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Elucidation of conformational characteristics
and configurational properties of
poly((R)-3-hydroxybutyrate) by ab initio

statistical mechanics

Yuji Sasanuma and Shiori Katsumata

Conformational free energies and geometrical parameters derived from ab initio molecular orbital (MO) calculations for
monomeric and dimeric model compounds of poly((R)-3-hydroxybutyrate) (PHB) were introduced into the refined rotational
isomeric state (RIS) scheme to yield the characteristic ratio, configurational entropy, configurational internal energy, bond
conformations and averaged geometrical parameters of PHB. The reliability of the MO calculations was confirmed through

comparison with 1H and 13C nuclear magnetic resonance experiments for the monomeric model compound. The characteristic

ratio (5.60) derived from the refined RIS calculations for the unperturbed PHB chain at 25 °C is in satisfactory agreement with
the experimental values (6.1-6.3). The crystalline PHB chain is known to adopt the ttg* g™ conformation in the repeating unit.
A previous study revealed that a trimeric (R)-3-hydroxybutyrate substrate bound on a PHB depolymerase lies in the ttg*g* and

tg ~tt conformations. In our MO calculations, the former conformation is the most stable, and the latter is metastable but
further stabilized by intermolecular C=0---H —N and C=0---H —0 hydrogen bonds on the enzyme.
Polymer Journal (2013) 45, 727-737; doi:10.1038/pj.2012.203; published online 21 November 2012
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INTRODUCTION
Poly((R)-3-hydroxybutyrate) (PHB, Figure 1a'), is a reserve sub-
stance of energy and carbon for microorganisms and will be
degraded both intracellularly and extracellularly. The biodegradable
polyester comprises only primitive atomic groups such as methine,
methylene, methyl and ester groups but possesses an equilibrium
melting point (7% 2203 °C)! much higher than those of symmetric
aliphatic polyesters, such as poly(ethylene adipate) (T° ~65°C)
and poly(ethylene suberate) (75°C),> thus being expected to be
utilized as an environment-friendly renewable thermoplastic.® It is
obvious that the unique properties and functions of PHB come
from its conformational characteristics owing to the primary
structure. In a previous study, configurational properties of PHB
were simulated by the traditional rotational isomeric state (RIS)
scheme*® with 3 x 3 statistical weight matrices including up to
adjacent-bond  correlations, but the computations yielded
unperturbed chain dimensions much smaller than the experimental
observations.®

In the present study, we have treated PHB as an ordinary polymer
without paying any particular attention to its microbiological aspects
to investigate the polymeric chain in terms of polymer

physicochemistry. By ab initio statistical mechanics calculations and
nuclear magnetic resonance (NMR) experiments, we have attempted
to reveal its intrinsic conformational characteristics. In recent years we
have tacked conformational analyses of aromatic polyesters,”® and the
methodology there could be expected to be developed for PHB. Here,
we have employed the refined RIS algorithm® that (1) adopts 27 x 27
statistical weight matrices including up to four-bond correlations
(between atomic groups separated by six bonds), (2) eliminates
nonexistent conformations from the ensemble and (3) employs ab
initio molecular orbital (MO) calculations to derive reliable
conformational free energies and geometrical parameters.

So far, solution NMR experiments have been carried out for
PHB and related compounds to estimate their bond confor-
mations.!®1> These studies have paid attention exclusively to the
CH(CH3) —CH, bond (bond c in Figure 1a). On the other hand, we
have prepared a '>C labeled model compound (monomer—'3C,
Figure 1b) and measured its 'H and '*C NMR with various
solvents at different temperatures to enable NMR conformational
analysis about the O —CH(CHj3) as well as CH(CH3) —CH, bonds.
Although experimental observations on structures and properties of
PHB have been accumulated, the results are not always consistent
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1 All-trans conformations of (a')
(abbreviated as PHB), (b’) (R)-ethyl 3-acetoxybutanoate (termed ‘monomer’

Figure poly((R)-3-hydroxybutyrate)

here), and (c¢’) (R)-(R)-4-methoxy-4-oxobutan-2-yl ~ 3-acetoxybutanoate
(‘dimer’). The skeletal bonds are labeled as indicated. The atoms of
monomer are partly designated as A, B, C, M, N (*H) and X (!3C) to
represent the spin system (ABCM3NsX) of 1H and 13C nuclear magnetic
resonance (NMR) spectra (Figure 2). A full color version of this figure is
available at Polymer Journal online.

with each other. We have examined them and chosen the reliable data
for comparison with our RIS calculations.

Herein we report our conformational analysis of PHB and its
model compounds, discuss its solution properties, crystal structure
and interactions with a PHB depolymerase in terms of the con-
formational characteristics, and suggest the origins of its unique
properties and functions.

METHODS

Synthesis of ethyl 3-acetoxybutyrate-13C (monomer-!3C)

The reaction here, accompanied by generation of hydrogen chloride, was
carried out in a draft chamber. Acetyl chloride-1-13C (1.0 g, 12.6 mmol, 99
atom % 13C, Sigma-Aldrich Japan, Tokyo, Japan) was added with a Pasteur
pipette to ethyl DL-3-hydroxybutyrate (1.41g, 11 mmol, Tokyo Chemical
Industry, Tokyo, Japan) stirred in a flask connected to a calcium-chloride
drying tube, with the flask bathed in ice water. After being stirred at ambient
temperature for a day, the reaction mixture was gradually heated up to 120 °C
(to remove residual hydrogen chloride), cooled down to room temperature,
dropped into distilled water in a vial container and left to stand for a day to
separate into two layers. Only the lower layer was sucked up with a Pasteur
pipette and identified by 'H NMR as ethyl 3-acetoxybutanoate-'*C
(Figure 1b'). The yield was 0.522g (27%).

