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ABSTRACT

Refined protein structures
frequently yield atomic tem-
perature factors suggesting
RMS atomic displacements of
several tenths of Angstroms or
larger. Such large amplitude
displacements result predomi-
nantly from rotations of
groups about about single co-
valent bonds. Computer model-
ling studies of extended 8-
sheet structures found in pro-
teins shows that correlated
backbone torsional displace-
ments can produce collective
motions that propogate 6ver
extended regions of the pro-
tein. The present work models
the time-average x-ray scatter-
ing associated with some repre-
sentative collective motions
in B-sheets and discusses
how some of the unusual effects
observed relate to protein

x-ray refinement strategies.
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I. INTRODUCTION

Numerous studies indicate
that proteins in solution are
dynamical molecules that under-
go significant displacements
in atomic positions at ambient
temperatures.l Many proper-
ties that manifest protein dy-
namical behavior persist even
when proteins are crystallized.
For example, protein neutron
diffraction studies show show
that ostensably solvent inac-
cessible protons forming _
secondary structural hydrogen
bonds can nevertheless exchange
with protons from surrounding
solvent.2rs3 Although the rela-
tively large amplitude displace-
ments leading to hydrogen ex-
change may only occur infre-
quently, they are indicative
of the flexibility proteins
possess even when constrained
by crystal lattice interactions.

X-ray crystallographic
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studies give direct evidence
for the relative flexibility

of proteins as these typically
yield refined temperature fac-
tors suggesting dynamical dis-
placements of several tenths

of Angstroms.4'5 Theoretical
studies of protein dynamics
indicate that such large ampli-
tude displacements, while in
part reflecting static disorder-
ing effects,4 result mainly
from torsional displacements
about single bonds that charac-
terize most of the proteins
covalent structure.6r7 Ingeed,
temperature factors computed

by time averaging displacements
along incremental steps of a
molecular dynamics trajectory
are generally in good agreement
with crystallographically ob-
served temperature factors.8
More recently, Brooks and Kar-
p1u59 have shown that many
aspects of molecular motion
apparent in molecular dynamics
runs on pancreatic trypsin in-
hibitor (PTI) also manifest
themselves in the normal mode
behavior of the molecule. A
feature of interest in the
current context is the appear-
ance of a number of low fre-
quency vibrational modes cor-
responding to collective
motions of the structure as a
whole.

Recent work in the author's
laboratory has focussed on the
nature of cooperative motions
that might occur in extended
g-sheet secondary structures

in proteins. This work illus-
trated that double-strand anti-
parallel sheets, such as occur
in PTI and many other proteins,
are potentially very flexible
structures.l0 In fact, coopera-
tive deformation of the B-sheet
appear as determinative compo-
nents of the lowest frequency
molecular vibrational modes de-
rived from the PTI normal mode
analysis. Several questions
then emerge concerning the
nature and consequences of the
time-average x-ray scattering
from such structures in protein
crystals. These specifically
include how time-averaging

the complex trajectories as-
sociated with cooperative
motions may affect apparent
structural geometry and tem-
perature factor behavior. This
is relevant to the interpreta-
tion of protein structural re-
sults because most current
protein refinement approaches
both constrain structural geo-
metry and are limited to refin-
ing isotropic temperature fac-
factor behavior, a situation
arising owing to the statistic-
ally unfavorable ratio of
observed reflection data to
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refined variables. Here we
describe a computer modelling
study that examines the effects
of time-averaging some coopera-

tive motions motions in a double-

strand antiparallel g-sheet.

II. MODELLING CORRELATED MOTIONS
IN ANTIPARALLEL g-SHEETS.

Figure 1A shows a short
section of double-strand anti-
parallel B-sheet. The classi-
cal flat structurell has poly-
peptide chains that are 2-fold
helices interconnected by
straight interchain hydrogen
bonds. Owing to the antiparal-
lel N to C sense of the chains,
residues situated on opposite
sides of each of the "large"
and "small" hydrogen bonded
rings are related by a diad
symmetry axis normal to the
average sheet plane. In known
protein structures, such sheets
are invariably coiled in a
right-handed sense.l0 This
chiral coiling results in part
from the structures composition
of L-amino acids, which causes
extended chains with local left-
handed twist to be energetically
favored relative to the 2-fold
helical chains of a flat sheet.?
Detailed studies of the confor-
mational flexibility of this
structure show that the ring
diad symmetry elements and

interchain hydrogen bonds can
be maintained for a wide vari-
ety of alternative conforma-
tional states. These alterna-
tive states result from coupled
alterations in both the poly-
peptide torsional angles and
interchain hydrogen bond geo-
metries (Fig. 1B) and, in

fact, represent a continuum

of cooperatively interconv-
ertable coiled sheet conform-
ations. As shown in Figure 2,
the cooperative behavior can

