpps > 28 A,
%nd 10w Cgs > 2.8 A (“nonequilibrium” r§straint), or (iii) r; > 1.09
A, FCpeeCppyy > 34 A, and FO-Crayg > 3.4 A (reproducing a van der
Waals-type restraint). Third, the local (¢, =~ 180°) quasiharmonic
pseudoconformer model was constructed by repeating the above
procedure for a single-well harmonic potential closely approximat-
ing the central potential well of E(¢)); the resulting electron
diffraction patterns were compared with those obtained using both
simplified pseudoconformer model and single-conformer model
based on the optimized molecular structure of arachidic acid
(symmetry group C). Fourth, the fully correlated pseudoconformer
model of arachidic acid was not constructed because DFT calcula-
tions of the excessive number of pseudoconformers and structure
parameter variations were not feasible for arachidic acid. Fifth, and
finally, radial distribution functions [fir, T)[were calculated using
UEDANA'# for the above-mentioned models at 7 = 300, 600, and
900 K with an artificial damping factor of 0.01 A2 rms amplitudes
of thermal vibrations were estimated using the empirical equations
at 7= 300 K and further extrapolated to elevated temperatures.

The 1D structural quasiperiodicity characteristic of the
hydrocarbon chain of arachidic acid (Figure 1) gives rise to a
number of resonant effects which are rarely observed in the
gas phase. The nonbonded distances repeating throughout the
molecule enable UED to measure the disruption, or residual
degree, of the structural ordering in arachidic acid, which is

a Resonance:; Bonding:
II+2n — LIz
1-2 1 1+2
-3 -1 I+4 1+3
b 1</<5
h — 1s/=10
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15.0 A

Figure 9. Radial distribution functions ([Ar, T)[Jtruncated at ~20 A for

clarity; ¢) and modified molecular scattering internsities ([SM(s)G] b) as

obtained at 7= 300 K for indicated fragments of the backbone chain (a)

of arachidic acid. Note that the sharp resonant features in sM(s) and [Ar)[]
become more pronounced as the chain length increases.
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Figure 10. Radial distribution functions ([r, T)[]a, ¢) and modified molecular scattering internsities (L4M(s)C]b, d) at 7= 298 K for the indicated
scattering terms of arachidic acid (see text) as obtained using GED software package developed at the University of Oslo (KCED25); see ref 18a and
ref 39 therein. rms vibrational amplitudes were calculated from the Cartesian force field of the optimized molecular structure of arachidic acid
(point-symmetry group C;) using a modified version of the program Asym40.2%

similar to that induced by the long-range spatial periodicity of
a crystal structure in the solid state. Indeed, the radial distribution
function associated with the optimized molecular structure of
arachidic acid, f(r), displays a series of distinct peaks which
are almost equally separated on the r-scale. This unique
structural pattern, which is robust and insensitive to random
substitutions, becomes even more pronounced if the simulations
are limited to the backbone scattering only (Figures 9 and 10).
As the length of the backbone chain taken into account increases,
both the number of peaks and their relative amplitudes increase
and so does the intensity of some very sharp sM(s) features
which closely resemble 1D profiles of Debye—Scherrer rings
typically observed for polycrystalline materials in the powder-
diffraction experiments. In order to identify the structural origin
of these resonant features, we carried out a number of UED
simulations using different subsets of the set of C-atoms, {C,},
forming the heavy-atom backbone of the molecule.

The electron diffraction simulations based on the standard
quasiharmonic UED approach indicated that the complete set
of internuclear distances associated with the backbone C-atoms
of arachidic acid can be divided into resonant (C;**+Cpis,, n €
Z) and nonresonant subsets (Figure 10). The resonant subset,
which consists of internuclear distances rc...c = 2.57n A, n =
1, 2,..., gives rise to well-defined periodic patterns in both f{(r)
and sM(s). Indeed, from the Bragg diffraction condition for a
crystalline structure,

2d sin © = n, (10)

where © is the incident angle, d is the real-space periodicity,
and 4 is the scattered-radiation wavelength, it follows that for
(resonan= 2.57 A the reciprocal-space periodicity,

As = 2'7-[/|ﬂresonanlu

Y

resonant

equals ~2.5 A (Figure 10). Notably, the zigzag scattering
pattern of the coherently distributed internuclear distances
interferes with that of all the other internuclear distances within
the chain, including the C—C bond distance of 1.53 A. The
constructive or destructive interference of the two patterns results
in either amplification or quenching of resonant features in the
reciprocal space (Figure 10).