NMR measurements

'H (13C) NMR spectra were recorded at 500 MHz (126 MHz) on a JNM-
ECA500 spectrometer (JEOL, Tokyo, Japan) equipped with a variable
temperature controller in the Chemical Analysis Center of Chiba University.
The measurement temperatures were 15, 25, 35, 45 and 55 °C and maintained
within + 0.1 °C fluctuations. Free induction decays were accumulated 64 (256)
times and zero filled so that the digital resolution would be smaller than
0.01 Hz point ~ L. The 7t/2 pulse width, data acquisition time and recycle delay
were 5.7 (3.3) ps, 7.0 (2.1) s and 2.0 (2.0) s, respectively. In the 3C NMR
experiments, the gated decoupling technique was employed under the
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conditions given in the above parentheses. The solvents were cyclohexane-
dy,, benzene-dg, chloroform-d, methanol-d, and dimethyl-dg sulfoxide, and the
solute concentration was about 5 vol%. The NMR spectra were simulated with
the gNMR program!® to yield the chemical shifts and coupling constants.

MO calculations
Density functional and ab initio MO calculations were carried out with the
Gaussian03 program!” installed on an HPC5000-Z800 computer (HPC
Systems, Tokyo, Japan). For each conformer of monomer and dimer
(Figures 1b’ and 1¢’), the geometrical parameters were fully optimized at the
B3LYP/6-311+ G(2d,p) level, and the thermal-correction term to the Gibbs
free energy (at 25°C) was also calculated. With the optimized geometry and
the same basis set, the MP2 energy was computed. All self-consistent field
calculations were conducted under the tight convergence. The Gibbs free
energy at 25 °C was evaluated from the MP2 and thermal-correction energies,
being given here as the difference from that of the all-frans conformer and
denoted as AGy (k: conformer). The AGy values including solvation effects
were also calculated for monomer in ethylene dichloride (EDC) and dimer in
EDC or trifluoroethanol (TFE) with the integral equation formalism of the
polarizable continuum model.'8

NMR spin—spin coupling constants of monomer were calculated at
the B3LYP/6-311 4 + G(3df,3pd)//B3LYP/6-311 + + G(3df,3pd) level.'® Bond
lengths, bond angles and dihedral angles of (R)-isopropyl 3-(propionyloxy)-
butyrate were optimized at the B3LYP/6-31G(d) level to be used in the refined
RIS computations’ on PHB (Supplementary Table S2, Supplementary
Information).

It should be noted that the dihedral angle is defined here according to
the tradition in polymer science:* trans (t) ~ £0°, cis (c) ~ *180°, gauche*
(g%) ~ £120° and gauche™ (g~) ~ —120°.

RESULTS AND DISCUSSION
'H and '3C NMR of monomer—'3C
Figure 2 shows examples of 'H and *C NMR spectra of monomer—
13C (Figure 1b'). The spectra, observed from the identical sample at
the same temperature, should be reproduced by a set of 'H-'H and
BC-'H coupling constants; on this assumption, the spectra were
reproduced as shown in Figure 2, and the coupling constants were
determined as 3Jy = 7.50, 3Jac = 5.70, 3Jxa = 3.17, JJxpm = —6.83 and
3Jan = 6.34 Hz. For the spin symbols, see Figure 1b'. The *Jxp, 3Jac
and 3Jx, values for all the solutions are listed in Table 1.

As illustrated in Figure 31/, the vicinal '3C —'H coupling constant
(3Jxa) can be expressed as a function of trans (p,) and gauche * (Pg+)>
and gauche™ (p, ) fractions of bond 3:

Jxa = Jopi+ Jppe+ + JPs— (1)

where Jg, J'r and ]’ are defined in Figure 3b’. The bond conforma-
tions are normalized as

pitpgy +pg- =1 (2)

The MO calculations yielded the coefficients of equation (1) as
follows: Jo=3.19, J; =845 and J;=2.84 Hz Inasmuch as the
number of unknown parameters (p, p,+ andp,_) is three and that
of equations is two, the three unknowns can not be uniquely
determined; accordingly, the following assumption has been adopted:
Jo=J;=(3.19+2.84)/2=3.02Hz. Then, equation (1) can be
rewritten as

3]XA: IG(Pt"‘ng)'f' ]%Png (3)

and the two parameters, pi+ps_ and pg,, were determined as
shown in Table 2. The data indicate that the g% conformation is
essentially absent and that the bond conformations show little solvent
dependence. The NMR results exactly agree with the MO calculations
summarized in Table 4.
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Figure 2 H nuclear magnetic resonance (NMR) spectra of (a) the
methylene (B and C, see Figure 1b’) and (b) methine (A) protons and (c)

13C NMR spectrum of the carbonyl carbon (X) of monomer —13C dissolved
in chloroform-d at 25 °C: above, observation; below, simulation.
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Table 1 Observed vicinal 'H-1H and 3C-1H coupling constants
of monomer-13¢2

