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PREFACE

The Symposium was co-sponsored by the U.S. Army Natick RD&E Center
(Natick) and the U.S. Army Research Office. The meeting was held at Natick

during June 23-24, 1987.

The Materials Biotechnology Symposium was organized in an attempt to
focus a meeting on scientific research in biotechnology related to materials.,
The application of biotechnology to materials science is necessarily broad in
scope, as is reflected in the diversity of topics presented at the symposium.
In addition, the participation of govermment, university and corporate
research activities was sought in order to provide a more complete picture of
current interests and research approaches.

Natick's responsibility is to provide protection for the individual
soldier, including clothing, shelter, air drop and food support areas.
Materials needs and applications are critical in all of these systems and
therefore biotechnology related to materials is of significant importance.

Focusing the research tools of biotechnology on materials science offers
new and unique opportunities for scientists. A great deal can be learned
from the architectures and structure/function relationships which have
evolved in natural systems. This knowledge can serve as a guide for the
design and development of new and novel materials. By combining the tools of
biotechnology with materials science, natural systems can be manipulated to
derive the functional characteristics desirable for materials and their
applications. A

The basic understanding of natural polymers, including structure and
function, is one of the most critical areas to address rather than relying
on trial and error approaches which will be less efficient and slower in
reaping potential benefits down the road. We must understand how these
natural products function in their native envirorments, whether fibrous or
globular proteins, carbohydrates, lipids, or other nontraditional
biopolymers. The diversity of structures and associated functions for these
polymers is incredible, and we are only at the beginning of this knowledge
base with the necessary modeling tools and analytical techniques.

The editor wishes to extend his appreciation to Dr. Shirley Tove, U.S. e
Army Research Office, for her support and assistance; to the Conveners for
their efforts, to the personnel in the Materials Protection and Biotechnology
Division of the Science and Advanced Technology Directorate (Natick) for
their hard work, to Eileen Collins of the Library staff (Natick) for her
support, and Lucy Morana and Kim Weiss (Natick) for typing of this report. ii::::;;;ZZ]:
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CONFORMATIONAL ANALYSIS OF POLYPEPTIDES AND
PROTEINS FOR THE STUDY OF PROTETN FOLDING,
MOLECULAR RECOGNITION, AND MOLECULAR DESIGN*

Harold A. Scheraga
Baker Laboratory of Chemistry
Cornell University
Ithaca, New York 14853-1301

ABSTRACT

Conformational energy calculations provide an understanding as to how
interatomic interactions lead to the three-dimensional structures of poly-
peptides and proteins, and how these molecules interact with other
molecules. Illustrative results of such calculations pertain to model
systems (z-helices and g-sheets, and interactions between them), to
various open-chain and cyclic peptides, to fibrous proteins, to globular
proteins, and to enzyme-substrate complexes. In most cases, the validity
of the computations is established by experimental tests of the predicted
structures.

INTRODUCTION

Twenty-five years ago, we began to develop computational met:hods1

for the conformational analysis of polypeptides and proteins to study
protein folding, protein structure, and interactions between proteins and
other molecules (molecular recognition), and to suggest loci for site-
specific mutations in natural proteins to modify their structure and
reactivity (molecular design). The motivation for this development
derived from our early e;perimental work on the structure of bovine
pancreatic ribonuclease.” Before the X-ray structure of ribonuclease
was known, we used solution physical chemical. methods to identify three
noncovalent tyrosyl...aspartate interactions,” whose loc§tions were
confirmed by the subsequently determined X-ray structure™ (Fig. 1l).
These, together with the known locations of the four disulfide bonds, and
the proximity of His 12, Lys 41 and His 119 in the active site of this
enzyme, provided distance information that cculd serve as useful
constraints to determine the three-dimensional structures of proteins by
means of conformational energy calculations.

* This paper first appeared in the Israel Journal of Chemistry, Vol. 27,
1986,
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FIGURE 1. Three tyr. 5-38p interactions deduced fram solution physical i
chemical experiments.” The drawing is based on3the subsequently i
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FIGURE 2. Orientation of the side chains of the lowest-eaﬁrgy left- and
right-handed a-helices of poly (m-Cl-benzyl-L-aspartate). The arrows
represent the directions of the C-Cl, ester, and amide dipoles, respect-
ively. The dipole-dipole interactions are more favorable in the left
handed form. '
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FIGURE 3. Circu%ar dichroism spectr:a32 of poly ( -benzyl-l~aspartates)
in dioxane at 25°C. The symbols (— ), (---), and (...) correspond to
o-, m-, and p-Cl-benzyl derivatives, respectively.
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FIGURE 4. Stereo drawings oS 4t:he minimum-energy B-sheets with five

CH,CO- (L-Val) .~NHCH. chains. (A) Antiparallel structure.
(

By Parallel gtructare.