All the C atoms tend to lie in a plane, or very nearly so,
giving a flat zigzag molecular structure for crystalline fatty
acids.*” Despite the anticipated planarity of arachidic acid at
T — 0 K, the internal rotations are expected to partially
randomize its molecular structure at elevated temperatures, thus
giving rise to an ensemble of fluxional pseudoconformers
populating the potential energy landscape in accordance with
the Boltzmann distribution. As seen in Figures 11 and 12, neither
the single-conformer model nor the local (¢, &~ 180°) quasi-
harmonic pseudoconformer model based on the optimized (Cy)
structure of the molecule can provide a physically sound
description of the conformational space of gaseous arachidic
acid. In order to take the thermal conformational smearing into
account, the (minimal) uncorrelated pseudoconformer model has
to include realistic rotational probability density distributions,
{P(¢, T)}, and a set of steric restraints which prohibit the
unphysical molecular conformations (Figure 12).* It is to be
noted that, because of the amphipathicity of arachidic acid, its
molecules may form linear and cyclic polymers in the gas phase.
Though the linear aggregation will have virtually no impact on
the results reported here, the cyclic, especially intramolecular,
aggregation will significantly affect both the persistence length
(see discussion below) and the electron diffraction patterns of
gaseous arachidic acid. However, given the length and the
conformational flexibility of C;9H3COOH in the gas phase, it
is unlikely that the hydrophilic “head” of the molecule will
coherently bind to the hydrophobic “tale” of the molecule,
especially on the ultrafast time scale.
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Figure 11. Radial distribution functions ([Ar, T)CJ] a, c, e) and thermal probability density distribution functions (P(¢, 7); b) as obtained for
uncorrelated quasiharmonic pseudoconformer models of arachidic acid at 7 = 300, 600, and 900 K using different steric restraints (see text);
[A(r, T)Ucharacteristic of the optimized molecular structure of arachidic acid (point-symmetry group C;) are plotted for comparison. Pertinent

diffraction differences are shown as well (see legend).

Variations of rotational and quasiharmonic probability density
functions with ¢;, along with the corresponding variations of
the pseudoconformer populations in generated molecular en-
sembles (2'° = 1024 molecules), are shown in Figure 13 at
different temperatures. As seen in the results of Figure 13, the
agreement between the pseudoconformer populations charac-
teristic of the infinite (smooth lines) and numerically generated,
finite (fuzzy lines) molecular ensembles, though satisfactory at
T ~ 300 K, starts to deteriorate at 7~ 600 K. On the average,
about 50% of the generated ensemble is rejected at 7~ 900 K,
which implies a considerable bias toward ¢, ~ 180° for the 1024
molecular structures taken into account at the latter temperature.
However, despite the limited applicability of the approach at
highly elevated temperatures, it may still be useful at “physical”
and physiological temperatures which range between 300 and
400 K (we note that many biomolecules tend to denaturate, or
even decompose, in the vicinity of 7= 400 K). The calculated
diffraction differences, [Af(r, T)U= [Ar, T)[— [Ar, To)L) where
T and T are the final and the initial temperatures of the studied
specimen, respectively, can be used to experimentally determine
the degree of structural coherence associated with the (residual)
spatial periodicity in a molecular ensemble at each particular
point in time. Alternatively, the effective temperature of a
gaseous molecular ensemble can be assessed and monitored in
time during a temperature-jump experiment.

Persistence Length: A Polymer Description. The key
question pertinent to studies of flexible macromolecules is the

extent to which the 1D structural quasiperiodicity characteristic
of, e.g., long-chain linear alkanes at low temperarures will be
preserved at elevated (including physiological) temperatures.
In order to answer this question, we assessed the ensemble-
averaged persistence length of arachidic acid at a variety of
temperatures using the classical approach of statistical thermo-
dynamics. The persistence length, L,, is a basic statistical
property indicating the characteristic distance within a polymer
for which directional coherence is lost. For an infinite chain of
covalent bonds, it is defined as the projection of the averaged
end-to-end vector onto the axis defined by the first covalent
bond.* For pieces of the chain that are shorter than the
persistence length, the molecule behaves rather like a flex-
ible elastic rod, while pieces of the chain that are longer than
the persistence length have essentially no correlated motion.
We shall compute the end-to-end persistence length (denoted
L,*) for a linear-alkane chain. Thus, L,* will serve as a
coherence length over which a quasiperiodic motif will be
preserved over the ensemble of structures. The dependence of
this coherence on chain length and temperature will also be
addressed.