Solvent Dielectric constant®  T(°C) 3z 3Jac  3Slxs
Cyclohexane-dy 2.0 15 692 642 3.17
25 6.85 6.43 3.17
35 6.83 6.45 3.18
45 6.78 6.45 3.18
55 6.73 6.46 3.18
Benzene-ds 2.3 15 769 550 3.15
25 7.61 5.57 3.16
35 7.50 5.64 3.16
45 7.40 5.71 3.17
55 7.31 5.76  3.19
Chloroform-d 4.8 15 7.62 5.65 3.17
25 7.50 5.70 3.17
35 7.43 5.77 3.17
45 7.34 582 3.19
55 7.26 5.87 3.19
Methanol-dy 32.7 15 8.15 5.01 3.16
25 8.06 5.13 3.17
35 7.97 5.18 3.18
45 7.88 5.27 3.18
55 7.80 5.33 3.20
Dimethyl-dg sulfoxide 46.7 25 8.09 5.11 3.19
35 8.00 5.21 3.20
45 7.89 5.27 3.21
55 7.78 5.35 3.21
ln Hz.
bAt 20°C.

Two vicinal '"H-'H coupling constants between the methine (A)
and methylene (B and C) protons (see Figure 3¢'), 3Jap and *Jxc, are
related to py, pg, andpg of bond 4:

ap = Jopi+ Jipgr + Jope— (4)
and
Tac= Jrpe+ Jepes + JE po (5)

where J1’s and Jg’s are defined in Figure 3¢’. The coefficients in
equations (4) and (5), J1’s and Jg’s, were chosen from experimental J
values of 1,3-dioxane (set A)?? or calculations with the generalized
Karplus equation (set B).!'> For the individual ] values, see the
footnote of Table 2. The bond conformations were determined to be
in the order of py | >p;>p, _ and the difference between p, . and p;
increases with solvent polarity.

By 'H NMR experiments, Doi et al'®! and Kamiya et all?
estimated bond conformations around bond ¢ of PHB and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) as p~0.4, pg; ~0.6, and
pg—~00. Li et al'* conducted 'H NMR measurements for
oligomers of (R)-3-hydroxybutyrate to determine the bond
conformations for each repeating unit; for the second unit from the
methoxy terminal, the conformational fractions were obtained as
Px0.2, py ~0.7 and py ~0.1. These fractions are in close
agreement with our RIS calculations on PHB (Table 4). By two-
dimensional NMR experiments, Waser et al.’> evaluated the bond
conformations of 16mer and 20mer oligo((R)-3-hydroxybutyrate)s to
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Figure 3 Rotational isomeric states around bonds (a') 2, 6 and a (b') 3, 7
and b (¢’) 4, 8 and ¢ (d') 5, 9 and d of monomer, dimer and poly((R)-3-
hydroxybutyrate) (PHB) with definitions of vicinal trans (Jr) and gauche (Jg)
coupling constants.

be p~035, pgy~0.55 and p; ~0.10. These values are in
satisfactory agreement with our NMR (Table 2) and MO data
(Table 4). The previous NMR studies partly aimed to determine the
solution structure of PHB, in the expectation that, even in solutions,
PHB would adopt a helical structure such as 2; (two repeating units
per turn) or 3;. The conformation of bond c was expected to provide
a clue as to which helix would be formed. This problem will be
discussed later.

MO calculations and conformational energies

According to the RIS approximation, the repeating unit of PHB may
have 54 (=2 x 3%) conformations; bond a has two states (trans and
cis), and bonds b—d have three (t, g, and g ~). The 54 conformers of
monomer, generated by internal rotations around bonds 2-5, were
geometrically optimized by the B3LYP method. Of them, 34
conformers reached the individual potential minima and directly
underwent the MP2 calculations to yield their Gibbs free energies, and
the residual 20 were considered to be nonexistent. To investigate
chain-length dependence of AGy, the 54 conformations around bonds
6-9 of dimer were also subjected to the B3LYP optimization;
consequently, 33 conformers reached the stationary points, and their
AG;, values are also listed in Table 3. The solvent effects were included
in the MP2 calculations: EDC for monomer and dimer; TFE for
dimer. Both chain-length and solvent effects are clearly seen in
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Table 2 Bond conformations of monomer

