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Conformational features of oligomers of B}{butanoic acid have been studied using quantum mechanics
methods. Conformational search of A©OCH(CH;)—CH,—COOCH; indicates that the compound is quite
flexible with several conformations similar in stability. Study of A CH(CHs;)—CH,—CO],OCH,CHjs, n

= 1-8, using a repeating unit approach fartielix, 3i-helix, 4-helix, 5-helix, and pleated strand structure
indicates that only the;ahelix has a cooperative effect and is also most stable. Crystal orbital calculations on
the crystal packing energies of the ,23;-, and 4-helices have been performed. Thet2lix is found to have
much stronger crystal packing stabilization than theehd 4-helices. This explains why the;-helix is

found in crystal structures of polyg}-3-hydroxybutanoic acid) (PHB) despite the fact that tia&lix is the

most stable single helix. The stabilization of theh2lix in the crystal structure is mainly from the dipole
interaction between adjacent parallel helices but not from adjacent antiparallel helices. The study also provides
useful information for the study of ion channel structures of PHB.

Introduction While the conformational features @fpeptides and oxapep-

_ o tides have been extensively investigated theoretié&fythere
The biopolymer poly(®)-3-hydroxybutanoic acid) (PHB) has  haye been relatively few theoretical studies on the conforma-

attracted a lot of attention in recent yeadRRHBs are synthesized  tjonal features of OHB or PHB. A recent molecular mechanics
by microorganisms as storage materials of high molecular weight simy|ation study on OHB indicated the flexible backbone feature
(about 16 Da) under conditions of nutrient limitatiot.PHBs as observed by experimerifs.To have a more detailed
can serve as b?odegradaple _plasticg and have. begn used tBnderstanding of PHB structure, we have performed a theoretical
replace conventional plastics in a variety of applicati6i$:>  stydy at ab initio level on several OHB models. Using a diester
Short-chain PHBs have been found in cell membranes and servenodel, we carried out a conformational search to find energeti-
as ion channels, together with polyphosphates (PIRigddition, cally favorable conformers. Then several secondary structures
Seebach and co-workers have found that synthetic short-chainof single-chain OHB were studied with a repeating unit method.
PHBs can cause phospholipid membranes to become permeabl was found that in the gas phase, OHB iatlix is not stable
for cations, such as Na, K, Rb, Ca, or Ba, both under voltage- compared with the helix. Finally, crystal orbital calculations
gated and under concentration-driven conditibns. were carried out, which revealed that thellix has a strong
The exact structure of ion channels consisting of PHB is still crystal packing stabilization. This provides an understanding
unknown3 In stretched fibers and in lamellar crystals, PHBs why the 2-helix is found in crystal structures and stretched
are found to fold in a 2helix structuré®. In cyclic oligomers of fibers. The results also provide useful information for under-
HB, basic structural units for;2and 3-helices and for pleated  standing the structure of PHB ion channels.
sheet structures have been revealed by Seebach and co-
workers!®~46 These have led to the proposal of several models Computational Methodology
for PHB/PPi channel®-c3a3f|n solution, NMR studies have
shown that oligomeric hydroxybutanoic acid (OHB) backbone
is quite flexible and there does not seem to be a significant
preference for a particular conformati6é@D spectra of OHBs

To find the basic conformational features of PHB, we have
carried out a conformational search on a diester madéls
shown in Figure 1, each HB unit has three rotatable single bonds,
and FRET measurements of OHBs with double fluorescence- and each bond h"?‘S three important .conformatlons: gaughe,

—gauche, and anti. Instead of exploring the whole potential

labeled OHBs containing 8, 16, and 32 HB units indicate, ;
. 4 . energy surface, only thosé 3 27 important conformers were
however, the possible existence of chiral secondary structures.

of these intermediate chains on the short time scale of UV/vis Investigated. Their geometries were optimized with the B3LYP/
. .~ 6-311G* methoéf using the Gaussian 98 prografrarmonic

spectroscopy.Such conformational features of OHBs are quite ibration f lculati ith which th | ;

different from those of analogoyspeptides and oxapeptides, vibration frequency calculation with which thermay corrections

which display a strong tendency to form secondar Structureswere made was carried out for each structure. Solvent effect
in solutior?9 y 9 y y was also evaluated with the SCIP&Malculations withe =

33 (methanol) and isodensity value of 0.0004 using the Gaussian
94 program-®
Five interesting secondary structures were constructed on the

* To whom correspondence should be addressed. E-mail: chydwu@chem.

ku.edu.cn. . . L
PEy Peking University. basis of the stable conformations of modelhe stabilities of
*The Hong Kong University of Science & Technology. these polymers were investigated using a repeating unit scheme.
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Figure 1. Diester modell and its 18 stable conformers optimized by the B3LYP/6-311G* method. The sequence of these structures is the same
as the order of their free energies in the gas phase (Table 1).