Initially, 1.4,5 only hard-sphere potentials were used in the
camputations, but subsequently more cgg%ete anpirical epergy functions
were developed both in our laboratory and elsewhere. Our
current main grogram is ECEPP/2, Empirical Conformational Energy Program
for peptides.”’ Procedures have also been introduced to take
hydration and entropy effects into account, and to carry out energy
minimization, Monte Carlo and molecular dynamics computations in a
multi-dimegs}_g_nsi space: these procedures have been reviewed on numerous
occasions. '

while improvements in potential functions can be expected, the
present ones are sufficiently accurate to provide agreement between
various computational and experimental results, as will be shown here.
The main obstacle to further progress is the multiple-minima problem, and
much effort is being devoted to surmount this difficulty. In fact, this
problem has already been solved for small open-chain and cyclic peptides
and for fibrous proteins such as collagen, and progress is being made in
the area of -globular proteins.
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FIGURE 5. Stereo drawing of two CH C0-2-§L-Ala) ~NHCH., a=helices in
the lowest-energy packing arrangement. The ?Sglix ages are indicated
by arrows, with the head of the arrow pointing in the direction of the
C-terminals of each helix.

This article will describe some of the conformational problems that
have been elucidated by this camputational methodology, and will summarize
some of the current efforts being made to overcame the multi-minima
problem for globular proteins. We shall describe first the results of
computations on model systems of increasing camplexity, and then consider
the conformations of small open-chain and cyclic peptides, fibrous
proteins, and gigt_)ﬂar proteins. Further details can be found in several
recent reviews.
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FIGURE 6. Stereo drawing of the lowest-energy packing arrangement of a
R CH,CO- (L-Ala) -ggcu3a-helix and an antiparallel cn3r:o-(r.-x.ra1)6
~NHCH, s—sheeg.

I FIGURE 7. Stereo drawing of the lowest-energy packing arrangement of a
‘ CH,CO- (L-Ile) 6—NHCH3 parallel-chain B-sheet (open atams) and a 30

CH3 6-Nl-lCH3 antiparallel-chain B8-sheet (filled atams).

3CO- (L-val)
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MODEL SYSTEMS

Conformational energy calculations have danonstragegzhow interatomic
interactiaggzgead to the preferred twists of o -helices’’'““ and
B-sheets, 25 27a9§ to the preferred modes ofzgacking of a ~helices with
a-helicess 1£7114% g-helices with g-sheets, ““g-sheets with
B-sheeﬁ, and pairs of triple helices of collagen with each
other. Some examples are provided in Figs., 2-8. Figure 2 illustrates
how side chain-backbone dipole-dipole interactions play a dcminaaiz' role in
leading tg,a left-handed helix in poly(m-Cl-benzyl-L-aspartate). The
predicted“” left-handedness of the o- and m-derivatives, and the right-
handedness of the p-der%ative, where subsequently verified by circular
dichroism measurements,~“ as indicated in Fig. 3. Fig%e 4 shows the
camputed right-handed twist of poly-L-valine g-sheets. The lowest-
energy packing arrangements fore...o, a...8, 8...8 pairs, and pairs of
triple-helical collagen structures are illustrated in Figs. 5-8,
respectively.

31
(Gly-Pro-Hyp) g;‘-,NHCH:;] triple helices, showing the near-parallel

FIGURE 8. Computed lowest-energy packing arrangement”  of two [CH3CO-
alignment of the twd triple helices and O-H...0=C hydrogen bonds (dashed
lines) between the triple helices. The arrows indicate residues that are
in contact between the two triple helices.
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N FIGURE 9. Space-filling mcx']els36 of o-helical poly(L-valine) (A) and !
poly(L-isoleucine) (B).
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¥ TABLE I. Oanparigon of Lowest-energy Structures Obtained by Two Different \
2 Methods !
h Build-up plus .
N Energy
SMAPPS Minimization
Backbone Dihedral Angles (DEG)
l” &
?
: TYE -86 -87 )
2 v 154 155 1
: Gly ¢ =155 -157 :
2 v 95 96 ¢
Gly ¢ 71 71
Y v -90 -91 ;
: Phe ¢ -90 -91 3
Y v -40 -38 A
:: Met ¢ -165 -165
, ¥ -5 -48
4 Energy(kcal/mol) -10.64 -10.66 ]
U
\ "
)
: 2 In this camputation, the side chains were constrained to have the '
! confomations of Fig.12. More recently, this constraint has been '
. eliminated (G.H. Paine and H. A. Scheraga, unpublished results).
i 3
1, 3
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36

FIGURE 1@. Space-filling models™" of the g-conformation (the dominant
species in the coil form) of poly(L-valine) (A) and poly(L-isoleucine)
(B) .

Conformational transitions have also been treated by this
methodology, e.g 3t:he interconversion of the cis and trans forms of
poly(L-proline), 8 the a- and w-helical forms of a crystalline
homopolyamino acid, 35§9c; the a-helical and coils forms of various
homopolyamino acids. For example, the helix-coil transition curves
for poly(L-valine) and poly(L-iscleucine) in water differ markedly fraom
each other, primarily because of the different degrees of hydrggion of the
side chains in the helical and coil forms of the two polymers;™ the
different effects of hydration arise from the difference in side
chain-side chain separation, because of the extra methyl group in
isoleucine, as illustrated in Figs. 9 and 14.

