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1. INTRODUCTION

Proteins are the cleaners, builders, motors, messengers, and
transporters of biological cells.1 The remarkable diversity of their
biological functions defines the enormous complexity of their
structures and dynamics, which in turn gives rise to the vast
variety of length and time scales involved.2 The polypeptide
chain of a protein is flexible enough to adapt an exponentially
large number of geometrical configurations, some of which are
significantly more stable than the majority of others. Among the
elements of such thermodynamically stable configurations
(native and/or misfolded structures of biological significance),3

right-handed α-helices are, perhaps, the most abundant structur-
al motifs. The remarkable functionality of these motifs stems
from a unique pattern of hydrogen bonding that defines their
spatial structure. Thus, in a right-handedα-helix, the CdOgroup
of an amino acid located at the position i in the polypeptide
(backbone) chain of a protein forms a hydrogen bond with the
N�H group of another amino acid that occupies the position
i + 4, which results in a compact and mechanically robust molecular
packing characterized by a well-defined pitch (rise per single turn
of the helix) of ∼5.5 Å;4 see Figure 1.

In 1951, based on the structures5 of amino acids and the planar
nature of the peptide bond, Pauling and Corey correctly pro-
posed the α-helix and the β-strand (to be the subject of another
contribution in the series of works at hand) as the primary
structural motifs in protein secondary structure.6 The discovery
of the spatial structure and chemical bonding patterns of α-
helices (Figure 1), which has become a cornerstone of structural

biology,7 laid the groundwork for further investigations of their
thermodynamic properties that are typically defined in the
context of order�disorder (or helix�coil) transitions. Later, the
actual rates of such transitions were studied both theoretically
and experimentally,8 measuring them on the microsecond time
scale and prompting the association of the results with “ultrafast”
dynamics.9 It was not until recently that the (un)folding
dynamics of α-helices was determined with ultrafast temporal
resolution.10

In these studies,10 it was shown that the fastest folding
events take place on the ∼5 ns time scale and that, even in the
case of the shortest possible (five-residue) structures, the helix�
coil transition involves multistep dynamics associated with a
number of (transient) intermediate states. Importantly, the
(un)folding dynamics takes place on a landscape of different
pathways. Thus, the peptide may search for the correct hydro-
gen-bonded conformation through intermediate collapsed
structures,11 and different trajectories may be involved: those
beginning from the unfolded peptides and forming intermediate
collapsed structures prior to the helical structure, and those
which directly form the helical structure from collapsed struc-
tures at shorter length and time scales. Such a bifurcation concept
is a general feature of complex molecular reactions with different
pathways.12 A simple theoretical treatment involving the rota-
tional diffusion of peptide bonds for the transformation from
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helical to nonhelical basins of the conformational space {(ψ, j)},
as defined by a set of Ramachandran dihedral angles,13 predicted
folding time constants of about 2 ns at room temperature.
MD simulations from this laboratory supported the multiple path
scheme of folding. The picosecond (annealing) and nanosecond
(diffusion) time scales as well as the ensemble-averaged helicity
fractions thus obtained were wholly in agreement with those
measured experimentally at the same temperature.10,13

In continuation of research on order�disorder transitions in
biomolecules, which was triggered by our interest in helix�coil
interconversions in polypeptides10,13,14 and DNA/RNA,15 and
further extended to recent investigations of temperature-induced
conformational changes in linear alkanes,16 in what follows we
report on the ultrafast unfolding dynamics of large (hundreds
of trajectories) macromolecular ensembles of Tβ9 (Figure 1)
in vacuo, the first effort to examine the dynamics of proteins in

diffraction. In so doing, we address a number of long-standing
issues, such as the validity of the Kinetic Zipper model17 and
single sequence approximation of Schellman,18 albeit in the
absence of water, as well as elucidate representative molecular
structures characteristic of isolated α-helical polypeptides;
conformational dynamics of Tβ9 in aqueous solutions will be
the subject of another contribution. The focus will be on the
different types of dynamical motions that arise at different
length and time scales of the unfolding process, and how the
relative time scales shift as a function of temperature. The
implications of these results for experimental studies of
dynamical transitions of macromolecules are succinctly
highlighted.

As opposed to the proof-of-principle study from this laboratory
that was based on simplistic theoretical modeling,14 ensemble
convergent MD simulations are used here to picture the temporal
evolutions of the ensemble-averaged structures of Tβ9 induced
by nonequilibrium thermal perturbations (temperature jumps).
Notably, the size and conformational flexibility of the studied
ensembles of Tβ9 represent a real challenge to both experiment
and theory because the number of possible structures and degrees
of freedom to be considered is huge. Therefore, a number of
coarse-graining approaches, such as the ensemble-averaged radial
distribution functions and radii of gyration,14�16 are used to account
for the transitional dynamics of the entire macromolecular en-
semble without sacrificing the crucial structural resolution. The
studied ensembles of macromolecules were generated using
distributed MD simulations, and the ensemble convergence
was ensured by monitoring the ensemble-averaged radial dis-
tribution functions, helicity fractions, and unfolding trajectories.

Atomic-scale spatiotemporal resolution combined with a mas-
sive statistical redundancy, which is sufficient to achieve the
desired degree of ensemble convergence, constitute the basis for
accuracy and reproducibility of the numerical experiments pre-
sented below. Because direct experimental determination of
detailed molecular structures of complex, flexible biopolymers
both in vacuo and in solution is not feasible at present, theoretical
methods remain the guiding force in exploring their conforma-
tional space in various environments.10,13�16 Importantly, the
consistency and credibility of our results are ensured by the data
redundancy and signal-to-noise ratio comparable to those typically
obtained, e.g., during the course of ultrafast electron diffraction
(UED)19 experiments. Furthermore, in a similar way to ultrafast
electron crystallography (UEC)20 experiments, which utilize the
spatial and temporal coherence in the specimen to reveal the
structural dynamics, the “computational microscopy” experiments
reported here make use of both spatial resonance and ensemble
averaging (see the subsequent Section) to extract accurate
and reliable structural data at each particular point in time.
Accordingly, the ensemble-convergent MD simulations presented
here and elsewhere10,13,15 provide statistically significant informa-
tion on the nature of the transient behavior of large biological
macromolecules.