Bond 3 Bond 4
Set & Set AP Set B°
Medium TCC) pibg— Pgr Pt Pe+ Pg— Pt Pgr Pg-
Cyclohexane 15 0.97 0.03 0.36 0.46 0.18 0.44 0.44 0.12
25 0.97 0.03 0.36 0.45 0.19 0.44 0.43 0.13
35 0.97 0.03 0.36 0.45 0.19 0.44 0.43 0.13
45 0.97 0.03 0.36 0.45 0.19 0.44 0.43 0.13
55  0.97 0.03 0.36 0.44 0.20 0.44 0.42 0.14
Benzene 15 0.98 0.02 0.27 0.54 0.19 0.35 0.53 0.12
25 0.97 0.03 0.28 0.53 0.19 0.35 0.53 0.12
35 0.97 0.03 0.28 0.52 0.20 0.36 0.51 0.13
45 0.97 0.03 0.29 0.51 0.20 0.37 0.50 0.13
55  0.97 0.03 0.29 0.50 0.21 0.37 0.49 0.14
Chloroform 15 0.97 0.03 0.29 0.53 0.18 0.36 0.53 0.11
25 0.97 0.03 0.29 0.52 0.19 0.37 0.51 0.12
35 0.97 0.03 0.30 0.51 0.19 0.37 0.51 0.12
45  0.97 0.03 0.30 0.50 0.20 0.38 0.49 0.13
55 0.97 0.03 0.30 0.50 0.20 0.38 0.49 0.13
Methanol 15 0.97 0.03 0.22 0.59 0.19 0.30 0.59 0.11
25 0.97 0.03 0.23 0.58 0.19 0.31 0.58 0.11
35 0.97 0.03 0.24 0.57 0.19 0.31 0.57 0.12
45  0.97 0.03 0.24 0.56 0.20 0.32 0.56 0.12
55 0.97 0.03 0.25 0.55 0.20 0.33 0.55 0.12
Dimethyl sulfoxide 25  0.97 0.03 0.23 0.58 0.19 0.31 0.58 0.11
35 0.97 0.03 0.24 0.57 0.19 0.32 0.57 0.11
45  0.96 0.04 0.25 0.56 0.19 0.32 0.56 0.12
55  0.96 0.04 0.25 0.55 0.20 0.33 0.55 0.12

aJ1=8.45Hz and J;=J=(3.19+4 2.84)/2 =3.02 Hz (MO calculations for monomer at the
B3LYP/6-311 + + G(3df, 3pd) level, this study).

bJ1=12.4, J5=2.3, J'g=1.2 and /"= 4.9 Hz (from 1,3-dioxane,reference 20). Jr=J7
and Jg=(Jg+ J'g+J")/3 were assumed.

°From the generalized Karplus equation: J;=11.63, J5=3.55, J5=1.97, J'3=1.97 and
J'6=3.55Hz (reference 15).

Table 3. For example, the AGy value of a stable conformer, ttg™ g™
(k=5), decreases in the order of monomer — dimer or gas (dielectric
constant, 1.0) >EDC (10.1) > TFE (26.7).

Table 3 shows that the AGy values of the same conformation are
significantly different between monomer and dimer. For example, in
the AG;, stability, the ttg ™ g™ conformation ranks second ( —0.65 kcal
mol ~! in the gas phase) in monomer but first ( —1.14 kcal mol~!) in
dimer. The MP2 energies of ttg*g™ in monomer and dimer are,
respectively, —0.80 and —1.27 kcal mol ~! (relative to that of the all-
trans state); the difference is nearly equal to that in AG. Its dihedral
angles were optimized to be 0.84°, —27.70° 120.77°, and 131.77° in
bonds 2-5 of monomer and 2.98°, —28.51°, 119.26°, and 134.41° in
bonds 6-9 of dimer. The potential well appears to be shifted and
deepened with an increase in chain length. In addition, we calculated
the AG; values of the ttgTg™, ttg™t, tgtt conformations in
the central (second) repeating unit of a trimer, CHj[C(=
0O)OCH(CH3)CH,]3C(=0)OCHs3, at the MP2/6-311+ G(2d,p)//
B3LYP/6-311+ G(2d,p) level with the outer (first and third) units
lying in the all-frans state to obtain the following results: ttgTg™,
—1.29 (gas) and —1.56 (EDC); ttg™t, —0.49 (gas) and —0.84
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AGy (kcal mol~=1)

Monomer® Dimer®
k Conformation® Gas EDC Gas EDC TFE
1 t t t t 0.00 0.00 0.00 0.00 0.00
2 t t t g+
3 t t t g -0.22 -0.03 0.05 0.09 -0.02
4 t t gt t -0.74 -1.09 -0.46 -0.82 -0.89
5 t t gt gt -0.65 -0.84 -1.14 -1.40 -1.57
6 t t gt g~
7 t t g t
8 t t g - 1.05 1.21 0.81 0.82 0.71
9 t t g g 1.19 0.90 1.51 1.24 0.97
10 t gt t t 1.54 1.97 2.43 2.84 2.99
11 t gt t gt
12 t gt t g 3.32 3.43 2.91 2.92 2.92
13 t gt gt t 2.30 2.26 2.02 1.88 1.93
14 t gt g+ gt 2.36 2.48 1.58 1.73 1.59
15 t gt gt g
16 t gt g t
17 t gt g~ gt 4.07 4.29 3.55 3.63 3.56
18 t gt g~ g 4.59 4.78 3.73 4.15 4.06
19 t g t t -0.46 -0.25 -0.02 0.24 0.19
20 t g~ t gt
21 t g t g~ -0.15 -0.03 0.04 -0.02 -0.18
22 t g gt t
23 t g g+ g+ ~0.46 ~0.06 ~0.76 ~0.22 ~0.69
24 t g g+t g 0.12 -0.20 -0.28 -0.29 ~0.64
25 t g g t
26 t g g gt 0.26 0.48 0.02 0.33 0.09
27 t g g g 0.47 0.66 0.42 0.55 0.38
28 c t t t 7.44 5.57 7.64 6.14 5.63
29 c t t gt
30 c t t g 8.09 5.87 7.93 6.22 5.43
31 c t gt t 6.33 4.49 5.82 4.47 3.92
32 c t gt gt 7.29 4.56 7.40 5.22 4.56
33 c t gt g~
34 c t g~ t
35 c t g gt 9.29 7.16 9.20 7.21 6.50
36 c t g g 10.25 7.44 10.34 7.99 7.19
37 c gt t t 13.21 10.68 13.21 11.48 11.09
38 c gt t gt
39 c gt t g~ 13.41 10.86 13.48 11.60 11.13
40 c gt gt t
41 c gt gt gt 12.43 10.10 12.14 10.33 9.84
42 c gt gt g 12.00 9.31 12.45 10.70 9.97
43 c g g t 15.47 13.39 15.24 13.94 13.35
44 c gt g~ gt 14.52 12.20
45 c gt g g
46 c g t t 7.59 5.67 7.06 5.56 4.87
47 c g~ t gt
48 c g t g 7.77 5.63 7.36 5.84 4.88
49 c g~ gt t
50 c g~ gt gt
51 c g~ gt g~
52 c g~ g t
53 c I I gt 8.79 6.75 8.88 7.04 6.27
54 c g g g 10.10 7.34 9.78 7.53 6.91