be factored into a cooperative
compression of the structure
along it's long axis (Q§)

and a cooperative helical
coiling (Q6). Using methods
described elsewherel2, we have
computed the changes in poten-
tial energy associated with

the interconversion of these
structures to obtain the poten-
tial energy surface shown in
Figure 3. As evident from
inspection, the potential
energy surface is reasonably
continuous and smooth, with a
low energy ravine corresponding
to highly right-coiled states
such as are actually observed
in known protein structures.l0
Given the potential surface
associated with the cooperative
coiling of the structure allows
the evaluation of a one-dimen-
sional potential function as-
sociated with any desired path
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of conformational interconver-
sion between specific coiled
conformations. For example,
Figure 3 shows two displace-
ment trajectories from the mini-
mum potential energy structure.
The first involves an excursion
along the bottom of the low
potential ravine that struc-
turally corresponds to a spring-
like axial compression of the
B-sheet coil as a whole. The
second involves a displacement
of greater or less coiling, so
corresponding to cooperative
coiling and uncoiling of the
structure as a whole. The one-
dimensional potential functions
associated with these motions
can be used to evaluate the
probabilities and amplitudes of
thermally induced oscillations
along a given path on the poten-
tial surface. This, in turn,
allows an estimation of the
time-average scattering behavior
associated with the correspond-
ing collective motions of the
structure.

III. RESULTS
A. Displacement Trajectories

Figures 4 a-b show displacement
trajectories associated with
cooperative axial compression
and coiling motions along the
two potential surface paths
shown in Figure 3. The dis-
placements shown are based on
least-squares superpositions

of 2 X 12 residue double-strand
sheet structures that minimize

‘the positional deviation at

the structures centers-of-mass
(at the center of the sheet).
The figures show only one-half
of the structure for clarity.
Consequently, displacement
amplitudes shown increase from
one end of the structure (actu-
ally the center of the 24
residue sheet) to the other.
These illustrate the following
points. a) Owing to the asym-
metric nature of the energy
surface governing excursions
from the minimum potential
structure (shown with full a-
tomic backbone structure),
oscillations approximating a
given kinetic energy produce
correspondingly different and
asymmetric displacement ampli-
tudes from the starting struc-

Figure 1. Part A shows a short section of flat double-strand anti-
parallel B-sheet. The structure can be viewed as an interconnected

set of "large" and "small" hydrogen bonded rings formed of residues on
adjacent chains related by two-fold symmetry axis in the sheet plane.
Part B shows a ¢,y plot that illustrates how the torsional angles of
the "large" and "small" rings change in a correlated fashion on coiling
the sheet, starting from representative flat structures (on the n=2
line) with different hydrogen bond geometries and polypeptide repeat

periods.
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Figure 2. Variations of flat and coiled conformations in double-strand
antiparallel sheets. The vertical (§) axis shows structures that dif-
fer differ in extent of axial compression. The horizontal (8) axis
shows variation in extent of coiling. Numbers correspond to conforma-
tions shown in Figure 1B. Note that the repeating unit of the coiled
structures is a dipeptide, characterized by a pair of (y,¢) values on
the conformation plot.

ture. b) The trajectories obvious correlation with dis-

followed by atoms may be curved. Placement vectors elsewhere in

c) There is no uniform correla- the structure.

tion between the direction of

displacement vectors and fea- B. Modelling X-ray Scattering

tures of local geometry, or From Correlated Motions

throughout the structure as a Evaluation of an approximate

whole. Note, for example, that partition function associated

while large amplitude motions
at the sheet ends reflect the
cooperative motions, small
displacements near the struc-
tures superimposed centers

of mass (see above) show no

with the motions shown in

Figure 4a-b allows a statis-
tical estimation of the rela-
tive frequencies of occurance
of displacements with different
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Figure 3. The potential energy surface associated with cooperative
coiling in double-strand antiparallel B-sheet, given in terms of com-
pression (8) and coiling (6), corresponding to Figure 3. The value
6=0 corresponds to flat sheets, and positive 6 values to right-handed
coils. The classical structure (Figure 1lA) lies at 0,0. The shaded
boundary is contoured at an energy of 2 kcal/mole residue, with suc-
ceeding contours at 0.1 kcal decrements. Excursions from the minimum
potential structure occuring in the low potential ravine at the right
of the plot are shown as double-ended arrows. The curved path cor-
responds to an axial compression of the structure approximating the
interconversion of sheets 5, 8, 10, and 11 in Figure 2. The straight
path approximates a coiling interconversion between structures 9

and 10 in Figure 2.