A model poly(L-alanine) chain has recently been gﬁed to test a new
procedure for overcoming the multiple-minima problem. This procedure
is based on the assumption that each residue must have optimal
electrostatic energy; i.e., the dipole mament of each residue must be
optimally aligned in the electrostatic field created by the whole
molecule. If it is not, the orientation of the dipole moment (of each
residue, in turn) is changed to improve the electrostatic energy. Since
this involves a local movement (in the field of the whole molecule), it is
camputationally very fast. Then the energy of the whole molecule [taking
all (ECEPP) interactions, not only electrostatic, into account] is
minimized, and the whole procedure is repeated iteratively.
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‘§Z FIGURE 11. Test of procedure to surmount the multiple-minima pu:oblen.38 -
S Stereo-diagrams illustrating (top) a compact confomation of CH,CO-

p (Ala), ,~NHCH, after complete ECEPP energy minimization to reach”this

B parti?.‘alar lgcal minimum, and (bottom) the global-minimum ( a-helix)

& structure attained by first optimizing the local electrostatic

) interactions and then carrying out a complete (ECEPP) energy minimization.
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Thus far, this procedure has been tested on a 19-residue poly-

(L-alanine) chain with acetyl- and N-methyl amide terminal blocking
groups. The global minimum of this structure (in the absence of water) is
an a-helix. The starting conformations were very far from the helical
conformation gﬁd, in trivially short computation time, the global minimum
was achieved. The top stereo diagram of Fig. 11 illustrates one of
the starting conformations (optimized by conventional energy minimiza-
tion), which is very far fram a helical one; i.e., the minimization
procedure was trapped in this high-energy local minimum. After
application of the electrostatic-optimization procedure (and subsequent
energy minimization with the complete ECEPP function), the global-
minimumn ( a -helix) structure at the bottam of Fig. 11 was obtained.
Unlike the usual minimization procedures, which make small changes in the
dihgdral aggles, this new procedure can make very large changes (even
166° - 200 ) in these independent variables, as illustrated in Fig.
11. whereas conventional energy minimization gave the structure at the
top of Fig. 11, the new procedure surmounted local barriers and attained
the global minimum. This method is now being tested on other structures
for which the global minimum is not an a-helix.

FIGURE 12. Stesgo drawing of lowest-energy confommation of
Met-enkephalin,

11
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QPEN-CHAIN AND CYCLIC PEPTIDES

& A "build-up" ptocedur918’19 has been used to surmount the multiple-
&y minima problem for small open-chain and cyclic peptides. In this method,
’f:f longer peptides are built up from all possible combinations of low-energy
confomations of shorter-peptides. This assures an adequate coverage of
conformational space. Energy minimization is carried out at each stage of
the build-up procedure. The problem of storage of numerous conformations

o is alleviated by (legitimately) eliminating inconsistent conformations.

ath For example, in building up the pentapeptide A-B-C-D-E from the tetra-

'*:t peptides A-B-C-D and B-C-D-E, all tetrapeptides in which the conformations
o of the common tripeptide fragment B-C-D are not similar can be elimjpated.
s When this procedure was applied to the pentapeptide Met-enkephalin,

with the sequence Tyr-Gly-Gly-Phe-Met, the hairpin-bend structure of 4Eig.

12 was obtained; a more recent improvement of the build-up procedure

i led to a slightly altered conformation with a somewhat lower energy.

u Simultaneously, a new procedure, based on statistical mechanics and

I designed to surmount the mulﬁple-minima problem by an adaptive importance

K sampling Monte Carlo method, ™ was applied to this same pentapeptide.
This procedure (SMAPPS, Statisical mechanical algorithm for predicting

2 protein structure) gave identifical results to those obtained by the

o build-up method, as can be seen in Table I.

X The results of Table I obtained by two very different computational
N procedures, using the same potential functions, demonstrate the validity
of both procedures. Work is currently in progress to pack this molecule I

';'g,: into a crystal to determine the possible influence of intermolecular

ok interactions on the conformation of this short linear peptide. (Paren-
M, thetically, it may be pointed out that SMAPPS evaluates the partition
oy function directly. Hence, it may possibly provide a solution to the

T problem of computing free energies directly by a Monte Carlo procedure;
tests of this possibility are in progress.)

h A larger oligopeptide, the 20-residue membrane-bound portion of |
o melittin has also yielded tgzthe build-up procedure. 'I‘nedowest-energy,
B largily -helical structure “ is shown in Fig. 13. X-ray ~ and

NMR™~ structural information is available for melittin as a tetramer in
a crystal or as a monomer bound to micelles, respectively; considering
i possible envirommental effects in either of these forms, the general
agreement with experiment is satisfactory.

s Gramicidin S, a cyclic decapeptide, serves as an example of the
+ application of the computational (build-up) methodology to a cyclic
) molecule. The requirement to close the ring constitutes an additional
“Lj,- constraint @L’n&éng the energy minimization. Figure l4a shows the camputed

é:," structure, and Fig. 129 provides a diggiam of the subsequently
T;;; determined X-ray structure whigh agrees '~ with the predicted one.
n when the structure was computed - in 1975, it was stated that "the
v ornithine side chain may be free to occupy more than one rotational

state... (and there is) a hydrogen bond between a -NH, proton qf Orn and
¢ the backbone CO of Phe. There is no experimental evi&ence indicating Et}e
3! existence of this interaction." When the X-ray structure was reported

12
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: FIGURE 13. Stereo view of 4Ehe lowest-energy structure calculated for
¢ residues 1-20 of melittin.

in 1978, it was stated that "there is an intra-molecular hydrogen bord...
between...the ornithine side-chain nitrogen atam and the D-phenylalanine
carbonyl oxygen atam which haisnot been predicted." Figurssllla, which has
a camputed rotational variant =~ of the previously camputed” side-

chain conformation of ornithine, clearly igows the predicted hydrogen bond
(the original camputed rotational variant ~ had the Orn and Phe partners