1E

The repeating units for the five structures were obtained by during the optimization using the B3LYP/6-311G* method with
geometrical optimization with a hexaester modetACHMe— the Gaussian 98 program package. Thus a perfect helix can be
CH,—CO)—OCH,CHjz (Figure 2). The six ester units in each preserved in the optimized structure. The middle part of the
secondary structure were constrained in the same geometry s@ptimized hexaester was used as the repeating unit structure in
that geometrical optimization gave the repeating unit (actually the crystal orbital calculation. The 1D infinite single polymer
the average geometry), which was used to build oligomeric models2, 8, and 14 (Figure 3) were used as benchmarks for
esters Ae-(CHMe—CH;—CO),—OCH,CHs, n = 1-8. The the calculation of crystal packing energy. The energy per HB
energies of such built ester models were calculated with the ynjt (CH,—CO—OCHMe) of the 1D model was used as the
B3LYP/6-311G* and MP2/6-311G* methods without further Zero energy |eveEO The Crysta] packmg enerng, is defined
geometrical optimization. Such repeating unit approach method g5 follows:
has been applied to the study of helical and sheet structures of
a- and 3-peptides.od-e.17 E
To compare the crystal packing energies ¢f 2;-, and 4- E =——
helices, ab initio self-consistent-field crystal orbital (CO)
calculations have been performed with the CRYSTAL98 ) ) )
program packadé at the B3LYP/3-21G level. The shrinkage WheréEcei is the energy per unit cell anis the number of
factor was set to 40, 10, and 5 for 1D, 2D, and 3D models, HB units per unit cell.
respectively. The 2, 3;-, and 4-helices of a hexaester model As for the 2-helix, the 3D crystal structure modeT)(can
were studied. Full geometrical optimization results in imperfect be derived from experiment. But for the-&and 4-helices, no
21-, 31-, and 4-helical structures. To get structures with prefect crystal structure is available, and we have to derive their 3D
translational symmetries, the translationally equivalent methyl crystal packing models on the basis of computational experi-
groups (the side chains in one side) of the hexaester model Ac ments. The structures were derived from some supposed rules
(CHMe—CH,—CO)—0OCH,CH3z were confined into a plane  and test calculations: (a) For helical polymers, the neighboring
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Polymer C Polymer B Polymer D

(2; Helix) (31 Helix) (4; Helix)

Polymer A Polymer H

(51 Helix)

Figure 2. Structures of polymeré, B, C, D, andH optimized with a repeating unit approach using the B3LYP/6-311G* method.

2; helix 3; helix 4, helix
Model 2 Model 8 Model 14
Figure 3. Single polymer models used in crystal orbital calculaton.

can become closest. (b) Between two parallel or antiparallel
neighboring helices, there should be no too close or too far atom
pairs. In that case, only a few backbone-parallel orientations
are favorable. (c) To obtain a good 3D structure, the packing
pattern should be energetically favorable and have relatively
high symmetry, which is important for deriving the most
condensed packing. In the crystal structure ehelix, the
polymer chains are like cuboids packing together and the methyl
carbons and the carbonyl oxygen atoms define the sides of the
cuboids. For the 3 and 4-helices, we treated them as triangular
or cuboid prisms, and their sides are defined by the methyl
carbon atoms. The possiblg-Relix axis andC, axis are
positioned so that the best match of the polymer chains can be
obtained. There are parallel and antiparallel helix parings
simultaneously in the 3D crystals because the long polymer
chain must run many times across the cry&tal. 3D crystal
structure can be considered as being constructed by different
kinds of 2D slabs, and the 2D slabs are composed of double
polymer chains. A double polymer chain model can characterize
a basic interaction type between polymer chains in the 3D
structure. It is representative for the 3D crystal. To determine
the most favorable 3D structures, we studied the possible

is the translational distance along the polymer axis. These structurespacking patterns of two neighboring helices first. Antiparallel

were optimized at the B3LYP/6-311G* level using a hexaester model
in which the translationally equivalent methyl groups are confined into

a plane during the optimization.