2. DIFFRACTION OF FREE MACROMOLECULES

Of special interest in molecular biology is the influence of
water on macromolecular functions. Studies of structural and
conformational changes which are free of the additional effects of
solvation, crystallization, or external ordering imposed on the
specimen have received increased attention.21,22 Although bio-
logical macromolecules are sensitive to their environment, some

Figure 1. Molecular structure of α-helical peptides. In canonical right-
handed α-helices, the CdO group of an amino acid located at the
position i in the backbone chain of a protein forms a hydrogen bond with
the N�H group of another amino acid that occupies the position i + 4.
Equivalent atomic positions recur every 5.4 Å along the chain which
defines the pitch of the helix. Each amino acid residue is known to
advance the helix by 1.5 Å along the helix axis which defines the rise.
Consequently, in ideal α-helices there are 3.6 amino acid residues per
turn (left).4 Also shown in a variety of representations is the molecular
structure of the protein thymosin β9 (Tβ9; PDB ID: 1HJ0; sequence:
ADKPDLGEINSFDKAKLKKTETQEKNTLPTKETIEQEKQAK) in
solution of 40% (v/v) 1,1,1,3,3,3-hexafluoro-2-propanol-d2 in water as
obtained from 2D 1HNMR experimental data atT = 298 K;27 667 atoms
of Tβ9, which give rise to about 222,000 unique interatomic distances rij,
are engaged into 37 individual i f i + 4 contacts (α-helical and
nonhelical). The ordered conformation of Tβ9 includes two α-helical
sequences, “major” and “minor”, which extend from contacts 4 and 31 to
23 and 37, respectively. The two helices are joined together by a poorly
structured (loop) sequence (amino acids 28 to 30). Another loop is
located at the N-terminus of the protein (right).
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aspects of the structure are relatively robust, persisting in a wide
variety of environments. This gives rise to a number of questions
of fundamental significance; in particular: what structural fea-
tures are preserved in vacuo and are therefore “inherent” to the
physics of the isolated macromolecule? Equally importantly, how
does the absence of solvent affect conformational dynamics?
Answering these questions may elucidate the extent to which
biological feasibility relies on the aqueous environment.

Studies of isolated species have been made using various
experimental methods, especially mass spectrometry in which
the macromolecule is kept intact.22 In contrast to spectrometric
and spectroscopic investigations into gas-phase behavior, UED
allows for direct probing of molecular geometry. For small
isolated molecules, the success of UED in determining their
structures23 and dynamics24 has been largely aided by the
advances made in computation and detector sensitivity. Be-
cause the spatial periodicity that gives rise to coherent electron
and X-ray scattering characteristic of crystalline specimens
normally vanishes for free molecules, the UED approach
utilizes quantum-chemical calculations as a starting point for
conformational fitting. High-level ground- and excited-state
electronic structure calculations followed by normal-mode
analyses of the resulting force fields minimize guesswork
and result in highly accurate predictions of structures and
dynamics for relatively small to moderate-sized organic
molecules.

In more complex cases, such as nonequilibrium structures on
shallow potentials and/or multiple, highly correlated large-
amplitude intramolecular motions, a Monte Carlo sampling
algorithm, coupled with the internal coordinate representation,
allows the fit structure to be vastly different from the starting-
point model provided by quantum-chemical calculations.19a Last
but not least, using powder diffraction data,25 it has been shown
recently that molecular structures and conformations can be
determined from UED using genetic algorithms.26 These and
other structure refinement techniques form the basis of the UED
structural search in large conformational space guided by experi-
ment. However, both the size and conformational flexibility of
biological macromolecules render molecular structure para-
meters, such as bond distances, valence angles, or torsional
angles, inaccessible by UED. Becase all internuclear scattering
terms are projected onto a one-dimensional radial distribution
function, the atomic-scale resolution must be replaced by other
structural features (“fingerprints”).

The remarkable periodicity of the α-helix architecture gives
rise to a one-dimensional structural resonance analogous to that
of three-dimensional crystals. We have exploited this property in
our studies. To capture this resonance feature, we utilize the
(time-dependent) ensemble-averaged radial distribution function,
Æf(r, t)æn, where r 3 Æf(r, t)æn is the distribution of internuclear
distances rij, i 6¼ j, i, j e N, across the studied macromolecular
ensemble, N is the number of atoms in the macromolecule,
and n is the ensemble size. At each particular point in time t,
ΔÆf(r, tm, tk)æn = Æf(r, tm)æn � Æf(r, tk)æn represents a natural
measure of the ensemble-averaged conformational change which
occurs during the time interval Δt = tm � tk. With properly
chosen frame-referencing, i.e., with an adequate selection of the
two points in time that correspond to the two different states of
the system under study, the spatiotemporal evolution of transient
structures has been extensively explored for a variety of chemical
processes.24 The procedure of obtaining Æf(r, t)æn from diffraction
data has been described in detail in a number of sources.14,16,19 In

this work, Æf(r, t)æn was calculated from computed structures
using a modified version of the UEDANA code.19a

In what follows, we investigate the conformational dynamics
of Tβ9 via the ensemble-averaged radial distribution functions of
UED simulations and use native-contact metrics to parametrize
and (locally) quantify the actual disruption of helicity. This novel
approach provides a comprehensive insight into both local and
globular structural changes associated with helix�coil transitions
across the macromolecular ensemble under scrutiny. Although
certain apparent implications for future UED experiments are
briefly outlined in ref 14, the above-mentioned radial distribution
functions are invoked here purely as an intuitive coarse-graining
method for macromolecular order�disorder transitions in gen-
eral. We note that any other definition of the ensemble-averaged
radial distribution functions and their temporal differences
(“diffraction differences” in the case of UED measurements),
including simple pairwise internuclear distance histograms, is
equally well suited to analyze the dynamics of macromolecules.

3. DIFFRACTION OF Tβ9: A PROOF OF PRINCIPLE

In this Section, we illustrate the above-mentioned principles
with simulated f(r) patterns of isolated macromolecules of
Tβ9. The 41 amino acid residues of Tβ9 form two (“major”
and “minor”) right-handed α-helices connected by a poorly
structured loop; a short sequence of nonhelical amino acid
residues is also located at the N-terminus of the protein
(Figure 1). The radial distribution function of Tβ9 as obtained
from its NMR structure (PDB ID: 1HJ0) found in a water
�alcohol solution27 is depicted in Figure 2a; 667 atoms con-
stituting Tβ9 give rise to about 222 000 unique scattering terms
rij. Importantly, f(r) of the NMR structure of Tβ9 exhibits a sharp
resonant peak at r≈ 5.5 Å, as well as some residual periodicity of
∼5.5 Å, which correspond to coherent accumulation of rij ≈
5.5 3 n Å distances (n = 1, 2,...) along the two helices of the
macromolecule. Also shown in the Figure are corresponding
patterns of individual structures of Tβ9 chosen at random from
the gas-phase macromolecular ensemble equilibrated at T = 300 K
during the course of MD simulations (see Section 4). The
differences between the two kinds of structures also apparent in
Δf(r) patterns (Figure 2b) are indicative of a pronounced change
in diffraction upon evaporation of the protein. As demonstrated
in Figure 3, the initial helical ordering characteristic of Tβ9 in
water�alcohol solution is significantly reduced in the gas phase.
In addition, the (largely unwound) protein macromolecules tend
to form highly compact globular structures stabilized by non-
native hydrogen bonding. Hence, the population of the outer-
most (“end-to-end”) rij distances characteristic of the native
structure of Tβ9 is depleted whereas the number of incoherently
distributed rij distances in the inner area of the pattern increases
accordingly.