kinetic energies and ampli- time-average x-ray scattering
tudes. 13 However, owing to the incorporates both a statis-
asymmetric and anharmonic na- tical description of the dis-
ture of the potentials, an atom tribution of states resulting
undergoing an oscillation of in different amplitude oscil-
given amplitude will general- lations, together with an

ly exhibit a correspondingly estimate of dynamic atomic
variable velocity. As a re- occupancies at given positions

sult, approximation of the along the displacement trajec-
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tory. Figures 4 b-c show the was nevertheless quite regular,
result of these averaging with RMS deviations on bond
effects for the motions de- lengths of 0.02 to 0.03AR and
scribed above. Most notable 1 to 39 on bond angles. These
are the unusual shapes of the values are generally within
time-average scattering distri- the constraint limits observed
butions. for highly refined protein

structures. 45,14 However,
C. Geometrical Effects when the scattering center-

of-mass averaged structure

Owing to the unfavorable was compared to the input
ratio of observable reflection minimum energy geometry (i.e.
data to refinable structural the starting geometry for the
parameters, most protein refine- correlated displacements),
ment protocols constrain struc- RMS positional differences of
tural geometry to be regular 0.2 to 0.3 A were observed
and model thermal motion iso- (Figures 4 e-f).

tropically.l4 However, it

might be anticipated that the IV. SUMMARY

peculiar scattering behavior

described above could produce The preceeding study was
time-average geometries that initially carried out to ascer-
differed from regularity.l5 tain whether correlated motions
In order to test this possi- in extended B-sheet structures
bility, the centers of mass of gave rise to characteristic

the scattering distributions geometrical or temperature fac-
shown in Figure 4c-d were con- tor effects that might serve
nected to produce a structure to identify regions undergoing
approximating a result obtained cooperative motions in refined
from refinement incorporating protein structures. The re-
isotropic temperature factors. sults presented suggest that
Although some systematic bond- this is not possible since
shortening effects were observ- spherically approximating the
ed, 15 the resulting geometry scattering from even the highly

Figure 4. Stereoscopic views showing the effects of correlated motions
in B- sheets along trajectories shown in Figure 3. Parts a and b

show the atomic trajectories followed by structures undergoing coiling
(6) and compression (§) motions respectively. Parts c and d illustrate
associated time-average scattering, and e and f show the positional
differences between the minimum potential geometry and the centers-
of-mass of the scattering distributions in c¢ and 4.
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anisotropic and asymmetric
scattering distribution can
produce structures of accepta-
ble geometry. Although some
improvement might be made by
utilizing fully anisotropic
thermal parameters in protein
refinement, no clear correlation
appears to exist between the
directions of local displace-
ment vectors (that would pre-
sumably emerge as major axes

of refined anisotropic thermal
ellipsoids) in the time-average
structure that would readily
identify a given type of co-
operative motion. 1Indeed, the
larger amplitude asymmetric

and curvlinear scattering
distributions would be poorly
approximated by even a fully
anisotropic thermal ellipsoid
approximation. On the other
hand, the observation that
¢center-of-mass averaging such
asymmetric scattering distri-
bution can produce structures
with orthodox geometry, that
nevertheless differ from the
“"true" minimum potential energy
geometry, provides some rational-
ization for the coordinate
shifts typically observed when
refined protein coordinates

are energy minimized.> What
ultimately seems to be required
to accurately refine a dynamic
protein structure is a means

of approximating the time-ave-

rage scattering with an ortho-
gonal function set that may
better reflect the actual col-
lective motions in the protein.
One possible, although computa-
tionally intensive, approach
might expand the electron den-
sity as a superposition of
displacements in the structures
normal modes.8 In this case it

.might be hoped that only a

small fraction of the total
number of modes would predomi-
nate in producing the large
amplitude motions typically
inferred from protein temper-
ature factor behavior. This
could, in turn, effect an
improvement in the ratio of
observed data to parameters

in the refinement process.
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DISCUSSION

Q. (F.L. Carter, Naval Research
Laboratories) Karplus alluded ear-
lier to some nonlinear effects. I
have a question that either or both
of you might address. Davydon, in
1976, suggested that solitons may
be signal carriers (of ATP bond
breaking) down the alpha helix. 1In
these convoluted structures that
have been discussed today does one
see any signs of nonlinear effects
such as solitons in the short a-
helicies or B-sheets?

A: There are really two questions

there. One is whether or not pro-
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tein molecules are like -sheets or
are aspects of protein molecules
like -sheets? The second is would
you expect to see such effects in
the X-ray data. The fact is that
the kinds of things that I have
been describing probably represent
statistically varying regions in
the structures. Thus although they
are interesting and significant in
structural terms, it would not be
appropriate, necessarily, to inter-
pret in the terms you are asking
about.

A: (Karplus, Harvard University)

My feeling is that in most of the
protein structures effects like
this are lost. The model calcula-
tions that people have done have
been highly idealized with very lim-
ited degrees of freedom so that
there is little chance of seeing
subtle effects.