and parallel double chain mode3s4, 9, 10, 15, and16 were
used (Figures46). In these models, the distance between two
polymer chains was optimized using pointwise optimization

helices should be parallel or antiparallel; thus the backbone of method, that is, we calculated the energy while changing the
neighboring helices are parallel and should match each otherinterchain distance point by point (without geometrical optimi-
well in geometric space so that the two adjacent polymer chainszation with each point), until change in energy is smaller than
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(b) 3 (Sideview) (c) 4 (Sideview)

Figure 4. Top view (a) of 3D crystal moder constructed by 2helix. All of the other models are part of the 3D model. Mod&land 4 are
parallel and antiparallel double helix; modélsnd6 are parallel and antiparallel slalzsandb are translational vectors. Panel b shows a side view
of model3 in which the carbonyl groups align head-to-tail. Panel c shows a side view of Moilbe carbonyl groups are shoulder-to-shoulder.

0.01 kcal/mol. The optimized distances were then used astime; thus, all of the possible backbone-parallel models were
translational distances for 2D and 3D structures. The optimized included. The packing energies were calculated evényith
double chain models were then used to construct 3D structurescrystal orbital method at B3LYP/3-21G level; the results showed
and infinite 2D slabs that represent a main interaction type in that model is energetically favorable on the potential surface
3D crystal structure. (the @ point). We optimized the relative position of the two
To testify whether these proposed models were the mostpolymer chains of model0 along the polymer axisz(axis in
favorable packing patterns, we did an exhaustive search usingcrystal) and the direction perpendicular to the plane, which
models9 and 10. For model9, we fixed one polymer chain  contains these two polymers; a slightly more stable structure
and rotated the other one around its axis framidd360C; thus, was located, but the;zhelix, which possibly exists in the 2D
all of the possible backbone-nonparallel models were included. and 3D structures, was lost and the stability of the 3D structure
We rotated the two polymer chains around their axis at the sameusing these parameters decreased.
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(b) 9 (Sideview) (c) 10 (Sideview)

Figure 5. Top view (a) of 3D crystal model3 constructed by 3helix. Models9 and 10 are parallel and antiparallel double helices; moddls
and12 are parallel and antiparallel slalzsandb are translational vectors. Panel b shows a side view of m@édeanel ¢ shows a side view of
model10. The carbonyl groups have no strong interaction in these two models.

Results and Discussion within 1.0 kcal/mol both, in the gas phase and in methanol
solution. This result is consistent with the results of NMR studies

are located for the diester model(Figure 1). The calculated ~ and MD simulations, which indicate that this polymer is very
dipole moments, backbone dihedral angles, entropies, relativel€Xible and has no predominant conformation in solufié.
enthalpies in the gas phase, relative entropies, and free energied e torsion angles @ andC are close to those obtained from
(298 K) in methanol solution are given in Table 1. The data &xperiment (Table 1).

show that this diester structure is very flexible. The relative =~ Among the top 10 most stable conformers, six of them have
Gibbs free energies of the 10 most stable conformations area gauche dihedral angle about the centralCbond ¢3), while

A. Conformation Search. Eighteen conformational minima
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(a) 17 (Top-view)

(b) 15 (Sideview) (c) 16 (Sideview)

Figure 6. Top view of 3D crystal model7 constructed by 4helix. Models15 and 16 are parallel and antiparallel double helicasandb are
translational vectors. Panel b shows a side view of mb8ePanel ¢ shows a side view of modél. The carbonyl groups have no strong interactions
in these two models.

the other four have an ant} dihedral angle. Those conformers The conformational feature of the diester model is thus very
with an antizz are generally less stable enthalpically but are different from those of diamide models gfamino acids and
stabilized by relatively larger entropy. This favorable enthaplic amyloxy acids,®®11%vhich strongly favor hydrogen-bonded C6
preference for gauche; originates from an attractive electro- or C8 conformations ot both. It is thus the lack of hydrogen-
static interaction between the negatively charged ester oxygenbond formation that results in the flexibility of the diester model.
and the positively charged carbonyl carbon. A similar feature  B. Stability and Cooperativity of One Dimension PHB in
has been observed f@peptides and is partially responsible the Gas Phase.The stable conformerdB, 1C, and 1D

for the easy formation of helical secondary structdfés. correspond to the basic structural units for the formatiomgf 3
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TABLE 1: Calculated Dipole Moments (D), Torsional Angles (deg), Entropies (cal/(meK)), Relative Enthalpies (kcal/mol) in
the Gas Phase, and Relative Enthalpies and Free Energies (kcal/mol, 298 K) in Methanol Solution (SCIPCk= 32.63) for the