Earlier we reported14 a simplistic theoretical modeling of
helix-to-coil transitions in Tβ9. The electron diffraction
simulations were carried out as follows. First, n = 1024
(partially) randomized pseudoconformers of Tβ9 were gen-
erated using its NMR structure27 as a starting point (no
changes in the structure parameters other than the torsional
angles determining the backbone conformation were
allowed). The set of torsional angles, {jl}, of a given pseu-
doconformer was readjusted at random if it did not satisfy one
of the following steric constraints: (i) rij > 2.6 Å (“stringent”
constraint); (ii) rij > rij(native) as obtained from the NMR
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structure of Tβ9 (“helical” constraint), or (iii) rij > 3.1 Å
(van der Waals-type constraint). Second, ensemble-averaged
radial distribution functions Æf(r, T)æn were calculated for the
above-mentioned models at T = 300 K. Third, and finally,
ÆfNMR(r, T)æn = fNMR(r, T) of the native (NMR) structure of
Tβ9 was calculated in a similar fashion, and further subtracted
from Æf(r, T)æn of the (partially) randomized macromolecular
ensembles in order to obtain ΔÆf(r, T)æn characteristic of the
structural change. Depicted in Figure 2c,d are diffraction
difference patterns as obtained using the above simplistic
approach.

From the results of Figure 2c,d it is apparent that, no matter
which threshold nature imposes, there should be a clear distinc-
tion between α-helical and random-coil structures of Tβ9.
Moreover, the gradual accumulation of the diffraction difference
in the resonant (“pitch”) area of the patternmay be used tomonitor
the residual helicity fraction across the ensemble at each particular
point in time. However, the fact that the ensemble-averaged

helicity fraction is reduced to about 20% in the gas phase, which
results in a substantial reduction of the diffraction difference
signal strength, renders the diffraction data analysis significantly
more difficult. A way to excise the majority of incoherently
distributed scattering terms that will inevitably obscure helix-
to-coil transitions in the gas phase is to performUED simulations
on the backbone atoms of Tβ9 (without side chains; see
Figure 1) to obtain ÆfB(r, t)æn. Indeed, an inspection of
Figure 2e,f indicates that, when ÆfB(r, t)æn and ΔÆfB(r, t)æn are
used instead of Æf(r, t)æn and ΔÆf(r, t)æn (cf. Figures 2a,b), the
resonant features become much sharper and more distinct, so
much so, in fact, that the diffraction difference pattern predicted
in ref 14 is partially recovered even for individual, randomly
chosen structures of the MD ensemble. A similar approach was
used in our recent computational study of helix�coil transitions
in DNA, where individual phosphorus atoms of the sugar back-
bone were used to reveal the intimate details of coiling and strand
separation.15a

Figure 2. Modeling of helix-to-coil transformations: frommolecules to backbones. Shown are radial distribution functions of the starting-point (NMR)
stricture27 and two conformations of Tβ9 chosen at random form a large (n = 200)macromolecular ensemble equilibrated in vacuo at room temperature
during the course of ensemble-convergent MD simulations (f(r); (a), as well as corresponding diffraction differences (Δf(r); (b) calculated with respect
to the reference starting point structure. UED patterns representing {C, N, O} backbones of the same structures of Tβ9 (excluding side chains) are given
by (fB(r); (e) and (ΔfB (r); (f). Ensemble-convergent diffraction differences with respect to the reference ensemble of NMR structures (ÆΔf(r)æn,
n = 210) calculated for fully randomized (random coil) structures assuming various self-avoidance thresholds (c) and for partially randomized α-helical
structures in the assumption that Tβ9 was unwinding continuously from its C-terminus (d) are adapted from ref 14.
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4. DIFFRACTION OF Tβ9: MOLECULAR DYNAMICS
SIMULATIONS

The previous section describes the proof-of-principle of using
UED resonance peaks to monitor helix�coil dynamics. We note
that the ΔÆf(r, T)æn patterns of Figure 2d were calculated with
respect to an ensemble of NMR (solution-phase) structures of
Tβ9,

14 i.e., they did not reflect the decay in helicity associated
with dehydration and loss of the stabilizing alcohol buffer
(Figure 3). Furthermore, the structure of the coil state was
estimated using a simplistic theoretical model. In the present
Section, we analyze the actual behavior of Tβ9 in gas phase by
feeding the data from ensemble-convergent all-atomMD simula-
tions into our coarse-graining methodology.
4.1. Ensemble Convergence. Shown in Figure 4 is the

convergence behavior of the ensemble-wide radial distribu-
tion function Æf(r, 0)æn at “time zero” (t = 0; panels a, c, e) and
the decay of the residual helicity fraction characteristic of the
studied ensemble of Tβ9 (panels b, d, f) as obtained in vacuo
from our MD simulations at T0 = 300 K and following the
temperature jumps of ΔT = 300, 600, and 900 K, respectively.
The ensemble size n is indicated in each panel of the Figure. In

regard to Æf(r, t)æn, averaging over n = 100 independent MD
trajectories allows for the convergence of dynamical informa-
tion into a clear picture of ensemble-level behavior (Figure 4a,c,e).
However, the inherent fuzziness of the ensemble-wide residual
helicity profiles derived from the backbone hydrogen-bondmetric
precluded any reasonable assessments of the time scales involved
in the unfolding transition for n = 100. Therefore, an additional set
of n = 200 macromolecular trajectories was calculated, and further
used to obtain the results of Figure 4b,d,f. Thus, because of the
fleeting nature of the hydrogen-bond contacts, the temporal
profiles of residual helicity across the macromolecular ensemble
of Tβ9 are at least twice as sensitive to the (random) noise level in
ensemble-convergent MD simulations as those of Æf(r, t)æn. Even
when the ensemble size was increased to n = 400, the noise level
remained significant, but, fortunately, the signal-to-noise ratio
improved to an extent sufficient to permit reliable determination
of features pertinent to the time scales involved in the studied
structural transformations.
4.2. Gas Phase Equilibration at Room Temperature. As