K] interchanged). The distortion of the X-ray structure in the lower right-
hand corner of Fig. 14b (not seen in the symmetrical camputed one of Fig.
v l4a) probably arises fram the presence of a urea molecule in the crystal.

e e

b co_ e S

v

N I

‘o

P Y RN

45,46

FIGURE 14. Computed () and X—ra-y“ (B) structures of gramicidin
S showing (among other things) a hydrogen bond between the ornithine side
chain and the phenylalanine backbone carbonyl group.
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FIBROUS PROTEINS i
)

Collagen is an example of a fibrous protein which involves interchain 'o'j
association to form a triple-stranded coiled-coil structure. Conforma- e,
tional energy calculations have been carried out on sigggal synthetic X
poly(tripeptide) analogs, poly(Gly-X-Y), of collagen. Because of |
the reqularity conditions imposed on each tripeptide in the computations, N
the number of degrees of freedom was small, so that, again, the multiple- 8
minima problem was surmounted by an adequate coverage of conformational Y
space, using the build-up procedure. The computations indicated that -
poly (Gly-Pro-Pro), poly(Gly-Pro-Hyp), and poly(Gly-Pro-Ala) form stable L

triple~stranded coiled-coil collagen-like structures, whereas poly(Gly- !
Ala-Pro) does not, all in agreement with experiment. Figure 8 illustrates '
two calculated low-energy (collagen-like) structures in favorable contact 3
with each other.

o
The camputations also provided an explanation for the association of h
the chains [in contrast to the single-chain structures of a-helical forms '
of, e.g., poly(vy-benzyl-L-glutamate)]; viz., the resulting interchain :{
interactions among the three chains of collagen lower the energy of a ‘..E
tripeptide unit below that in the nonassociated single chain. Further- 0
more, the inter-chain interactions induce a slight conformational change Fat
in going from the low-energy form of the single chain to the lower-energy H
form of the triple-stranded complex. ,.
I,-‘
After completion of th§3ca1cu1ations49 on poly(Gly-Pro-pPro), it was ::
learned that Okuyama et al.”~ had carried out a single-crystal X-ray :.
structure analysis of (Pro-Pro-Gly),,. Our structure is in agreement 1
with theirs, with an rmms deviation %g g.38 for all (nonhydrogen) atoms, i)
based on a comparison between the X-ray coordinates (kindly provided to us L
by Professor M. Kakudo) and our computed ones. :;‘
i‘:
Similar methodology, already referred to in Section 2, is being used &
to investigate the formation of fibrils in collagen. The packing of two '.;
triple-stranded structures is shown in Fig. 8. Computations with B
assemblies of more than two triple-stranded structures are in progress. L]
i
¢
GLOBULAR PROTEINS 7
As an introduction to the applicability of our computational ¢
methodology to globular proteins, we consider first two types of problems, _’
refinement of X-ray structures of proteins and calculation of structures ::‘
of hamologous proteins, where the multiple-minima problem is not so :.:
serious, because one starts the computations with structures that are ',:(
close to the global-minimum ones. :::
)
o
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FIGURE 15. Stereo ORTEP diagrams of the fu%a (heavy)~atam structures of
ribonuclease (top) and angiogenin (bottam). The active-site residues
His-12, Lys-41, and His-119 (Bovine pancreatic ribonuclease numbering) are
labeled in each structure.

Refinement of X-ray Structures of Proteins

We have used energy minimization to refine X-ray data by eliminating
steric overlaps and providing low-energy structures. This procedure has
been applied to several proteins, as summarized in Ref. 206.
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b FIGURE 16. Stereo views of space-filling models76 of (top) the active

’f: site of native hen egg with lysozyme; (middle) energy-minimized model-
built hexamer [(GlcNAc).] bound to the active site (right-sided mode);
and (bottam) lowest-eneggy hexamer bond to the active site (left-sided

mode) .
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We have also cambined energy minimization with re-computation of
electron density maps at egshsgtage of refinement to make ggtimal use of
ifw-x:esolution X~gay data.” "’ The procedure was applied”~ to 2.5

resolution data”" for bovine pancreatic trypsin inhibitor to obtain a
structure that was a satisfactory approxirgation to the one that had been
obtained by use of 1.5 %-resolution data.

Calculation of Structures of Homologous Proteins

I1f the X-ray structure of a protein is known, the structure of a
hamologous protein can be obtained by "inserting" the amino acid sequence
of the protein of unknown structure into the known structure of the other
hamologous protein. The energy of the structure obtained in this manner
will be very high, expecially because of overlaps in regions where the
sequences of the hamologous proteins differ. However, these overlaps can
be relieved, and the energy reduced, by minimization.