Conformers of Diester Model 2

gas phase sol SCIPCM model
conformer dipole 7 7 T3 T4 S AHgad¢ AGgad AHgof AGgof
A 0.9 180.0 152.0 —175.2 58.6 120.7 1.2(1.3) -02 1.5 0.1
B 3.3 —174.7 152.5 —65.7 156.6 116.1 0.0 (0.0) 0.0 0.0 0.0
—-176.9 142.2 —62.3 150.7
C 0.4 —179.4 153.0 —59.7 —47.8 116.8 0.3(0.6) 0.1 0.2 0.0
—-179 152 —520 —40
D 2.4 177.7 81.7 —-172.9 —175.2 116.9 0.4 (0.1) 0.2 1.1 0.9
E 1.7 178.7 82.9 179.6 449 118.0 0.8(1.2) 0.3 1.1 0.5
F 1.7 —175.2 95.6 —64.4 —81.6 113.0 —0.5(0.6) 0.4 0.4 1.3
G 1.4 —-177.8 80.4 54.7 —103.7 114.6 0.1(1.0) 0.5 0.5 1.0
H 3.4 180.0 152.7 —168 —173.8 116.7 0.8(0.3) 0.6 1.2 1.0
| 3.0 —-174.0 76.2 49.0 89.2 114.2 0.2 (0.6) 0.7 0.9 1.5
J 3.0 —178.2 95.6 —75.1 90.0 114.4 0.3(1.2) 0.8 0.6 1.1
K 2.5 178.9 147.5 56.9 —-121.3 116.5 1.4 (1.5) 1.3 1.7 1.6
L 2.2 179.7 145.3 51.6 70.8 117.2 2.0(2.3) 1.7 2.1 1.8
M 0.6 —178.8 —65.7 —64.3 140.8 116.5 2.7 (2.7) 2.5 3.1 3.0
N 1.3 —-177.2 —63.3 —158.5 —174.4 115.9 2.4 (2.2) 2.5 3.4 3.5
O 3.1 173.1 —63.7 —-52.1 —76.8 114.2 2.1(2.9) 2.6 2.8 3.4
P 3.4 —178.2 47.0 —165.7 —64.0 116.9 3.6 (3.8) 3.3 4.0 3.7
Q 2.7 —178.3 —-73.3 81.8 —-112.0 114.8 3.5(4.6) 3.9 4.7 5.1
R 2.0 177.0 —78.9 65.5 76.7 112.9 4.0 (5.2) 4.9 4.6 5.6

aGeometries were optimized at the B3LYP/6-311G* leValIP2/6-311G* single-point energy plus thermal energy correctidine values in
parentheses are calculated by B3LYP/6-311G* metfdaee energy based ahH andASin the gas phas€.MP2/6-311G* single-point energy
plus solvent effect and thermal energy correctititi(= AHwvp2/gas A(Enrso — Enrrgad). f Free energy based @xH in solution andASin the gas

phased Taken from ref 12" Taken from ref 5h.

TABLE 2: Relative Residue Energies (kcal/mol) of Polymers A,

B, C, D, and H Derived by Repeating Unit Approach

Calculation with the B3LYP/6-311G* and MP2/6-311G* (in Parentheses) Methods and Backbone Dihedral Angles (deg)

relative energy

torsional angles

n=2 n=3 n=4 n=>5 n=6 n=7 n=8 71 T2 73 T4
A 0.65 (1.20) 0.66 (1.23) 0.67 (1.24) 0.65 (1.24) 0.69 0.69 0.70 180 15%174.7 60.0
B —-1.08(1.49) -1.06(2.04) -1.172.17) -125(2.24) -127 -130 -132 -—-1721 1541 -55.2 128.1
C 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 0.00 0.00 179.7 150361.2 —54.2
D —0.58(0.55) —0.60 (0.57) —0.59 (0.59) —0.60 (0.58) —-0.58 —-0.57 -0.55 179.6 80.8 —171.7 176.2
H —0.21(1.09) —0.24 (1.11) —0.24 (1.112) —0.24 (1.11) -0.23 —-0.22 -0.20 -179.3 1509 —-168.9 -176.5