outlined above, an inspection of UED patterns characteristic of
isolated macromolecular ensembles of Tβ9 (Figure 4a,c,e)
reveals that the spatial resonance associated with α-helical
ordering in the protein is somewhat weakened upon vaporiza-
tion, which may be rationalized in terms of formation of highly
ordered (α-helical) local domains separated by distorted, poorly
structured moieties such as loops (cf. Figure 3). Our MD
simulations indicate that these structures are transient in nature.
Despite nonnative intramolecular hydrogen-bonding contacts
that arise at 300e Te 600 K in the absence of a hydrating water
shell, which is known to efficiently compete with intramolecular
hydrogen bonding in aqueous solutions, the conformational
dynamics of nonhelical moieties remains significant not only
due to their inherent flexibility, but also because of the contin-
uous rupture and recombination of the newly formed hydrogen
bonds. The excessive intramolecular hydrogen bonding and
entropy-driven contraction of highly extended macromolecular
conformations lead to the dominance of more compact
(“globular”) structures across the ensemble, which are character-
ized by dramatically reduced radii of gyration.14 However,
despite the transition from “canonical” (NMR-like) to partially
randomized, somewhat more globular macromolecular struc-
tures which takes place upon vaporization of Tβ9, significant
helicity is preserved in the gas phase (see, for example, Figure 2e).
Thus, regardless of the degree of hydration, multiple sets of
spatially coherent intramolecular distances (“scattering terms”)
associated with robust α-helical motifs give rise to unique
resonant features in both Æf(r, t)æn and ÆfB(r, t)æn as obtained at
“time zero” (t t 0) for macromolecular ensembles of Tβ9
equilibrated at room temperature (T0 = 300 K).
4.3. Temperature Jump Dynamics and Temperature De-

pendence. As evidenced from the results of Figure 5 and, more
importantly, Figure 6, the temporal decay of spatial resonance in
Æf(r, t)æn and ÆfB(r, t)æn that is observed following a temperature
jump (ΔT > 0; t > 0) provides direct insight into the details of
order�disorder transitions throughout the studied macromolecu-
lar ensemble of Tβ9. In what follows we monitor the temporal
variation of the sharp helix resonance of ÆΔfB(r, t)æn centered at the
pitch distance (r≈ 5.5Å) to study the helix-to-coil transition across
the ensemble (Figures 6b,d,f) for a range of temperature jumps.
For ΔT = 900 K, the (local) helix “unzipping” and (global)

coiling of Tβ9 in the gas phase include multiple stages, each of
which is characterized by its own specific timing. Thus, the native

Figure 3. Representative structures of Tβ9 as obtained from large-scale
(n = 200) ensemble-convergent MD simulations carried out in vacuo at
room temperature. Shown in green is the reference NMR structure
which represents the ensemble population at t = 0. Shown in blue are
gaseous structures randomly chosen from the thermally equilibrated
ensemble at t = 400 ns. Note the globular structure formation and partial
decay of α-helical motifs characteristic of Tβ9 in the gas phase.
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(α-helical) hydrogen bonding contacts are broken “dynamically”
on an ultrafast time scale; i.e., the hydrogen-bond rupture starts
to prevail over the bond recombination throughout the entire
ensemble of Tβ9 within a few picoseconds. As a result, the
inherent stiffness of α-helices that constitutes the basis for their
remarkable mechanical properties28 weakens, and the overall
structure of the helices becomes more diffuse (hence the gradual
broadening, and displacement toward higher values of rij, of the
characteristic helicity fingerprints in UED patterns). Notably, the
overall shape of Æf(r, t)æn and ÆfB(r, t)æn patterns remains intact for
at least 40 ps (Figures 5e,f and 6e,f). However, by t = 400 ps, the
deterioration of α-helical motifs in Tβ9 becomes overwhelming,
which is evidenced by the virtual disappearance of any resonant
features in both Æf(r, t)æn and ÆfB(r, t)æn. On longer time scales, the
molecule undergoes global conformational diffusion such that by

t = 4 ns the formation of a globular coil is virtually accomplished,
and further (nonresonant) transient structural changes average
out across the studied ensemble. Thus, the high temperature
jump induces helix unzipping on the picosecond time scale,
whereas the global structure of the macromolecule changes 2
orders of magnitude more slowly; the overall shape can be
considered “frozen” during local unfolding.
It is, perhaps, instructive to emphasize here that when the tight

atomic packing characteristic of α-helices, which manifests itself
through a resonant accumulation of relatively short (5�10 Å)
interatomic distances across the macromolecular ensemble, be-
comes fully (or even partially) scrambled, the diffuse packing of
the (collapsed) globule structure gives rise to a broad, smooth,
hump-like incoherent feature centered at about 12 Å in <fB(r, t)>n
(Figure 6e; a similar effect is observed in <f(r, t)>n as well, but

Figure 4. Assessment of ensemble convergence in UED and MD simulations. Shown are radial distribution functions (Æf(r, 0)æn; a, c, e) that were
averaged over n = 1, 10, and 100 individual conformations constituting two equally large macromolecular ensembles of Tβ9 as obtained using large-scale
(n = 200) microsecond ensemble-convergent MD simulations carried out in vacuo at room temperature. Importantly, the ensemble size of n = 100
suffices to picture convergent behavior across the ensemble; Æf(r, t)æn, n = 1, 10, and 100, of NMR structures of Tβ9 in aqueous solution

27 are plotted for
comparison. Also presented are temporal variations of the ensemble-averaged residual helicity fraction, Æh(t)æn, as obtained using large (n = 400)
macromolecular ensemble equilibrated in vacuo at room temperature and further subjected to 300 K (b), 600 K (d), and 900 K (f) temperature jumps
during the course of ensemble-convergent MD simulations. Note that the size of the macromolecular ensemble under study had to be increased by a
factor of 2 in order to obtain a signal-to-noise ratio suitable for time scale determination from the temporal profiles of Æh(t)æn. In each panel of the Figure,
red and green lines represent equally large, independent trajectory sets; black lines in panels (b,d,f) represent ensemble averaging over the two sets.
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it is less pronounced at higher temperatures which preclude the
formation of stable intramolecular hydrogen bonds in the gas
phase, cf. Figure 5e). At ΔT = 600 K (Figure 6c), the globule
formation becomes slightly more pronounced than atΔT = 900 K
(Figure 6e) because lower temperatures facilitate enthalpy-driven
contraction of the globule, as opposed to the more extended
ensembles at higher-temperatures. However, the overall pattern of
structural changes as obtained for ΔT = 600 K (Figures 5c,d and
6c,d), despite being somewhat less dramatic, closely resembles that
characteristic ofΔT = 900 K (Figures 5e,f and 6e,f), with the only
exception of higher residual-helicity fractions being preserved in
the globule at longer times.
As opposed to vibrationally hot ensembles of Tβ9 following

ΔT = 600 K andΔT = 900 K temperature jumps (see above), the
ensemble-convergent behavior associated with the helix-to-coil
transition triggered by ΔT = 300 K appears to be strikingly
different insofar as the massive formation of (nonnative) intra-
molecular hydrogen-bonding contacts is no longer precluded by
rapid vibrations and contortions of the macromolecule. The

increased number of stable nonnative hydrogen bonds manifests
itself through a dramatic increase in the heights of the two
innermost peaks of Æf(r, t)æn (Figure 5a,b) which are associated
with nearest-neighbor (bonded) and second-nearest-neighbor
intramolecular distances (we note that corresponding peaks in
ÆfB(r, t)æn remain virtually unchanged because, unlike the {C, N, O}
atoms forming side chains of Tβ9, the atoms that constitute the
backbone chain do not appear to participate in formation of the
new hydrogen bonds; see Figure 6a,b).
From the overall shape of Æf(r, t)æn (Figure 5a) one may

conclude by mistake that the new hydrogen-bonded structures
formed across the macromolecular ensemble must be completely
random. However, an examination of ÆfB(r, t)æn reveals some-
thing unexpected. The results of Figure 6a,b demonstrate with
clarity that, despite somewhat increased contraction of the
globule triggered by formation of the new, non-native hydrogen
bonds, the helical-fingerprint motif in ÆfB(r, t)æn remains virtually
intact! The “stickiness” (or self-bonding bias) characteristic of
Tβ9 in the absence of water induces formation of a substantial