Abbreviations: EDC, ethylene dichloride; TFE, trifluoroethanol.

The blank line indicates that the geometrical optimization did not detect the potential minimum.
2At the MP2/6-311 + G(2d,p)//B3LYP/6-311 + G(2d,p) level. Relative to the all- trans conformer.

bSee Figure 1.
¢Conformations of bonds 2-5 (monomer) or bonds 6-9 (dimer).
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Table 4 Bond conformations of monomer and polymer, derived from the RIS calculations with MO energies

Bond
2ora 3orb 4orc 5o0rd
Medium 70 Ptrans Pcis Pt Pg+ P Pt Pg+ Pg— Pt Pg+ Pg—
Monomer
Gas 15 1.00 0.00 0.55 0.01 0.44 0.35 0.57 0.08 0.40 0.36 0.24
25 1.00 0.00 0.54 0.01 0.45 0.36 0.56 0.08 0.40 0.35 0.25
35 1.00 0.00 0.54 0.01 0.45 0.36 0.55 0.09 0.40 0.35 0.25
45 1.00 0.00 0.54 0.01 0.45 0.36 0.55 0.09 0.39 0.35 0.26
55 1.00 0.00 0.53 0.01 0.46 0.36 0.54 0.10 0.39 0.35 0.26
EDC 15 1.00 0.00 0.69 0.01 0.30 0.24 0.70 0.06 0.48 0.31 0.21
25 1.00 0.00 0.68 0.01 0.31 0.25 0.69 0.06 0.47 0.31 0.22
35 1.00 0.00 0.67 0.01 0.32 0.26 0.68 0.06 0.47 0.31 0.22
45 1.00 0.00 0.66 0.01 0.33 0.26 0.67 0.07 0.46 0.31 0.23
55 1.00 0.00 0.66 0.01 0.33 0.27 0.66 0.07 0.45 0.31 0.24
Polymer
Gas 25 1.00 0.00 0.75 0.01 0.24 0.16 0.69 0.15 0.19 0.69 0.12
2032 1.00 0.00 0.61 0.04 0.35 0.26 0.50 0.24 0.27 0.53 0.20
EDC 25 1.00 0.00 0.86 0.01 0.13 0.09 0.83 0.08 0.19 0.73 0.08
2032 1.00 0.00 0.71 0.03 0.26 0.20 0.61 0.19 0.25 0.57 0.18
TFE 25 1.00 0.00 0.86 0.01 0.13 0.08 0.83 0.09 0.16 0.76 0.08
2032 1.00 0.00 0.70 0.03 0.27 0.19 0.61 0.20 0.22 0.60 0.18

Abbreviations: EDC, ethylene dichloride; RIS, rotational isomeric state; TFE, trifluoroethanol.
aThe equilibrium melting temperature (79;,) of PHB (reference 1).

(EDC); tg~tt, —0.03 (gas) and 0.23 (EDC) in kcal mol~!. These
values are almost equal to the corresponding AGy values of dimer
(Table 3).

Table 4 shows trans/cis or trans/gauche™ /gauche ™ ratios in bonds
2-5 of monomer. Bonds 2 and 3 hardly adopt the cis and g*
conformations, respectively. In bond 4, the three conformations occur
in the ratio of ps | >p;>p,_, and the p, value seems to increase
with solvent polarity. These results are consistent with the above
NMR observations and, interestingly, in semiquantitative agreement
with those found for the CH(CHj3;) —CH, bonds of poly((R)-
propylene oxide) (PPO)?! and its model compound, (R)-1,2-
dimethoxypropane (DMP).2> Both NMR experiments and MO
calculations indicate that bond 3 of monomer and bond b of PHB
do not essentially adopt the g™ conformation. This is probably due to
the steric hindrance among the carbonyl, methylene and methyl
groups as found for the O —CH(CH3) bond of PPO and DMP?! in
which the repulsion was estimated to be about 3 kcal mol 12! In
monomer and dimer, the corresponding repulsive energy ranges from
1.5 to 3.0kcal mol~! (estimated from AGy of tg*tt, k= 10).