2;-, and 4-helices, respectively. The backbone conformations attributed to an attractive interaction between tlreGCof the

of 1A and1H have been found in the X-ray crystal structure of
an octalactone by Bachmann and SeebBichhe secondary

ith ester and the &—H of thei — 2 ester. The ©-H distance
is about 2.54 & This interaction is absent in structut®.

structures constructed on the basis of these five conformations Thus, except for the ;3helix, the relative stabilities of the

are denoted as polymé, B, C, D, andH, respectively. To

other secondary structures can be roughly estimated on the basis

understand the relative stabilities of these secondary structurespf the calculation results of the diester modeMWe conclude

it would be helpful to understand whether there is cooperativ

e that because of a cooperativity, thelt&lix is the most stable

interaction in these structures. Toward this purpose, thesesecondary structure in the gas phase while the other structures
structures have been studied with a repeating unit method usinghave similar stabilities. In solution, the cooperativity for the

a hexaester model Aq(CHMe—CH,—CO)—0OCH,CHs. The

3:-helix is also reduced and thus cannot be much more stable

calculated backbone dihedral angles of the repeating units andthan the other structures.

the residue energie&(n) = E, — E,—1, N =2—8, whereE, is
the total energy of the oligoester withrepeating units] are
given in Table 2. Except for polymeé3, these structures each

It is noted that the polyme€ structure derived from the
repeating unit method of geometry optimization does not
correspond to a perfect-belix. Instead, each HB unit rotates

have constant residue energy, indicating that there is noaround the helix axis by about 196Thus, to form a perfect

cooperative interaction in these structures. This is not difficul

t 2;-helix, two units of HB have to rotate back by abouf 38/e

to understand because the carbonyl dipoles in these structuregstimated that the adaptation of a perfeeh@lix from the fully

are not aligned in the same direction. PolyrBéras been found
to possess a small cooperativity because the carbonyl grou
form a dihedral angle of about 32.8vith the helix axis. The

optimized structure costs about 0.3 kcal/mol per HB unit. Thus,
pshe perfect Zhelix is a high-energy conformation, but the
energy penalty can be compensated by better crystal packing,

calculated residue energy for the fifth residue is about 0.2 and especially between parallel helices, as will be discussed in the

0.8 kcal/mol more stable than the second residue with th
B3LYP/6-311G* and MP2/6-311G* methods, respectively. It
is also noted that the calculated backbone dihedral angles (
74) in polymerA, C, D, andH structures are quite similar to
those in the corresponding structuréd, 1C, 1D, and 1H,
respectively. However, the calculategland 4 in polymerB
are quite different from those in structudeB. This can be

e next section.
C. Crystal Packing Energy. Two different folding patterns
of PHB are often discussed in the literature,ah2lix and a
31-helix, but only the structure of the; elix has been found
in crystal structures of PHB by stretch-fiber X-ray diffraction
measurements.On the other hand, our above calculations
indicate that in the gas phase thehlix is the most stable
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Figure 7. Plot of packing energy as a function of packing distance
for parallel double-helix mode3 and antiparallel double-helix model

4. Energies were calculated with the crystal orbital method at B3LYP/
3-21G level.

T
6.0

secondary structure. Then how does one account for the stability

of the 2-helix in the solid state? To answer this question, crystal
packing energies of the;2 3;-, and 4-helices have been
evaluated using the CRYSTAL98 prograf.

21-Helix. As shown in Figure 4, the crystal structure of the
PHB features columns of paralleh-Belices (vertical). The

helices in adjacent columns are antiparallel. Thus, each helix is

in direct contact with two parallel helices and four antiparallel

J. Phys. Chem. A, Vol. 107, No. 25, 2003135

TABLE 3: Crystal Packing Energy, Ep, Relative Energy, Eg,
the Optimized Unit Cell Parameters in the Crystal Orbital
Calculation, and the Density fp) of 3D Structures of