Figure 5. Unfolding dynamics: radial distribution functions in vacuo. Shown are temporal evolutions of macromolecule-wide radial distribution
functions (Æf(r, t)æn; a, c, e) and corresponding diffraction differences (ΔÆf(r, t)æn; b, d, f) as obtained using large (n = 200) macromolecular ensemble
equilibrated in vacuo at room temperature and further subjected to 300 K (a,b), 600 K (c,d), and 900 K (e,f) temperature jumps during the course of
ensemble-convergent MD simulations. Note the dramatic difference between the ensemble-averaged unfolding behaviors characteristic of lower (ΔT =
300 K) and higher (ΔT = 600, 900 K) temperature jumps.
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number of non-native, side-chain-dominated, hydrogen bonds
even in the presence of fairly long α-helices. The latter distort,
but nevertheless retain their characteristic structural features
throughout the whole simulation window, which is, indeed,
remarkable. From comparing Æf(r, t)ænwith ÆfB(r, t)æn, it is clear
that global reorganization across the ensemble is fully accom-
plished within a few nanoseconds (Figure 5a), whereas the
backbone helicity peak (Figure 6a) indicates that the helix is
still unzipping on this time scale. Therefore, for ΔT = 300 K,
local unfolding occurs at longer times than global unfolding
and (non-native) refolding.
Similarly to the conformational and structural changes re-

ported earlier for temperature-induced helix-to-coil transitions in
DNA,15a the above-mentioned ensemble-convergent behavior
arises because the native (α-helical) hydrogen-bonding contact
disruption and the global conformational change are enthalpy-
and entropy-driven processes, respectively. At lower tempera-
tures (ΔT e 300 K), conformational diffusion happens even if
few disruptions occur. Unlike DNA macromolecules, which are

highly negatively charged despite protonation,29 isolated macro-
molecules of Tβ9 are neutral, which causes them to be even
stickier in the absence of water. However, a temperature increase
across the ensemble can unravel the intramolecular motions that
facilitate formation of a globular coil stabilized by non-native
hydrogen bonds. Since the barrier-crossing-type hydrogen-bond
disruptions speed up exponentially with increasing temperature
while the diffusive conformational interconversions are only
weakly dependent on temperature, at a certain threshold tem-
perature (on the interval 300eΔTe 600 K), the time scales for
these two kinds of processes cross and the α-helicity disappears
prior to the characteristic diffusion time.
The results suggest that it is important to perform UED

temperature jumps at ΔT . 300 K to prevent global dynamics
from convoluting local helix unzipping in the Æf(r, t)æn. It is also
noteworthy that the admixture of residual helicity cannot be
reliably detected using Æf(r, t)æn alone because the spatial resonance
associated with it is simply not strong enough to compete with
incoherently distributed scattering terms associated with side

Figure 6. Unfolding dynamics: radial distribution functions in vacuo. Shown are temporal evolutions of backbone-specific radial distribution functions
(ÆfB(r, t)æn; a, c, e) and corresponding diffraction differences (ΔÆfB(r, t)æn; b, d, f) as obtained using large (n = 200) macromolecular ensemble
equilibrated in vacuo at room temperature and further subjected to 300 K (a,b), 600 K (c,d), and 900 K (e,f) temperature jumps during the course of
ensemble-convergent MD simulations. Note the dramatic difference between the ensemble-averaged unfolding behaviors characteristic of lower
(ΔT = 300 K) and higher (ΔT = 600, 900 K) temperature jumps.
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chains. Because backbone-relateddiffractiondifferences have proven
to be sensitive to the subtle local (and global) structural changes that
constitute elementary steps of order�disorder transitions, ÆfB(r, t)æn
and its varieties constitute a novel coarse graining approach which is
significant for conformational analysis of such transitions in biomo-
lecules (see also ref 15a).
4.4. Rate Constants of the Helix-to-Coil Transition. What

are the actual time scales characteristic of the processes involved?
First, we note that the heights of the diffuse (incoherent)
nonresonant feature at ∼12 Å and the “pitch” resonance peak
at ∼5.5 Å increase and decrease almost quasilinearly with the
logarithmic times steps of Figures 5 and 6, which is indicative of
the exponential rise and decay at long and short time scales,
respectively. As explained earlier in this Section, the former
variation is associated with the incoherent elimination of
(residual) helical motifs, whereas the latter one is due to coherent
rupture of native hydrogen-bonding contacts along α-helices.
The disruptions in quasilinearity that are apparent in Figure 6
may be caused by an interplay of the above two processes

(e.g., at intermediate times) and/or by a statistically signifi-
cant admixture of a third process, such as spontaneous non-
native hydrogen bond formation that takes place during the
first several nanoseconds at T = 600 K (Figure 6a,b). Second,
we note that unlike ÆfB(r, t)æn that exhibits shoulders etc. in the
nearest vicinity of the pitch-related resonance on intermediate
time scales, a single, smooth, well-defined feature character-
istic of ÆΔfB(r, t)æn in that area provides a much cleaner, and
numerically more accurate, measure of helicity change across
the ensemble.
The results of biexponential fitting based on asmany as about a

dozen time-dependent profiles of ÆΔfB(r)æn are presented in
Figure 7, which provides a numerical quantification of the actual
time constants involved in the temperature-induced helix-to-coil
transitions reported here. Importantly, helix unzipping involves
two distinct phases, each characterized by its own time scale.
Rupture of the native hydrogen-bonding contacts, which be-
comes an ultrafast process above a certain temperature threshold
(see above), is characterized by τ300 = 0.7 ( 0.2 ns, τ600 =