Intramolecular attractive interactions of polyesters are so compli-
cated that the sources of their conformational characteristics can not
be simply assigned to well-defined close contacts between atoms
(atomic groups).” As shown in Figure 4, however, the stable
conformers of monomer seem to exhibit some close contacts between
the methine proton and carbonyl oxygen (~ 2.4 and 2.6-2.7A) or
—O — oxygen (2.56 A). The molecular geometry was optimized at the
B3LYP/6-311 + G(2d,p) level. Some of these distances are much
shorter (<2.4A) than the sum of van der Waals radii of hydrogen
(124) and oxygen (1.52 A).23 In the previous paper,?! we discussed
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intramolecular (C-H)---O attractions (~ —1kcal mol~!) of PPO
and DMP (see Figure 4d), and the H---O distance (2.48 A) was
reevaluated here at the B3LYP/6-311 + G(2d,p) level for comparison.
In sum, PHB and PPO are similar in conformational preference but
different in the origin.

Our MO calculations have well reproduced the NMR experiments,
thus being reliable and applicable to the refined RIS calculations to
evaluate configurational properties of PHB.

Refined RIS calculations for PHB

Statistical weight matrices U; (j: bond number) used in the refined
RIS calculations for PHB have been defined in the 27 x 27 form to
include up to fourth-order intramolecular interactions (between
atomic groups separated by six bonds). For the first (second to xth)
repeating unit(s), Boltzmann factors exp(— AGy/RT)’s calculated
from the AGy values of monomer (dimer) were set in the Us (Uy)
matrix, because the AGy value is a function of conformations around
bonds 2-5 (6-9 or a—d). Only for the TFE solution, the dimer
energies were also used in the first repeating unit. The U,-U, and U,—
U, matrices are filled with unity and zero; only the existent
conformations are expressed by unity. This formulation was employed
for aromatic polyesters such as poly(ethylene terephthalate) (PET)’
and poly(trimethylene terephthalate).?

Conformations around four bonds 3-6, 4-7 or 5-8 of dimer were
also subjected to the geometrical optimization at the B3LYP/6-311 +
G(2d,p) level, and a number of conformations were found to be
absent and hence removed from the ensemble (see Supplementary
Table S1, Supplementary Information). The elements corresponding
to the nonexistent conformations in U,, Uy, and U, were replaced with



Figure 4 Stable conformers of monomer with electrostatic potential surfaces
and intramolecular interactions (dotted lines): (a) ttg*t (k=4 in Table 3);
(b) ttgTg™ (k=Db); (c) tgtt (k=19) in bonds 2-5. (d) (R)-1,2-
Dimethoxypropane (DMP), a monomeric model compound of poly(propylene
oxide) (PPO) in the tg*g~ conformation. The numerical values represent
the H---O distances in A. A full color version of this figure is available at
Polymer Journal online.

zero. The refined RIS calculations were carried out with the Uj;
matrices thus formulated (see Appendix, Supplementary
Information) and geometrical parameters listed in Supplementary
Table S2 (Supplementary Information).

Characteristic ratios, <r?> o/nl>’s, calculated from the free energy
sets (Table 3), are plotted against the reciprocal (x~!) of degree of
polymerization, where <7?> is the unperturbed mean-square end-
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Figure 5 Characteristic ratios of poly((R)-3-hydroxybutyrate) (PHB) as a
function of the reciprocal of degree of polymerization, calculated according
to the refined rotational isomeric state (RIS) scheme with the free energies
(Table 3) for the gas phase (filled circle) and ethylene dichloride (EDC)
(filled triangle) and trifluoroethanol (TFE) (open square) solutions.

to-end distance, and nl? is the sum of square bond lengths. The
interception at x ~! =0 yielded the characteristic ratio of the infinite-
length chain as follows: <> o/nl> = 5.44 (gas), 5.14 (EDC) and 5.60
(TFE). Marchessault et al??> deduced from light scattering and
optical rotatory dispersion experiments on PHB dissolved in
chloroform, EDC or TFE that the PHB chain might form helical
segments in these solutions. On the other hand, from viscosity and
light scattering measurements for the solutions, Fujita et al.?6-28
concluded that the PHB chain adopts random-coil configurations
and considerably expands owing to unusually large excluded-volume
effects. The slope of the tangent to an <> /nl> vs x ! curve at
x71=0

d <> o/nP
<dx7*10> (6)
x~!'=0

is known to provide a clue as to whether the main chain includes
quasi-cyclic paths or helical segments.>> If the slope (equation (6))
at x71'=0 is positive, such cyclic structures would probably be
formed.>! In actual fact, all the plots in Figure 5 yield negative slopes
at x 7! =0, thus suggesting that the PHB chain in the @ state can be
represented as a random coil.

Conformational analysis of PHB, based on the traditional RIS
scheme including up to adjacent-bond correlations, yielded unper-
turbed chain dimensions (2.8 and 3.04) much smaller than the
experimental observations.® Phantom chain dynamics simulations
was also performed for isolated 10, 60, 100 and 200 mer PHB chains
at 25 °C, and the chain dimension derived therefrom was found to be
sensitive to the degree of polymerization and the cutoff distance
employed.® As a consequence, the 100 mer chain with a 5.0-A cutoff
yielded a characteristic ratio close to the experimental value. These
examples indicate that inclusion of up to comparatively long-range
bond correlations, at least, between the chiral centers is required for
such model calculations to represent the ® state.

In Table 5, the RIS calculations are summarized. The characteristic
ratio, configurational entropy (Seonf) and configurational internal
energy (Ugonf) were calculated from the AGy, values at 25 °C (Table 3)
with the temperature set at 25 or 203 °C (equilibrium melting point,
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Table 5 Configurational properties, thermodynamic quantities and
average geometrical parameters of PHB, evaluated from refined RIS
calculations?