In the following, bold variables denote vectors, angled
brackets denote ensemble averaging (see above), and all lengths
are given in units of C—C bond distances (rc—c ~ 1.533 A).
Suppose that ry, the first C—C bond in the chain, is defined to
be in the direction of the z-axis e.. Then L,* is given by the
average of the z-component of the end-to-end vector R:
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12)

where [R[is the sum of the averaged individual bond vectors
[#,L] As an illustration, L,* is shown for the molecular conforma-
tion depicted in Figure 14. In the limit of the number of bonds
in the chain, N, approaching infinity, L,* approaches the formal
persistence length L,.*® To calculate (&[] we define a series of
local Cartesian coordinates for every bond. The z-axis is defined
to be in the direction of the bond itself, while the x-axis is
perpendicular to the z-axis in the triangular plane formed by
the bond and the previous bond. The y-axis is then uniquely
defined according to the right-hand convention for Cartesian
coordinates (see Figure 14).

To distinguish between the bond and the coordinate system,
we designate [#,[] to be the ith bond described in the jth
coordinate system. For example, in its own local coordinates,
each bond by definition points in the z direction: L] =
[0, 0, 1]. In order to define the x, y coordinates of the first bond,
which has no prior bonds to establish a coordinate system, we
fix the coordinate frame of the first bond to the global coordinate
frame:

@0 = & 13)
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Thus, [#;[kan be computed by writing [#;[Jin the coordinates of
(40 This is accomplished recursively by the transformation
matrix:

—cos Oléos YU cos O&in O  sin Olgos 3
M = | —cos 0i8in YO —cos Odos YO sin OEin U
—sin 6 —sin 6 —cos 0
(14)

which represents any vector in the ith coordinate system in terms
of its averaged coordinates in the (i — 1)th coordinate system.
Here, v is the torsional angle of rotation of the ith bond relative
to the ith positive x-axis, and @ = 113.6° is the valence angle
along a linear-alkane chain. Averaging over the torsional angle
yields:

1 & —EW
[dos ylk E_Zne xr cos(y), (14a)
. 1l — ZEW
Gin y[= Z;e T sin(y), (14b)

where Z is the normalizing partition function and E(y) is
determined from our quantum chemical calculations. Although
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Figure 12. Radial distribution functions ([Ar, T)[J a, c, e) and thermal probability density distribution functions (P(¢, T); b) as obtained for
uncorrelated pseudoconformer models of arachidic acid at 7= 300, 600, and 900 K using different steric restraints (see text); [Ar, 7)[Ccharacteristic
of the optimized molecular structure of arachidic acid (point-symmetry group C;) are plotted for comparison. Pertinent diffraction differences are

shown as well (see legend).
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Figure 13. Thermal probability density distribution functions, P(¢, T), and ensemble populations characteristic of the generated sets of 1024
sterically allowed pseudoconformers of arachidic acid as obtained for uncorrelated quasiharmonic (a, ¢, e) and regular pseudoconformer (b, d, f)
models at 7= 300, 600, and 900 K using different steric restraints (see text).

[din ¥ [ 0 due to symmetry about the x axis, [dos yLls nonzero
and depends on the temperature. Using the transformation matrix
M, we obtain:

[F,e.0= [001]M"'[001]], (15)

where the superscript and subscript on the right-hand-side vector
denote transposition and ith coordinate system, respectively.
From right to left, we take the ith bond vector in its own
coordinate system, transform it i — 1 times until it is in the
coordinate system of the first bond and extract the z-component
of the final vector to obtain the ensemble-averaged projection
of the ith bond onto the first bond. Note that in eq 15, eqs 14a
and 14b are substituted in M, resulting in ensemble averaging
due to the distributive multiplication of M. Finally, we obtain
the end-to-end persistence length by summing over all bonds:

N

L,= % [0011M"[0011], (16)
=1

which approaches L, as N approaches infinity.