Models 3-162

unit cell
parameters in

tosion the calculation
E, Er angles and the calculated
model (kcal/pmol) (kcal/mol) symm  (deg) density
21-helix
3 —2.6 —-2.6 P2;11 1©; —176.9 a(A) 5.4875
(5.76°)
4 -0.5 —05 P211 17, 156.1b(A) 12.625
(13.20)
5 -5.3 -53 P211 13 —59.1c(A) 6.124
(5.96°)
6 -0.8 -0.8 P211 174 —36.4 a(deg) 90.0
7 —6.3 —-6.3 P22:2; S (deg) 90.0
y (deg) 90.0
p (g/cn?) 1.347
(1.25)
31-helix
9 -0.4 -26 P1 7, —173.8 a(A) 8.125
10 -0.3 -25 P1 72 134.7b(A) 15.9
11 -0.8 -31 P1 73 —58.3 c(A) 6.258
12 -0.8 -3.0 P211 74 153.1a(deg) 90.0
13 -25 —4.7  P3121 p(deg) 90.0
y (deg) 120.73
o (g/c?) 0.912
4y-helix
15 -0.9 —-27 P2 7, 180.0 a(A) 6.375
16 —-0.6 —2.4 P211 1, 80.6b(A) 12.818
17 -3.0 —4.8 P412:2 13 —172.2c(A) 15.711
174 —173.9 a(deg) 90.0
S (deg) 90.0
y (deg) 90.0

o (g/c?) 0.891

aFor each HB unit of 2helix, 3-helix, and 4-helix, the zero energy
is —304.676 50,—304.672 94 and-304.675 83 au, respectively (at
B3LYP/3-21G level using crystal orbital method)Taken from ref 5b.
¢ Taken from ref 1c.

an attractive interaction. Therefore, the small packing energy

helices. The interactions between two parallel helices were of —0.5 kcal/mol per HB unit is mainly due to weak van der

studied using modeB, while the interactions between two
antiparallel helices were studied using modleThe interaction

Waals interactions between the two helices.
In terms of the packing energies of parallel and antiparallel

energy was estimated by stepwise adjustment of the distanceslab model% and6, the calculated stabilizations are about twice

between two helices with crystal orbital calculations. Figure 7

the values of model8 and4, respectively. This indicates that

shows the location of the best distances for the packings of each helix has interactions mainly with two immediate adjacent

models3 and4. For model3, the best distance of packing is

helices, and its interactions with more remote helices are very

about 5.5 A, and the calculated packing energy between two small (0.15 kcal/mol additional stabilization for the parallel slab

parallel 2-helices is about-2.6 kcal/mol. For modet, the ideal

and 0.16 kcal/mol destabilization for the antiparallel slab). The

packing distance is increased to about 6.3 A with a packing calculated total packing energy of the crystal structure maddel

energy of only about-0.5 kcal/mol per HB unit. The packing
energies of model$, 6, and7 can be estimated with crystal
orbital calculations based on the best structures of maglels
and4. The packing energyy, the relative energygg, the unit
cell geometrical parameters derived from the crystal orbital
calculations, and the density)(of 3D structures are listed in
Table 3.

Itis interesting that the packing energy of the parallel double-
chain model3 is calculated to be much more stable than the
antiparallel double-chain modédl. Inspection of geometries
indicates that the two helices in mod&involve a translation
of about 5.5 A. The carbonyl groups on the two helices align
nearly in a line, head-to-tail, similar to the situation in pleated
sheet structures gkpeptides® Therefore, they have the largest

is about—6.3 kcal/mol. This packing energy is somewhat (0.6
kcal/mol) smaller than the sum of the packing energy of model
5 and twice the packing energy of modglindicating that long-
range interactions are slightly destabilizing overall.

In the optimized structure, the translational distamcef
model2 is 6.124 A; this result is close to the experimental data
well (5.96 A)5P From models3 and4, we gota = 5.4875 and
b =12.625 A; they are close to the experimental values of 5.76
and 13.20 A, respectiveRp.

The calculation result that the parallel slabs provide much of
the packing energy for the2elix crystal is in agreement with
experimental observations. Barham et'dlave shown that the
predominant chain folding in PHB crystal is along the long axis
of the single crystal, which is the-axis in Figure 4. When the

attractive interaction. On the other hand, in the antiparallel model single crystal was stretched in the direction of the long axis,
4, the carbonyl groups on the two helices do not align in a line periodic cracks intersected the long axis; when it is stretched
anymore. Instead, they align nearly shoulder-to-shoulder andin the direction perpendicular to its long axis, the single crystal
are separated by about 6 A. Such arrangement does not allowcan be split into small crystals along the long axis. Thus, both
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Figure 8. The hairpin structure formed by two antiparallgttlices and

experiment and our results suggest that every polymer running
across the crystal by successive folds staggering within two
parallel slabs, that is, every two neighboring parallel slabs, is
formed by the same single polymer.