25°C 203°¢P
Bond  Gas EDC TFE Gas EDC TFE
RIS Calculation
<rP>o/nP for x— o 5.44 5.14 5.60
Seonf (cal K—=1mol —1) 3.29 2.73 2.64 4.15 3.88 3.84
Ugons (kcal mol —1) 0.58 0.49 0.49 0.90 0.92 0.94
Experiment®
AS, (calK~1mol-1) 6.67
AH, (kcalmol —1) 3.18
RIS Calculation
Bond lengthd(A) a 1.356
b 1.455
c 1.530
d 1.520
Bond angle? (°) a 106.0
b 113.4
c 110.9
d 117.2
Dihedral angle? (°) t gt (c)® g~
a -0.9 176.1
b -27.4 115.0 -99.2
c 3.3 119.0 —-127.6
d -18.4 1246 -121.4

Abbreviations: EDC, ethylene dichloride; RIS, rotational isomeric state; TFE, trifluoroethanol.
2Using statistical weight matrices shown in Appendix (Supplementary Information), the AGy

values (Table 3) for the individual media (gas phase, EDC and TFE) at 25 °C and geometrical
parameters listed in Supplementary Table S2 (Supplementary Information).

The equilibrium melting point of PHB.

CExperimental values of entropy (AS,) and enthalpy (AH,) of fusion (reference 1).

dUsing the AGy values for the TFE solution at 25 °C.

€The symbol c represents the cis conformation for bond a.

T?).! The experimental entropy (AS,) and enthalpy (AH,) of fusion
of PHB! are also shown in Table 5. The Scon/AS, ratio (about 60%) is
comparable to that (65%) of PET but smaller than those
(80-90%) of polyethers and polysulfides.>?> As compared with PET
that gives a negative Uy’ PHB may readily crystallize because of its
positive Ugypp, which means that the PHB chain in crystal has an
internal energy lower than in melt by —Ugy*? Inasmuch as the
bond conformations of PHB were calculated from AGy’s of dimer
under the conformational restriction (Supplementary Table S1),
bonds a, b, ¢ and d, respectively, have larger fractions in the t, t,
¢’ and g* states than bonds 2-5 of monomer (Table 4). The
geometrical parameters averaged at 25 °C are also listed in Table 5.

Solution properties of PHB

Solution properties of PHB have been reported by, for example,
Marchessault er al., 242> Fujita et al26-28 and Huglin et al.33 Of them,
Fujita’s data are discussed herein for comparison with our RIS
calculations, because biosynthetic PHB was carefully fractionated
into a number of samples and each of them underwent both
viscosity and light-scattering measurements. In their studies, the ®
condition (solvent and temperature) of PHB itself could not be
found. Instead, the unperturbed dimension of PHB was estimated
indirectly from Stockmayer-Fixman plots to be <$?> /M, =127
x 10717 cm?,%” where <S§?> is unperturbed mean-square radius of
gyration, and M,, is weight-average molecular weight. Later on, they
found the ® condition (butyl chloride and 13°C) of poly(D,L-fB-
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methyl B-propiolactone) (PMPL) and determined its unperturbed
dimension as <$§?>(/M,, = 1.05 x 10717 cm?. On the basis of the
experimental fact that PMPL is identical with PHB in all solutions
properties, they concluded that the unperturbed dimension of PMPL
must also be applicable to PHB and replaced the former <S?>(/M,,
with the latter.?® The correct <S?> (/M,, value can be converted to a
<r?>o/nl? value of 6.30 with the bond lengths shown in Table 5.

According to the two-parameter theory of polymer solutions,>*-3
the dimension (<S?>>12 or <r2>12) of a real polymer chain may
be expressed by the unperturbed dimension and expansion factor.
The latter parameter is defined as

, <&>

= —— 7
S <52>0 ()
or

, <rr>

o = —— 8
To<rr>y (8)

The expansion factors can be calculated by, for example, the Domb—

Barrett equations’’
og/or} =0.933 +0.067 exp [ — (0.85z +1.392%) | (9)
and

70 10 2/15
ocf = {1 + 10z + <§n—|— ?)zz + 8n3/2z3}

The excluded-volume parameter z is given by

3\ /B
_ (2 2\ pm2
=(z) ()

where
<> 6<8 >
A= va P (12)
and
p= L (13)
MO

with M being the molecular weight, B the binary cluster integral for
segment-segment interactions, and M, the formula mass of the
repeating unit.

From inherent viscosities of PMPL in the ® and good solvents,
Hirosye et al.?® determined the <S%>>(/M,, and f3 values for the TFE
solutions at 25°C of PMPL and PHB to be 1.05x 1077 cm? and
159 x 10 ~>*cm’, respectively. Miyaki et al?’ reported static light
scattering (SLS) data such as M,, and <S*> of PHB and PMPL
dissolved in TFE at 25°C. For the detailed SLS data, see
Supplementary Table S3 (Supplementary Information). Accordingly,
we have examined the consistency between the viscosity and SLS data
as follows.