Using the calculated torsional potential (see Figure 8), we
computed [dos 1 [has a function of temperature by Boltzmann
weighting for an infinitely large molecular ensemble. The
results, both for an infinitely long linear alkane and arachidic

acid, are plotted in Figure 14. In addition, these results
asymptote to the value of (1 + cos 0)~! or 1.67 in the limit
of infinite temperature, which is consistent with the persis-
tence length of a freely rotating chain.*® We note that the
effect of the carboxylic group at the end of the chain is
ignored since we are considering fairly long chains (e.g., N
= 19 for arachidic acid). In the limit of zero temperature,
the trans-configuration dominates. Thus, L,* = Re_, with |IR
approaching the length of the extended chain. In this case,
as N approaches infinity, L, diverges. In addition, the
smearing of the periodic peaks in the radial distribution
function of arachidic acid at high temperatures may be
rationalized in terms of shortening of the end-to-end persis-
tence length and consequent loss of local periodicity and
coherence. We note that eq 16 does not take into account
steric interactions which prohibit certain areas of the con-
formational space. The discrepancy between the sterically
uncorrelated L,* as obtained from eq 16 and the three values
of L,*(T), T = 300, 600, and 900 K, as obtained from explicit
averaging over 2'0 self-avoiding C;oH3COOH chains in-
creases with temperature, as shown in Figure 14. This is
caused by the increasing number of sterically frustrated
pseudoconformers in the higher-temperature molecular en-
sembles (by disregarding sterically frustrated pseudocon-
formers which do not satisfy self-avoidance criteria, we
mimic the bias toward more ordered structures implicit in
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Figure 14. Persistence length of arachidic acid as obtained from statistical thermodynamics (sterically uncorrelated 1D {P(¢;)}) and ensemble
averaging (2 self-avoiding C;9H3;yCOOH chains generated at 7 = 300, 600, and 900 K). The end-to-end persistence length is the projection of the
end-to-end vector in the direction of the first C—C bond. Each C—C bond is the z-axis of its own local Cartesian coordinate frame (top). The
end-to-end vector is the sum of the individual bond vectors, each of which can be calculated by multiplying its local coordinates by the appropriate
power of the coordinate transformation matrix; definition of local coordinate systems for two adjacent C atoms of the backbone is illustrated in the
inset (see text). The end-to-end persistence length of arachidic acid is plotted along with those of infinitely long linear alkanes consisting of free

and hindered rotors (bottom; see legend).

the “realistic” persistence length which takes self avoidance
into account).

For a given experimental temperature 7, the isolated,
rotationally perturbed molecular ensembles and the corre-
sponding ensemble-averaged probability density distributions
can also be pictured using ensemble-convergent MD simula-
tions. Such simulations provide a state-of-the-art theoretical
account of structural interconversions within the ensemble
as they are based on realistic interatomic interaction potentials
which determine the intramolecular motions at each particular
point in time. With our newly built supercomputer cluster,
which currently features 32 dual quad-core Intel E5345
compute nodes, 12 GB RAM/node, ~20 TB of network-
attached disk storage, and a 1 GigE network interconnection
mesh, we are now poised to explore such dynamics of
complex energy landscapes. The structural interconversions
which involve numerous degrees of rotational freedom, such
as conformational changes in biological macromolecules, are
easily modeled and the ensemble convergence is achieved
at increasingly longer time scales.5%8°

One of the systems of interest to us is that of fatty acids
immobilized on substrates.’*® MD simulations have been
performed on such a system, in collaboration with Prof. T.

Shoji and colleagues in Japan. The model used was that of
a silicon substrate with the adsorbates made of C,oHy, chains,
covering a total combined length of 95 A. The potentials for
the chains, substrate, and the interaction at the interface were
obtained from ab initio calculations. The time step was 0.5
fs and the total number of steps was 200 000. The heat pulse
was modeled based on the kinetic energy of the substrate
atoms. The radial distribution function and the actual
vibration motions of the atoms were obtained at different
times. These calculations provided the structural-cell dimen-
sions observed experimentally and elucidated the coherent
motion in the chain bonds and their time scales. Preliminary
results show the increase in CH,—CH,—CH, distance near
the silicon surface by 0.08 A in about 5 ps. With the same
approach, studies of the self-assembly were made to elucidate
the formation of interchain stacking with void channels in
between at zero pressure and in a confined “box”. It would
be of interest to assess the spatial coherence of these types
of systems in isolation, without substrate or solvation
perturbations.

In continuation of research on order—disorder transitions
in biomolecules, which was first triggered by our interest in
helix—coil interconversions in proteins’ and DNA/RNA 46
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Figure 15. Radial distribution functions ([fir)0J a, c, e), and diffraction differences with respect to the reference a-helical structure of
thymosin-fy ((Af(r)0) b, d, f) as obtained using different ensemble sizes, steric restraints, and degrees of backbone randomization (see text).

we have also elucidated the resonant features arising from a
DNA double helix. These features can be exploited as motifs
in the forthcoming UED experiments. Preliminary UED
simulations have already shown that (i) the unique resonant
pattern of a double-helical DNA macromolecule is perhaps
the most pronounced one when compared to other biological
motifs, including a-helices and f-strands, and (ii) ensemble-
convergent MD simulations are necessary in order to gain
quantitative insights into details of unfolding. In this regard,
atomic-resolution MD trajectories are expected to provide
not only the actual time constants for the change but also
the ensemble-averaged dynamics of the intermediate struc-
tures involved. A comprehensive account of this work will
be the subject of another publication.