Figure 7. Unfolding dynamics: UED assessment of time constants in vacuo. Shown are temporal evolutions of resonant diffraction difference features
(ΔÆfB(r, t)æn, r≈ 5.5 Å) as obtained using large (n = 200) macromolecular ensemble equilibrated in vacuo at room temperature and further subjected to
300 K (a,b), 600 K (c,d), and 900 K (e,f) temperature jumps during the course of ensemble-convergent MD simulations. Note the dramatic difference
between the ensemble-averaged unfolding behaviors characteristic of lower (ΔT = 300 K) and higher (ΔT = 600, 900 K) temperature jumps. Also, note
the striking differences between the bond breaking (τ1) and the helicity loss (τ2) time scales.
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6.8 ( 1.6 ps and τ900 = 3.9 ( 0.8 ps, as assessed for the
temperature jumps of ΔT = 300, 600, and 900 K, respectively,
using UED data obtained from the corresponding numerical
experiments. Equally importantly, the loss of residual helical
structure is characterized by τ300 = 90 ( 40 ns, τ600 = 440 (
80 ps, and τ900 = 50 ( 16 ps. Figure 8b inset shows the (log-
scale) unfolding times of these two processes as a function of
inverse temperature, for which the slopes of the lines give the
energy barriers. The slow (τ2) helicity loss process displays
Arrhenius behavior over the entire temperature range with a
barrier of 18 ( 1 kcal/mol. In contrast, the bond disruption
process (τ1), which is up to 2 orders of magnitude faster, involves
crossing a 4( 2 kcal/mol barrier as evidenced from theΔT= 600
and 900 K time scales. We note that τ1 at ΔT = 300 K is
significantly longer than that predicted for barrier crossing
because, unlike the irreversible bond breaking process at higher

temperatures, bond disruption at this temperature is a dynamical
interplay of bond breaking and reformation on the nanosecond
time scale.
The barrier of structural helicity loss, which is much higher

than that of bond disruption, indicates that the helical structural
motif is much more persistent than its bond energetics would
suggest. As such, helix unfolding is a 3-state process in which the
helical-but-unbound state is a well-defined ensemble of struc-
tures which, depending on the temperature, may be a long-lived
state during the unfolding dynamics. In fact, at ΔT = 300 K this
local structural motif is much longer-lived than the overall global
structural relaxation. This paradoxical result arises because global
changes in the shape require only small changes in the backbone
degrees of freedom that can avoid crossing the highest steric and
bond-breaking barriers. As such, the global reorganization rate is
entropy-driven and much less sensitive to temperature than the

Figure 8. Global and local structural reorganization: following the temperature jump, the initial ensemble undergoes both local denaturation of helical
motifs (blue circular highlight) as well as global coiling. ForΔT = 300 K, the unfolding pathway (dark red arrows) involves global coiling and enthalpy-
driven contraction followed by loss of local helicity, whereas forΔT = 600 and 900 K (light red and magenta arrows) the order of these two processes is
reversed (a). The loss of local helical structure is further separated into two distinct time scales corresponding to fast bond disruption (τ1) and slower loss
of structural helicity (τ2) which are separated by up to 2 orders of magnitude in their time scales (b inset). The unraveling of the helix therefore involves
surmounting two barriers, E1 and E2 which are separated by the kinetic intermediate structure (b). Note that atΔT = 300K, bond disruption is reversible,
which significantly slows the dynamics (red arrow in the inset).



17082 dx.doi.org/10.1021/ja207722k |J. Am. Chem. Soc. 2011, 133, 17072–17086

Journal of the American Chemical Society ARTICLE

enthalpy-driven local unzipping rate which decreases exponen-
tially with increasing inverse temperature.
4.5. Native-Contact Separation: Backbone Hydrogen-

Bonding Dynamics. To independently assess the validity of
findings made using sharp resonant features in ÆΔfB(r)æn, as well
as to obtain sequence-sensitive dynamics of native-contact
rupture in gaseous Tβ9, we constructed temporal contact maps
of the native (α-helical) backbone hydrogen bonds using the
atomic-resolution Cartesian coordinate sets generated from our
MD simulations. For this analysis a larger (n = 400) ensemble was
required to achieve a satisfactory signal-to-noise ratio, i.e., ensem-
ble convergence (we note that a fraction of this ensemble, n = 200,
was used to obtain the UED patterns of Figures 5 and 6).
It is noteworthy that the first three nonhelical if i + 4 amino

acid contacts in Tβ9, A-D, D-L, and K-G, give rise to a poorly
defined loop 1, as evidenced from the NMR molecular structure
of the protein found experimentally in a water�alcohol solution

(Figure 1). An inspection of Figure 9a,c,e reveals that this is also
true in vacuo.Moreover, the second randomly structuredmoiety,
loop 2, that has the LPT sequence and joins together the two
extended helices in the NMR structure of Tβ9, is also preserved
in the gas phase throughout the MD simulation window. This
behavior is due to the two proline residues, P, participating in
the amino-acid contacts 4 and 29 (Figure 1). The proline
residues lack NH groups and sterically block additional (up to
four) upstream α-helical hydrogen-bonding contacts, which
renders proline “helix-breaking”. As a result, the two (“major”
and “minor”) amino acid sequences of Tβ9 that are known to
form α-helices in solution are readily isolated in the results of
Figure 9a,c,e as areas exhibiting temporal variations.
It has long been assumed that α-helices tend to unwind from

the ends.18 Operating from the Lifson�Roig model,30 which is a
refinement of the Zimm�Bragg model that recognizes that an α-
helix is stabilized by a hydrogen bond once three consecutive

Figure 9. Unfolding dynamics:MD assessment of time constants in vacuo. Shown are temporal evolutions of the residual helicity of 37 individual if i +
4α-helical and nonhelical contacts in the backbone chain of Tβ9, Æh i(t)æn, (dark violet: 0% helicity, light orange: 60% helicity; cf. the temporal profiles of
the ensemble-averaged residual helicity fraction, Æh(t)æn = ∑l Æh l(t)æn, of Figures 4b,d,e) as obtained using large (n = 400) macromolecular ensemble
equilibrated in vacuo at room temperature and further subjected to 300 K (a), 600 K (c), and 900 K (e) temperature jumps during the course of
ensemble-convergent MD simulations. Relevant time scales given in panels (b,d,f) are in good agreement with those obtained from UED simulations
(see Text and Figure 7). Also, note the role of proline residues (P; contacts 4 and 29 in Figure 1) in hindering the formation of up to 4 upstrem α-helical
contacts in Tβ9; see Text and panels (a,c,e).
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residue torsional angles have adopted the helical conformation,31

Poland and Scheraga generated all possible initial reactions and
found that the reactions of helix ends dominated the initial rate.32