31-Helix. Because there is no structural information available
for possible crystal packing consisting ofi3elices, we had to
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larger packing energy for each HB unit than theh&lix and
4;-helix models13 and17. Although each HB unit in the;2
helix is calculated to be less stable than that in thédix and
4:-helix by about 2.2 and 1.8 kcal/mol, respectively, the crystal
model7 is still more stable than the crystal modéBand17.
From calculated crystal unit cell parameters, it is clear that the

make a guess of the packing pattern. This was achieved by doing2;-helix crystal model is much more closely packed than the

testing calculations with parallel and antiparallel double helices,
models9 and10. Several orientations between the two helices
were calculated, and the orientation with the favorable packing
energy and symmetry was used to build a crystal-packing

crystal models for the ;3helix and 4-helix (13 and17). The
calculated density of the mod@lis 1.347 g/cri. The experi-
mental valué® is about 1.25 g/cfh Because the geometrical
optimizations were only carried out with mode&dsand 4, the

pattern. Detailed calculation procedures and results are givenagreement is quite satisfactory.

in Supporting Information. As shown in Figure 5, each row
consisted of alternating antiparallel helices. Thus, parallel and
antiparallel double-helix models a@eaind10, respectively, and
parallel and antiparallel slabs até& and12, respectively. Each
helix is in direct contact with four antiparallel helices and two
parallel helices.

The 3-fold 3-helix is fatter than the 2helix. Therefore, the
ideal packing distance between two parallel helices and anti-
parallel helices are about 8.1 and 8.0 A, respectively, consider-
ably larger than those between twgllices. In addition, the
carbonyl groups in the;3helix align about 32 with respect to
the helix axis; the dipoledipole interaction involving two
parallel or antiparallel helices is small. The calculations give
packing energies of-0.4 and—0.3 kcal/mol for each HB unit
in the models9 and 10, respectively. The packing energy of
each HB unit in parallel slabl() and antiparallel slabl@) is
about 0.8 kcal/mol. The total packing energy of each HB in
model13is calculated to be about2.5 kcal/mol, much smaller
than the 6.3 kcal/mol stabilization for the-Belix crystal model
7.

4;-Helix. Our model for the #helix crystal structure was
developed in a similar way as that for thelt®lix. As shown
in Figure 6, each helix has direct contact with four helices, two
parallel and two antiparallel. Parallel and antiparallel double-
helix models arel5 and 16, respectively. The parallel double-
helix packing brings a stabilization of 0.9 kcal/mol for each
HB unit, while each HB unit gains a stabilization of about 0.6
kcal/mol in the antiparallel double-helix packing. The estimated
total packing energy for each HB unit in the 3D mod#lis
about —3.0 kcal/mol, nearly twice of the sum of model$
and16.

D. Overall Stability. As summarized in Table 3, our model
calculations indicate that the-Belix 3D model7 has a much

E. The Structure of the Turn. PHB crystals have a lamellar
morphology, the polymer chains running perpendicular to the
lamellar crystal surface and doubling back on themselves and
crossing the crystal several tim&sA controlled degradation
experiment of single PHB crystals indicated that PHB is present
in a hairpin arrangement and the turn cannot contain more than
one or two HB unitd¢ Here, we find that conformetB can
function as an ideal turn structure connecting two antiparallel
21-helices as shown in Figure 8. Conform&B is a stable
conformation for a single HB unit, and the connection should
cause little strain because only a small geometrical adjustment
is needed.

Summary

A theoretical study on PHB using quantum mechanics
methods has been carried out. Conformational search on a diester
modell reveals that there are 10 conformations within 1.0 kcal/
mol of the global minimum, indicating that the backbone of
PHB is very flexible. Five interesting secondary structures based
on five stable diester conformers have been studied by a
repeating unit approach. Only the-Belix is found to possess
a weak cooperativity. An ab initio crystal orbital study has been
carried out on the 2helix P2,2,2; crystal and possible crystal
models of 3-helix and 4-helix. The results show that the-2
helix crystal has a much stronger packing energy than the other
two crystal structures (if they are formed). The strong packing
for the 2-helix crystal is due to strong dipotalipole interac-
tions between parallel polymer chains but not due to antiparallel
polymer chains. This suggests that the often-suggested antipar-
allel 2;-helix bundle for the ion channel may not possess much
stabilization.
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