We have applied §§is procedure to obtain a structure of a-lactalbumin
fran that of lysozyme™  and those of severalsﬁnake venam inhibitors fram
that of bovgBe pancreatic trypsin inhibitor. Subsequently, Berliner
and Kaptein = obtained evidence that is campatible with our predicgfd
conclusions about tryptophan residues of a-lactalbumin, and Gerkin
reported to a high PK, for the N-teminal amino group, which "supports
its interaction in6§n ion pair as proposed by Wamme et al." Just recently,
Koga and Berliner, in further MR studies, reported that "the
experimental resultssgere consistent with a putative three-dimensional
a-lactalbumin model,” which predicted the close proximity of Ile-95,
Tyr-183, Trp-60, and Trp-104." We recently ggplied this procedure to
obtain a preliminary structure of angiogenin”~ (a protein that induces in
vivo formation of blood vessels) by taking advantage of its hamology to
pancreatic ribonuclease A (see Fig. 15),

Strategies to Overcame Multiple-Minima Problem

In the absence of the structure of a homologous protein, other
strategies must be used to obtain a starting conformation that can reach
the global minimum by direct energy minimization. These strategies include
the build-up and electrostatic-optimization procedures (mentioneddns,s
Sections 3 and 2, respectively), the use of distance constrainta_sé
empirical data on short-, mediun-, and long-gangﬁ interactions, and
a factor analysis* of amino acid properties, ''~ to limit the area of

* Using a factor analysis, it was possible to express the physical
properties of the zggnaturally occurring amino acic;a in temms of 10
orthogonal factors. These factors are then used = to search the
protein data bank for amino acid sequences that have similar properties as
the corresponding sequences of an unknown protein. Presumably, such
sequences wou.],g then have similar three-dimensional structures. However,
we have shown =~ that the sequences (whose properties are being campared)
must be rather long (> 15 residues) before the camparisons became
meaningful .
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o conforwitional space searched, and other mgihods of searching, e.q.,

o SMAPPS "~ and relaxation of dimensionality. These procedures are

N used separately, and in various cambinations with each other, to locate
4 the approximate native conformation of a globular protein. They are all
v intended as the initial approaches in the computations. In the final

stages, the results from all of these procedures are collated into an
. approximate three-dimensional structure whose energy should lie in the

o potential well containing the global minimum (i.e., this structure should

& be a good approximation of the native structure). Then, the conforma- [
i tional energy of this structure is minimized, taking all pair interactions

ﬁ (over the whole molecule) into account. These methods are being tested on

a protein of known structure (bovine pancreatic trypsin inhibitor) and are
currently yiing applied to one of unknown structure (human leukocyte

b interferon “).
:: This same methodology can also be used in protein design. By

. substituting one or more amino acids in specific parts of the sequence,
and then minimizing the energy of the resulting structure, it is possible
- to assess the effect of the mutation(s) on the stability of the protein.

4 One can therefore determine the effect of removing or adding a disulfide
bond, or, say, substituting an alanine for a proline residue that might be
postulated to play a rate-limiting role in protein folding.

-
Fiag™ar=rc=agre

ENZYME-SUBSTRATE COMPLEXES \

e The same computational methodology is also applicable to enzyme-
" substrate complexes, thereby providing information about the strugSures '
" and energetics involved in molecular recognition and specificity.
Molecular details of such enzyme-substrate complexes are required in order
to understand the mechanism of enzyme action., The computation pertains ]
! essentially to a docking process in which a flexible substrate approaches .
i a flexible enzyme as the energy is minimized. Such calculation§4h§ge been .
‘ carried out for complexes of o-chymotrypsin witgsoyggopeptides "~ and "
b of hen egg white lysozyme with oligosaggbarides. ! Figure 16 '
illustrates two computed binding modes = for hexasaccharide substrates
K of hen egg white lysozyme, a "left-sided" and a "right-sided" binding ’
J mode. The former was predicted to psgdominate for (GlcNAc),.. This = g
N prediction was subsequently verified' ' by experiments involving 3
competition between oligosaccharides and monoclonal antibodies for binding
N to hen egg white lysozyme and by measurements of the Michaelis-Menten
constant for hen egg white lysozyme and for a homologous lysozyme
from ringed neck pheasant, the latter having several different amino acids 1
in the "right-sided" binding site.
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CONCLUS IONS

The methodology underlying the results described herein has provided
an understanding of the behavior of model systems, i.e., as to how inter-
atomic interactions lead to the experimental observations. Similar
understanding has been gained about the conformational properties of small
open-chain and cyclic structures and fibrous proteins. Several strategies
are currently being explored to try to surmount the multiple-minima
problem for globular proteins. If successful, they should lead to
predictable protein structures and to predictable effects of site-specific
mutagenesis. They have already led to testable predictions about enzyme-
substrate interactions, and offer the hope of understanding the
fundamental processes in molecular recognition.
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ELASTIC MOLECULAR MACHINES AND A NBA MOTIVE FORCE IN PROTEIN MECHANISMS
Dan W. Urry

Laboratory of Molecular Biophysics
The University of Alabama at Birmingham
P. 0. Box 311/University Station
Birmmingham, Alabama 35294

Abstract

4 Itsis deamonstrated that the polypentapeptide, (V‘all—Proz-Gly3
-Val’-Gly )n when y-irradiation cross-%inked, can perform work on

raising the temperature fram 20 to 48°C. This is due to an inverse
temperature transition leading to a regular helical structure called a
dynamic B-spiral, which exhibits entropic elastomeric force. Processes
which alter the hydrophobicity of a peptide segment can shift the
temperature of an inverse temperature transition., When the hydrophobicity
is changed reversibly as is possible with 20% Glu -poly-pentapeptide,

the temperature for the onset of the inverse Semperature transition can be
reversibly shifSed from being initiated at 37°C at pH 2 (COOH) to being
initiated at 50 C at pH 7 (COO ). Presumably therefore once a

synthetic elastomeric matrié is formed from 20% Glu -polypentapeptide,

it should be possible at 5¢°C to turn "on" elastomeric force by changing
the pH fram 7 to 2 and to turn "off" elastomeric force by returning the pH
to 7. This is called mechanochemical coupling of the first kind, and, in
addition to ionization and deionization, it should be possible similarly
to turn off and on elastomeric force by phosphorylation and dephosphoryla-
tion, respectively.