Helix-to-Coil Transitions. Elsewhere’ we considered this
fundamental biomolecular process in greater detail, and here
we only highlight its relevance to the general picture of
structural resonance developed in this paper. It is known that
transformations, such as helix—coil transitions in the protein
thymosin-f3y (Tf39, PDB ID 1HJ0),’ can be triggered by a rapid
temperature jump. A fundamental question is whether or not
these transitions are possible in the isolated state of the
protein (of special interest to us is the study of biological
structural changes free of the obscuring effects of solvent).
UED represents a direct experimental approach for addressing
this question because its experimental methodology suffices
to observe the transitions which in solution occur on the

nanosecond time scale.”’” However, for a protein, the problem
is nontrivial as the detailed information regarding individual
bond distances, valence angles, and conformations may not
be readily available from the electron-scattering data. For
example, in order to investigate the unfolding of a protein
upon a temperature jump, we must take into account all
possible final conformations. This complexity may suggest
the masking of significant change in diffraction.

In a recent theoretical UED study of the helix—coil
structural phase transition in TSy, we (i) generated large
ensembles of randomized molecular structures (“coils”) in
order to ascertain the size of the ensemble required for UED
simulations to converge, (ii) investigated the impact of the
steric overlap tolerance imposed on the generated coil
structures on the reliability of our simulations, and (iii)
calculated the diffraction differences characteristic of the
helix—coil transition in T/39.” Because both size and confor-
mational flexibility of the macromolecule precluded any use
of the probability-density modeling in the case of Tf,,%! a
different methodology was needed in order to obtain struc-
tural changes and evolutions. The approach we developed
to rapidly generate large ensembles of nonoverlapping
random coiled structures of Ty on a standard CPU, after
the modifications which allowed us to take P(¢) into account,
was further used in the theoretical UED studies of confor-
mational interconversions in molecular ensembles of arachidic
acid (see above). Because reducing the ensemble size from
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4096 random coils (fractional error per radial distribution
peak below 0.01) to 1024 random coils was found to have
very little impact on the accuracy of UED simulations (Figure
15), we used the latter ensemble size in the studies reported
here.

The electron diffraction simulations discussed below were
carried out as follows. First, the (simplified) pseudoconformer
model assumed no coupling between the internal rotations
in TBo; 1024 (partially)randomized, nonlinear pseudocon-
formers of TSy were generated using the above-mentioned
approach.’> The model was based on the experimental
structure of TSy as obtained from 2D 'H NMR?>? measure-
ments (no changes in the structure parameters other than the
torsional angles determining the backbone conformation were
allowed). The set of torsional angles, {¢;}, of a given
pseudoconformer was randomly readjusted if it did not satisfy
one of the following steric restraints: (i) r; > 2.6 A
(“stringent” restraint); (ii) r; > ri(native) as obtained from
the NMR structure of TSy (“helical” restraint), or (iii) r; >
3.1 A (van der Waals-type restraint). Second, radial distribu-
tion functions [f(r, T)Owere calculated using UEDANA'3 for
the above-mentioned models at 7= 300 K with an artificial
damping factor of 0.02 A? and further compared with those
of equally large ensembles of native (o-helical) structures
of TSy;>* rms amplitudes of thermal vibrations were estimated
using the empirical equations at 7 = 300 K.

At thermal equilibrium, there is no physical reason to
impose a threshold more stringent than van der Waals on
the pseudoconformer structures present in the ensemble. Thus,
the features in Figure 15 demonstrate that no matter what
threshold nature imposes, there is a clear distinction between
o-helical and random-coil structures of Tfy. As shown in
Figure 15, helix—coil transitions in TSy predominantly
manifest themselves through a major redistribution of the
density of internuclear distances in the inner area of [f(r)[l
Most significantly is that a group of repeating nonbonded
distances associated with the a-helical structure of Tf3y causes
a pronounced resonant ordering in [f{r)[] whereas incoherently
distributed nonbonded distances of a random-coil ensemble
render its averaged radial distribution function rather feature-
less. Indeed, the average distance measured on a helix
backbone for an atom to its mirror image along the a-helix
axis (“pitch”) is about 5.5 A. Accordingly, the radial
distribution function of the helical ensemble depicted in
Figure 15 shows a well-defined peak at ~5.5 A, with some
periodicity corresponding to ~5.5 A. This resonant pattern
in [f{r)Odisappears as the helix unwinds.