However, the actual direction of unwinding (i.e., from the N
versus the C terminus) will largely depend on the α-helix
propensities of the individual contacts involved. In the results
of Figure 9a,c,e it can be readily seen that (i) Tβ9 tends to unwind
from the N-terminus of the protein and (ii) certain α-helical
contacts are more persistent in time than the others.
For example, the E-L contact number 24 located at the very

end of the major helix (Figure 1), which is not even identified as
purely α-helical in ref 27 because of somewhat nonstandard
backbone torsional angles adopted by the NMR structure of Tβ9
in that area, is characterized by remarkably persistent α-helical
hydrogen bonds at longer times, especially upon the lowest
(ΔT = 300 K) temperature jump (Figure 9a). Additional helicity
islands found, e.g., at positions 11�13, 16, 19, 23 along the major
helix, as well as at positions 32�33 and 36 along the minor helix,

may suggest, naively, that a number of internal bubbles nucleate
along the helices, e.g., at positions 18 or 35. However, we note
that such features are partly a result of ensemble averaging of
single helical domains at different locations. Therefore, neither a
smooth pattern of increasing/decreasing α-helix persistence nor
a “wavy” residual-helicity pattern that involves multiple α-helical
islands (cf. Figure 9a,c,e) have any global physical meaning in the
gas phase. Indeed, because the extended α-helical moieties of
Tβ9 found in solution give rise to shorter, randomly positioned
α-helices separated by random loops upon evaporation of the
protein (Figure 3), the results of Figure 9a,c,e can only be used to
judge the ensemble-averaged residual helicity characteristic of a
particular if i + 4 hydrogen-bonding contact l, 1e le 37, in the
backbone of Tβ9 at a given time.
In regard to the actual (ensemble-averaged) time scales

involved in the helix-to-coil transition, we note that they can
be readily estimated from theMD ensemble under study for each
of the 37 amino-acid hydrogen-bonding contacts in the backbone

Figure 10. Unfolding dynamics: radii of gyration in vacuo. Shown are temporal profiles of the ensemble-averaged, root-mean-square radii of gyration,
(ÆRg2(t)æn)1/2 (see Text), as obtained using UED data for a large (n = 200) macromolecular ensemble equilibrated in vacuo at room temperature and
further subjected to 300 K (a,b), 600 K (c,d), and 900 K (e,f) temperature jumps during the course of ensemble-convergent MD simulations.
Importantly, the (ÆRg2(t)æn)1/2 profiles of Tβ9 and its backbone exhibit the same trend, but it is somewhat more pronounced for the latter. Note the
dramatic difference between the ensemble-averaged unfolding behaviors characteristic of lower (ΔT = 300 K) and higher (ΔT = 600, 900 K)
temperature jumps.
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chain of Tβ9 (Figure 1), as well as for the entire macromolecule.
Because the temporal evolutions of the individual i f i + 4
amino-acid contacts (Æhl(t)æn, Figure 9a,c,e) cannot be compared
directly with the results of UED simulations reported here, in
what follows we limit the discussion of temporal features to the
profiles of the ensemble-averaged residual helicity of the entire
macromolecule (Æh(t)æn = ∑l Æhl(t)æn; Figure 4b,d,f).
The actual time constants thus obtained are in good agree-

ment with those assessed using UED methodology (the biexpo-
nential fitting procedure similar to the one reported above yields
τ300 = 0.8( 0.3 ns, τ600 = 6( 2 ps, τ900 = 4.8( 0.6 ps and τ300 =
90( 20 ns, τ600 = 270( 20 ps, τ900 = 85( 3 ps for the faster and
slower temporal components, respectively). However, it is worth
re-emphasizing here that assessing the state of the hydrogen
bond l connecting two (i and i + 4) amino-acid residues in the
backbone of an α-helix at each particular time point, which
constitutes the basis for calculating Æhl(t)æn and, consequently,
Æh(t)æn, is not sufficient to estimate the residual helicity across the
ensemble. As we have demonstrated at the beginning of the present
Section, the (initially)α-helical moieties of Tβ9 tend to adopt quasi-
helical torsional angles across their backbone chains long after the
coherent rupture of α-helical hydrogen bonds. Similarly, the
hydrogen bonding can also occur despite fluctuations away from
the canonical values of α-helical torsional angles taking place in
the backbone. Consequently, the molecular-structure-dependent
ΔÆfB(r, t)ænmetric we used to assess the residual-helicity fraction of
Tβ9 in the gas phase during the course of UED simulations provides
a more accurate quantification of the temporal change in helicity
across the studied macromolecular ensemble.
4.6. Global Structures: Coherent vs Incoherent Dynamics

Evidenced in the Radii of Gyration. Another important char-
acteristic of the ensemble that is readily obtained from the UED
data is the temporal evolution of the root-mean-square radius of
gyration, ÆRg2(t)æn1/2, which measures the overall compactness of
macromolecules averaged over the ensemble. In ref 14 we noted
that from the accurate internuclear distance density distribution
P(r) of a macromolecule, P(r)dr being the probability of finding
an internuclear distance rij ∈ [r, r + dr], one can, in principle,
obtain its radius of gyration Rg = (I/M)1/2, where M is the
molecular mass and I is the moment of inertia. In fact, according
to ref 33:

R2
g ¼ 1=2

Z ∞

0
PðrÞr2dr

and

R2
g ðtÞ

D E
n
¼ 1=2

Z ∞

0
Dðr, tÞh inr3dr

where normalized ÆD(r, t)æn = ÆP(r, t)æn/r is the ensemble-
averaged radial distribution function calculated at time point t
on the interval s ∈ [0, ∞] without imposing any artificial
damping (kt 0) during the course of Fourier transformation.19a

The empirical background correction implicit in the data refine-
ment procedure, the finite active s-range of UED diffractometer,
and the spatial resolution of the CCD detector are factors that
affect the experimental determination of ÆRg2(t)æn1/2. However,
for a temporally evolving macromolecular ensemble as modeled
by ensemble-convergent MD simulations, ÆRg2(t)æn1/2 of an ensem-
ble of peptides (or their backbones) can be obtained directly
by integrating over the radial distribution function Æf(r, t)æn
(or ÆfB(r, t)æn), respectively.

Shown in Figure 10 are the temporal-evolution profiles of
ÆRg2(t)æn1/2, as obtained from MD/UED data averaged over
n = 200. A remarkable feature evident in the results of Figure 10c�f
(ΔT = 600, 900 K) is the initial expansion of macromolecular
structures in the ensemble taking place on ultrashort time scales,
which is followed by a much slower macromolecular-contraction
processes at longer time scales. Upon the higher temperature jumps
(ΔT = 600, 900 K), the formerly α-helical moieties of Tβ9 expand
coherently in the gas phase because of the ultrafast (coherent)
rupture of the α-helical hydrogen bonds, which is followed by the
diffusion-driven conformational smearing and the subsequent for-
mation of compact globular structures. Notably, the ensemble-
averaged behavior characteristic ofΔT = 300K is totally different (cf.
Figures 10a,b): the (faster) contraction process that is accomplished
within a few nanoseconds leads to the (slower) long-lived contrac-
tion dynamics at longer times. The faster contraction process is due
to non-native long-range hydrogen bond formation, whereas the
slower one is associated with the diffusion-driven conformational
dynamics leading to a more compact globular structure. The break-
age of native hydrogen bonds occurs over a time period that is long
comparedwith the diffusive (contractive) motion, and the expansion
due to bond breakage is obscured by diffusive contraction.
Interestingly, the above behavior resembles that modeled