When the elastomeric state is arrived at by means of a regular
transition from a more ordered state (e.g., a-helix) to a less ordered
state (e.g., a spiral) on raising the temperature and a chemical process
can change the temperature of the transition, this is referred to as
mechanochemical coupling of the second kind. Mechanochemical coupling on-
going from an ordered state to a disordered state has often been
considered. The studies on the polypentapeptide bring consideration of an
inverse temperature transition for mechanochemical coupling of the first
kind and of a less-ordered but nonrandom state for mechanochemical
coupling of the second kind. It is proposed that these new considerations
are relevant to mechanisms for the turning on and off of elastic forces in
protein mechanisms as varied as those of enzymes and muscle contraction.

The Polypentapeptide of Elastin as an Elastic Molecular Machine

By definition a machine is a device for doing work and work is
performed when a force acts against resistance to produce motion in a
body. Consider as a specific example a weight sugpended from the
synthetic elastomeric polypentapeptide band at ZGTC inzwateg (seﬁ Figure
lA)5 The band is formed on v-irradiation of (vVal -Pro“-Gly -val -

Gly )n where n is greater than 1#@, and the composition is approximately
40% peptide, 60% water by weight (1,2). On raising the temperature to
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A. with load B. without load
20°C 40°C 20°C 40°C

100%

Figure 1:

40%

100 %

$+J70%

Al

The polypentapeptide of elastin as an elastic molecular
machine. High molecular weight (Val-Pro-Gly-Val-Gly)
with n greater than 160 is vy-irradiation cross-linked
when in a viscoelastic state of 40% peptide, 60% water
by weight to form an insoluble band of material.

n

A. A weight of 30¢ c_;ms/c:m2 of band cross-sectional
area measured at 4¢°C is applied. At 26°C in water,
the lgngth is taken as 100%. On raising the temperature
to 4¢°C, the band shortens to 7¢% lifting the weight.
The work performed is mgh. B. A band of cross-linked
polypentapeptide is depicted at 20 C in water in the
abgence of any load. On raising the temperature to
40°C, the sample contracts to approximately 40% of its
original length. The heat absorbed during this inverse
temperature transition is approximately 1 cal/gm poly-
pentapeptide. This shortening of the sample is due to
the winding up of the polypentapeptide chain ‘into a
helical structure, termed a 8-spiral, as shown in Figure
2
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4G°C, the weight (309 grams/cm2 elastomer cross-section) is raised
agginst gravity as the synthetic elastomeric band shortens to 78% of its
20 C length (3). For a band 10 am long, the weight would be raised 3 am
against the pull of gravity. The same qualitative result is obtained with
the entropic elastomer, latex rubber, but for this classical rubber the
length change is much less, only about 5% instead of 36% (3). Both
elastomers are molecular machines but the polypentapeptide elastomer is a
more efgective machine for moving an object when changing the temperature
from 2¢° to 40°C. What occurs as the result of this temperature

change in the polypentapeptide is an enhanced effect due to an inverse
temperature transition wherein the polypentapeptide wraps up into a
he%ical stsucture, i.e., a B-spiral, cn raising the temperature fram

20 C to 40°C (4). The helical structure is the result of optimizing
intramolecular hydrophobic interactions. The heat sbsorbeg during this
inverse temperature transition occurring between 28 to 40 °C is
approximately 1 cal/gram of the polypentapeptide in water. The class of
g-spirals to which the elastomeric polypentapeptide belongs is shown in
Figure 2 (5-8) agd the length change under zero load is fram 190% to 40%
on going fram 20 C to 40 C (see Fiqure 1B). At fixed length,

development of elastomeric force (f) correlates with structure development
(4) and as shown in Figure 3, the structure so formed exhibits entropic
elastomeric force (9). As will be further discussed below, the polypen-
tapeptide forms an entropic anisotropic elastomer.