As shown in Figure 15, the helicity loss associated with
the helix-to-coil transitions appears to be quasilinear in n,
the number of arbitrarily altered dihedral angles in the
backbone chain of T3y, within the framework of our model.
However, the above quasilinearity is disrupted as n ap-
proaches its limiting values of 0 and 120 on the right and
left ends of the 123-atom backbone of Tf,, respectively. This
is due to the terminal residues of TSy which do not possess
o-helical structure.®® It is also noteworthy that a local
disruption of the quasilinearity, which occurs at n &~ 36, may
be attributed to a quasirandom loop region which separates
the two a-helices of Tf,.>* Because the helical resonance in
[f(r)Chis unaffected by the globular conformation of Tf,,’ the
spatial coherence associated with the secondary structure in
the protein provides a robust experimental criterion with
which to evaluate the residual helicity in a molecular
ensemble at each particular point in time. The helicity
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changes shown in Figure 15 reflect the direct temporal
evolution of the ensemble as the protein undergoes the helix-
to-coil transition. Thus, the diffraction-difference curves
[Af(r)Ubetween (partially) randomized and native molecular
ensembles represent anticipated changes with time, but the
actual time constants for the change will be the subject of
another contribution.

5. Conclusion

In the present study, our aim was to elucidate the role of
coherence and conformations in biological structure deter-
mination by ultrafast electron diffraction (UED). At the heart
of the problem are conformational interconversions which
have been addressed for a series of potential energy hyper-
surfaces, from relatively small-sized (trans-stilbene and
n-butane) to relatively complex ones (arachidic acid). Theo-
retical models which sample a limited set of pseudocon-
formers and/or utilize the canonical Boltzmann averaging
have long been applied in many areas of research, such as
atomic and molecular clusters, condensed matter, and
biomolecules,*3*3% with the aim of understanding the energy
landscapes involved in the transformations. Our focus,
however, is on experimental observables, in this case UED.

Specifically, it is shown here that isolated order—disorder
transitions in (bio)polymers can be mapped out with ultrafast
electron diffraction. The spatial and temporal resolutions and
sensitivity of UED experimets suffice to detect the corre-
sponding structural change using selective motifs of spatial
coherence. As importantly, a theoretical model which is
compatible with the conformational energy landscape is
required to obtain meaningful interpretations of the experi-
mental data. For small- and medium-sized molecules, if the
shape of the internal rotation potential is quasiharmonic in
the vicinity of the minima as with n-butane, then the distinct-
conformer model is sufficient to fit the diffraction. However,
if the potential forms a flat basin around the equilibrium
structure as with frans-stilbene, an ensemble (pseudocon-
former) treatment should be employed.

For (bio)molecules with numerous energy minima, because
the size of the conformational space scales exponentially with
the number of degrees of rotational freedom, the ensemble-
convergent pseudoconformer modeling should be used. For
the latter case, the 1D radial distribution function [f(r)Uwas
shown to converge to its infinite-sample value using only a
few thousand conformations chosen randomly from the
ensemble. In addition to the distribution of interatomic
distances, calculation of the persistence length provides a
distance scale within which parts of the molecule are
correlated in their orientation and conformation, and as such
it can be used as an experimental indicator of residual
coherence.

Though insensitive to certain structural details, such as
small bond-distance and valence-angle variations across the
ensemble, the coarse-graining theoretical model should
account for the ensemble-wide structural resonance. The
temporal evolution of the residual degree of structural
ordering can then be assessed by monitoring the erosion of
resonant electron-diffraction features characteristic of the
structural motifs which undergo a disordering transition upon
a laser-induced temperature jump. For example, the structural
quasiperiodicity characteristic of arachidic acid and thymosin-
Bo was shown to induce unique resonance patterns in the
ensemble-averaged radial distribution functions and modified
molecular scattering intensities, and the resonant scattering
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terms giving rise to such patterns were uniquely identified.
Such motif changes are most dramatic in the case of DNA
double helices. It is of interest to note that in the original
structure determination®® of DNA fibers the double helical
structure was the key motif, and later the high-resolution
crystal structure confirmed the atomic positions.’” With the
newly constructed UED-4 apparatus we hope to explore such
directions of research.
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