theoretically and observed experimentally in this laboratory for

Figure 11. Energy landscape of unfolding dynamics. The scheme
combines the local and global behavior. For lower (ΔT = 300 K)
temperature jumps, the diffusion-limited coiling process during which
the global structure becomes more globular precedes the loss of local
helical structure (red arrow). For higher (ΔT = 600, 900 K) temperature
jumps, the helicity is lost first (magenta arrow). For all temperatures, the
loss of structural helicity happens after the loss of the backbone
hydrogen bonds stabilizing the helix; thus, the helix-to-coil transition
is a three state mechanism.
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the two-component (substrate�adsorbate) assemblies subjected
to a laser-pulse irradiation.34 The transient anisotropic change in
c0 of the adsorbates (fatty-acid and phospholipid layers) de-
scribed in such studies is vastly different from that observed in
steady state. At equilibrium, the observed changes are in a0 and b0
(not in c0), and the diffraction intensity monotonically decreases,
reflecting the thermal, incoherent motions (Debye�Waller
effect) and phase transitions. On the ultrashort time scale, the
expansion is along c0, unlike in the thermal case, and the
amplitude of change is much larger than that predicted by
incoherent thermal expansion. The changes in Bragg-spot
intensity and width are very different from those observed by
equilibrium heating. Following the ultrafast T-jump, the struc-
ture first expands within ∼10 ps (because of atomic dis-
placements) along the c-direction. On the nanosecond and
longer time scale, the structure shrinks as it reaches the equilib-
rium state (incoherent movement of atoms), and the original
configuration is recovered by heat diffusion on the millisecond
time scale between pulses. This behavior is in contrast with that
observed at steady state, as mentioned above.

5. CONCLUSION

There are two fundamental challenges pertinent to under-
standing macromolecular dynamics. The first challenge, which is
structural complexity, is inherent to the study of any inhomoge-
neous structure with many degrees of freedom. The second
challenge, which is cooperative dynamics, is a hurdle characteristic
of biomolecular systems. Therefore, in order to understand
macromolecular dynamics, novel coarse-graining approaches
must be employed to elucidate the essential ensemble-wide
aspects of structural change, while preserving the mechanistic
nature of the dynamics (e.g., cooperative motion or resonance
phenomena). The need for appropriate coarse-graining becomes
apparent as we ascend the complexity ladder. The overwhelming
complexity associated with the ensemble-wide macromolecular
(un)folding behavior makes computational simulation an essen-
tial tool for understanding proteins at the molecular level.
A number of coarse-graining techniques have been developed
to investigate the complex energy landscapes of protein
(un)folding.35 For example, in the case of helix�coil transitions,
disconnectivity graphs have been successfully applied to energe-
tically sort the discrete states of native, part-native, and non-
native populations that dominate the folding dynamics.36

In contrast, the approach presented here (“4D computational
microscopy”), which is based on the adequate degree of coarse-
graining and the ensemble-convergent MD simulations, enables
studies of structural dynamics of complex systems in real time
with atomic-scale spatial resolution, and with adequate statistical
certainty and signal-to-noise ratio that are comparable to those of
experimental observations, in this case electron diffraction. In
applying the analysis tools of ultrafast electron diffraction
(UED), we have found that the time-dependent ensemble-
averaged radial distribution function, <f(r, t)>n, is a powerful
method for monitoring the macromolecular dynamics across all
rungs of the complexity ladder while preserving the relevant structur-
al information. In addition to the standardmetrics of, for example,
percent native contact and root-mean-square deviation (rmsd)
from the native structure, we have calculated <f(r, 0)>n, the
signature for the fundamental α-helical motif which possesses a
unique structural resonance centered at a characteristic distance
scale in diffraction. Such resonances become sharp signatures

when considering only the backbone atoms of the structures,
<fB(r, t)>n. Earlier we illustrated the sensitivity of the resonance
to helix content by constructing ensembles of partially unwound
helices of Tβ9 in the assumption of a random coil distribution.14

In the present study, we confirmed the helical signature for the
helix�coil transition from ensemble-averaged MD simulations
of the same protein in vacuo.

In addition, we provided the actual temporal evolution of the
fractional helical content as well as the time scale of helicity loss
for a variety of temperature jumps. Such local dynamics were
obtained simultaneously with global structural evolution by
examining the large-r regimes of <f(r, t)>n and <fB(r, t)>n and
calculating corresponding radii of gyration. In doing so we
demonstrated that the above rudiments of UED data analysis
constitute a universal coarse-graining approach that simultaneously
captures local and global structural fingerprints in real time. Following
a temperature jump high enough to preclude the formation of
nonnative intramolecular hydrogen bonds, the radii of gyrationwere
found to first increase on the ultrafast time scale of coherent
hydrogen bond cleavage as the structures were expanding along
the α-helx axis during the initial loss of native hydrogen bonds. This
was followed by gradual decrease of the radii of gyration across the
ensemble as the global structure was diffusing into a compact
globule stabilized by non native contacts and chain entropy.

The interplay of enthalpic and entropic forces could be seen in
the different dependences of these two processes on tempera-
ture. For lower T-jumps (ΔT = 300 K), conformational diffusion
was shown to precede any significant native hydrogen bond
cleavage. However, with the increasing ΔT, the Arrhenius bond
breaking process speeds up exponentially while the diffusive
motion is roughly proportional to the square root of the final
temperature of the ensemble. At a certain critical final tempera-
ture the time scales for the two processes cross, and, for higher
T-jumps (ΔT = 600, 900 K), the native contacts appear to break
before a significant global conformational change can occur. The
above behavior is evident in both the ensemble-averaged radial
distribution functions and the radii of gyration, but calculation of
their backbone-related temporal profiles, <fB(r, t)>n and
(<Rg

2(t)>n)B
1/2, is required to obtain a clear-cut picture of the

structural change. We note that a similar phenomenon was
reported recently for a DNA double helix.15a In addition,
unfolding of the helix was found to follow a three-state process
in which the intermediate ensemble consists of structures lacking
the canonical helical structure and hydrogen-bonding, but never-
theless possessing residual helicity. The barriers of this three-
state mechanism were calculated from the ensemble kinetic data
and the transition from the intermediate state ensemble to the
coil state was found to be slower than the global structural
relaxation for low temperature jumps.

The temperature dependence of the global and local dynamics
is shown for representative structures in Figure 8a. The elucida-
tion of the three-state unfolding kinetics of the local structure and
the persistence of the intermediate ensemble state for longer time
scales than global structural reorganization implies that the use of
global order parameters such as the radius of gyration to monitor
the progress of (un)folding may underestimate the unfolding
time. In thinking about protein dynamics, this work challenges
the notion that the largest length scales necessarily correspond to
the longest time scales. These conclusions are synthesized in
Figure 11. Our forthcoming paper will deal with the same protein
in aqueous solution with focus on folding (unfolding) structural
dynamics and the role of water in the (un)folding events.
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