Entropic Elastameric Force Resulting Fram an Inverse Temperature
Transition

Previously entropic elastomeric force has been taken to require
that the polymeric system be a network of random chains in adherence to
the classical theory of rubber elasticity (10). When elastin fibers were
shown to give a result like that in Figurg 3 for the polypentapeptide of
elastin in the temperature range above 43 C, the conclusion was "A
network of random chains within elastin fibers, like that in a typical
rubber, is clearly indicated" (11). In a typical rubber, the decrease in
entropy on deformation is taken to be due to the displacement fram a
random distribution to end-to-end chain lengths (12,13). But a random
distribution of end-to-end chain lengths is not the product of an inverse
temperature transition. An inverse temperature transition involves an
increase in polymer order on increasing the temperature. For the poly-
pentapeptide of elastin, it is deponstrated in Figure 3 that entropic
elastomeric force occurs above 49 °C on campletion of the inverse
temperature transition, that is, once the increase in order has occurred.
This is because the elastomeric force, f, is the sum of two components:
f_, an internal energy Gomponent and £_, the entropic component. When
lﬁ[elastomeric force/T( K)] is plotted versus temperature, a zero slope
is taken to mean that f_/f = @, that is, the elastomer exhibits
dominantly entropic elastomeric force (14). As shown in Figure 3 (solid
curve), the cross-linked pglypentapeptide exhibits a dominantly entropic
elastomeric force above 49 °C (15, 16).
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Thermoelasticity data on the v-irradiation cross-linked
polypentapeptide of elastin (solig curve). The observa-
tion that the slope of the In[f/T K)] versus tenper-o
ature curve at fixed extension is near zerc above 40 C
is the basis for arguing that the elastomeric force is
daminantly entropic. The data (9) is used in the
present context to demonstrate the effect of decreasing
the hydrophobicity, i.e., increasing the hydrophilicity,
as for example by ionization of a residue within the
polypentapeptide such as an occasional glutamic acid
residue or by a phosphorylation of a serine or threonine
residue. The effect of making this polymer more polar®
would be to raise the temperature midpoint of the
inverse temperature transition that is responsible for
the observed development of elastameric force. The
expected result is the dashed curve. The perspective
is, tgerefore, that the elastomeric force is turned on
at 37 °C when the polypeptide is neutral and is turned
off when the polypeptide is more polar or charged.
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Numerous physical characterizations of the polypentapeptide 8f
elgstin in water have shown that on raising the temperature from 20  to
4¢°C, there is an increase in molecular order. Those physical charact-
erizations include: 1i. light and electron microscopy demonstrating on
increasing the temperature a self-assembly into fibers, comprised of
parallel aligned fibrils, which in turn are comprised of parallel aligned
filaments (7,17,18); ii. light scattering following the aggregation with
increase in temperature (2); iii. circular dichroism showing an increase
in intramolecular order with occurrence of regularly recurring g-turns
(19); iv. the muclear Overhauser effect demonstrating the intramolecular
hydrophobic interactions attending the inverse temperature transition
(26); v. composition studies showing the phase transition to a unigue
camposition of polypentapeptide plus water (2); vi. nuclear magnetic
resonance relaxation studies showing a decrease in backbone mobility on
raising the temperature through the inverse temperature transition
(21,22); vii. dielectric relaxation studies showing the development of an
intense, low frequency, high amplitude, localized, Debye-type relaxation
on raising the temperature through the inverse temperature transition
(23,24); viii. and the above noted temperature dependence of elastomer
leggth (3). Having demonstrated an increase in order on arriving at
49°C, thermal denatusation gan be demonstrated on raising the
temperature above 60 to 8¢ C (2) and by circular dichsoism showing
the decrease in intramolecular order on standing at 8¢ C (2); and
thermal denaturation has been demonstrated directly in_the loss of
elastomeric force and elastic modulus on heating at 8¢ C (25). These
are not the properties of random chain networks. Accordingly a new
understanding is required for the decrease in entropy on deformation and
it is one of a damping of internal chain dynamics on deformation called
the librational entropy mechanism of elasticity (9,26,27). A new under-
standing of entropic elastomeric force has emerged from which interesting
new possibilities arise.

Effect of Changing Hydrophobicity of Polypeptide Elastomers

The fact that the elastomeric force development occurs with short-
ening by means of an inverse temperature transition (3,4) gives
interesting new potential to the polypentapeptide and like elastomers as
molecular machines. It has been shown (28,29) that changing the hydro-
phobicity of the repeating unit in the elastomeric polypeptide changes the
temperature range of the inverse temperature transition, which gives rise
to regular structure; that changing the hydrophobicity changes the temper-
ature range over which elastomeric force develops, and that changing the
hydrophobicity changes the range over which the elastomer shortens. For
example, iTcreasing the hydrophobicity of the polypentapeptide (VPGVG)n as
in the Ile -polypentapeptide, (IPGVG)n, analog (28) lowers the tempera-
ture range over which the transition occurs by some 20 C from a midpoint
of near 30°C for (VPGVG)n to near 18°C for (IPGYG)n. Furthermore when
the hydrophobicity is decreased as when the Val residue is removed as
in the polytetrapeptide (VPGG)n, the product is an elastomer but the
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development of elastomeric force is now shifted to 50°C (29). Thus by
changing the hydrophobicity, the midpoint temperature of the inverse
temperature transition for the developmentoof elasgomeric force has been
shifted over the temperature ranmge fram 19 °C to 56 C. Increase the
hydrophobicity and the inverse temperature transition occurs at a lower
temperature; decrease the hydrophobicity and the inverse temperature
transition occurs at a higher temperature. Even the magnitudes of the
shifts are calculable fram the change in hydrophobicity (29,36¢,31).

When temperature is limited as a variable, therefore, as an example
in the case of living organisms, varying the hydrophobicity would be a
useful way to perform work. Decreasing hydrophobicity which, of course,
is equivalent to increasing hydrophilicity can be achieved by hydroxyla-
tion. Accordingly, it has been shown, by chemically introducing hydro-
xyproline in place of proline and by direct hydroxylation of (VPGVG)n
using the enzyme prolyl hydroxylase, that the temperature range of the
inverse temperature transition can be raised in proportion to the amount
of replacement or conversion of proline to hydroxyproline (32). Wwhen the
ratio of (Val-Pro-Gly-Val-Gly) to (Val-Hyp-Gly-Val-Gly) was 9:1 in the
polymerizing mixture, the rgsulting polymer exhibited a transition
midpoint that was shifted 7°C to higher temperature; gor (Val-Hyp-Gly-
Val-Gly)n itself the transition midpoint was above 65 C (32). Wwhat
would be of particular interest would be to shift reversibly the temper-
ature of the inverse temperature transition and thereby to turn "on" and
"off" the elastomeric force. One means would be protonation or depro-

tonation of a functional side chain; another might be enzymatic reactions
wherein there is an interconversion between charged and uncharged states
of a side chain; and yet another could be the phosphorylation and dephos-
phorylation, for example, of a serine or threonine side chain. The use of
pH is briefly considered below.

Reversibly Changing Hydrophobicity of the Polypentapeptide as a Means of
Turning Elastomeric Force "on" and "Off"

As shown in Figure 4, the inverse temperature transition can be
followed by means of the tenperazure profiles for aggregation for tge
polypentapeptide 3nd its 20% Glu® analog. Changing one in five Val
residues to a Glu  residue, when the pH is 2 where the side chain is the
cagboxyl, Shanges the onset of the inverse temperature transition fram
25 C to 37°C. On ionization of the side chain to form the carboxylate
an&on at pH 6, the onsez of the ir rerse temperature shifts further to
49°C. Once the 20% Glu -polypentapeptide is cross-linked to form the
elastgneric matrix, it is expected that the elastomer can most effectively
at 50 C be turned "on" at pH 2 and “off" by changing the pH to 7. This
would be a chemomechanical transducer. If 59 C were not the desired
temperature, for example, if lower temperature were desired, then more

hydrophobic residues could be used in place of Vval™ and Val4.
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Figure 4: Temperature profiles of aggregation showing the temper- N

ature dependence of the intermolecular aspect of the
inverse temperature transition. This also coincides
with the intramolecular component of the inverse temp-
erature transition. Curve,a: the polypentapeptide of
elastin; curve b: 20% Glu -polypentapeptide at pH 2
where the pﬂlar side chain is the COOH moiety; and curve
c: 20% Glu -polypentapeptide where the side chain is
ionized (COO-) at pH 6. The solid curve in Figure 3
showing the development of force with temperature
correspernds to curve a. the basis of this, it is
expected that the 20% Glu -polypentapeptide cross-
linked matrix would develop Slastcmeric force with a
midpoint temperature near 4¢ C when at pH 2 and that
force devejopment would shift to a midpoint temperature
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of near 55°C when at pH 7. Therefore at 50°C, .
changing the pH from 2 to 7 should turn off elastomeric

force and the reverse should turn on elastameric force. -
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Starting with Ilel-polypentapeptide, which has a transition midpoint of
about 10°C (28), inclusion of a more polar residue, such as Glu, Asp,
His, Lys, or Tyr, for example in every third pentamer as position four
would raise the temperature of the transitionltoward 3? C for the 4
nonionized state. The appropriate mix of Ile” and Val™ and of val

and the more polar side chain at position four would a%low the midpoint of
thg transition to be selected over a temperature of 18 C to above

30°C. On ionization the transition would shift to a higher temperature
yet. Suppose that the non-ionized analog exhibited a transition midpoint
near 39 C and that the g-spiral structure were formed and the

development of elastomeric force were essentially complete by 37°C, as

in the solid curve of Figure 3, then on ionization (e.g., on raising the
pH above the pK of the ionizable function) the transition midpoint would
shift to a higher temperature; the structure would unwind and the
elastomeric force would be turned off as in the dashed curve of Figure 3.
Lowering the pH to below the pK would cause the elastomeric force to turn
back on. A change in the activity of the hydrogen ion becomes the switch.
A number of other switches could be devised.
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Mechanochemical Coupling

Previously, developments of elastomeric force with increase in
temperature have been conformed to considerations of the classical theory
of rubber elasticity with consideration of an order to disorder
transition. In one proposed mechanism for the power stroke of muscle
contraction in the S-2 fragment of myosin, an a-helix to random coil
transition provides an interesting possibility to consider (33,34). The
polypentapeptide data, in which the elastomeric state is a nonrandam
g-spiral structure, indicate that random coil is not a necessary
consideration and even suggests that it could be incorrect since the
elastic modulus on thermal randomization of the polypentapeptide of
elastin and of elastin itself becomes so low as to be of little relevance
to the elastic forces of muscle contraction (16,25). Accordingly,
analysis in terms of an g-helix to spiral transition seems warranted.

Thus the situation could be one as shown in Figure 5 in which an a-helix
witn l.Sﬁ/residue converts to a spiral with about half the translation per
residue, e.g., @.78/residue as in the g-spiral of Figure 2. This would be
consistent with the pitch estimated for the g-spirals of the polypenta-
peptide with about 15 residues per turn of spiral (8), of the
polytetrapeptide with about 16 residues/turn (35), of the polyhexapeptide
with about 12 residues/turn (36) and of the polynonapeptide with about 18
residues per turn (Chang, Trapane and Urry, in preparation). With
heptamer repeats in myosin grouped as 28mers (37) some fourteen residues
per turn would be reasonable for a spiral structure. Whatever the details
of the situaticn, one looks for a chemical process to shift the
temperature of the transition such that at a given temperature the elastic
contraction could occur as the result of a chemical process.
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