To distinguish between the viscosity and SLS data, we will
hereafter suffix the former and latter with (1) and (L), respectively.
The expansion factor oc§ was calculated with equation (9) and (10)
from PB(M) (159 x 10 24cm?®) and [<S*>¢/M,](M) (1.05x
10"7cm?) and used to evaluate <r>>y(L) according to
<r?>3(A)=6<8>(1)=6<8$ > (1)/a}. The degree of
polymerization x(A) was estimated from M,(A)/M, and used to
calculate nP(L) with nP(L) = (nl* of the repeating unit) x x(\).
Finally, the characteristic ratio, [ <r?>(/nl?](\), was evaluated from
<r*>y(A) and nA(L). The SLS data on 14 fractions of PHB
(M, (L) =51.0—910 x 10?7 and 4 fractions of PMPL (M, (L) =
8.65 —15.0 x 10%)2728 were analyzed, and all the results are listed



Figure 6 Crystal structure of poly((R)-3-hydroxybutyrate) (PHB),3° depicted
by the VESTA software.#1. A full color version of this figure is available at
Polymer Journal online.

in Supplementary Table S3 (Supplementary Information).
The [<r?>y/nP]()) values thus evaluated fall into narrow ranges:
6.1910.28 (PHB); 6.12+0.31 (PMPL). These results are in good
agreement with the characteristic ratio (6.30) derived from [ <S$?> ¢/
M,](n) of 1.05x 10717 cm?, that is, the viscosity and SLS data are
fully consistent with each other. On this basis, we have accepted
<1?>/nP=6.1-6.3 as the unperturbed chain dimension of PHB at
25°C. This experimental value is comparable to our RIS calculations
on the TFE solution at 25°C (<> /nl> = 5.60).

Crystal structure of PHB

The crystal structure of PHB has been determined by, for example,
Cornibert and Marchessault,*® Yokouchi et al.** and Briichner et al.*°
According to Yokouchi et al, the PHB chains are packed in an
orthorhombic cell of P2,2,2; — D% with a=5.76 A, b=13.20 A, and ¢
(fiber axis) =5.96 A, and two molecular chains are pass through the
unit cell as shown in Figure 6. The PHB chain forms a left-handed 2,
helix of the most stable ttg ™ g™ conformation (Table 3). The dihedral
angles of bonds a—d in the crystal are, respectively, 5° (3.0°), —28°
(—28.5%), 128” (119.3°) and 133° (134.4°), being in good agreement
with those (in the parentheses) predicted by our MO calculations for
the ttg* g™ conformation of dimer. This fact suggests that the PHB
chain in the crystal may be nearly as unconstrained as in the isolated
state; no specific intermolecular interactions seem to disturb its
inherent conformational stability.

By crystal orbital calculations, Li and Wu*? have investigated the
stability of the 2, (ttg™g™), 3; (ttg™t), 4, (tgtt) helical structures of
PHB; the three helices adopt the conformations given in the
parentheses. From the theoretical computations, they derived the
following conclusions: The 3; helix is energetically more favorable
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Figure 7 Crystal structure of a poly((R)-3-hydroxybutyrate) (PHB) depoly-
merase extracted from Penicillium funiculosum and complexed with a
trimeric  (R)-3-hydroxybutyrate (HB) substrate (located at the center):#3
(a) The structural data stored in the Protein Data Bank (PDB ID: 2D81)
were visualized by the Protein Workshop software;** (b) The schematic
diagram shows dihedral angles (conformations) of the skeletal bonds and
N-.-0 and O---O distances of the hydrogen bonds. A full color version of
this figure is available at Polymer Journal online.

§<_
sl =
0]

-34.0°(t)

than 2;, whereas the 2, helix (1.347gcm ) is denser than 3,
(0.912gcm3). As a consequence, the crystalline PHB chain prefers
the 2; helix to 3;. It should be noted that the crystal density was
experimentally determined to be 1.26 gcm —3.>° The dihedral angles of
bonds a—d were reported by them to be 3.1°, —23.9°, 120.9° and
143.6°, deviating somewhat from the X-ray crystallographic data. Our
MO calculations also indicate that the three conformations are
comparatively stable; in monomer, the ttg*t, state (37 helix) is the
lowest in AGy, whereas, in dimer, the tthrgjL conformation (2;) is
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more stable than ttg*t (3;). Accordingly, our results do not support
all of their conclusions.

Most aliphatic polyesters melt at temperatures lower than T of
PHB, as mentioned in the Introduction; hence, PHB 1is rather
exceptional. Its high equilibrium melting point, given by
T&:AHu/ASu, is attributed to the small AS,, that is, the small
Scons Which stems from a limited number of possible confor-
mations. (see for example, AS,=11.6calK 'mol~! and AH,=
6.41kcal mol ! of PET at Tﬁl =280 °C; PET has four rotatable bonds
in the repeating unit and forms stable interchain n/m stacking.)” As
will be discussed below, the high melting point of PHB may not be a
requisite for the bacteria but an outgrowth of the optically-active
crowded structure necessary for the molecular recognition by the
enzymes.

Interaction between PHB and PHB depolymerase
A PHB depolymerase extracted from Penicillium funiculosum, com-
plexed with a trimeric (R)-3-hydroxybutyrate (HB) substrate and
crystallized, was subjected to synchrotron X-ray diffraction, and the
crystal structure was determined.** Formed on the surface of the
depolymerase is a crevice, where the HB substrate is bound as shown
in Figure 7a and b. Figure 7b schematically illustrates the conforma-
tion and hydrogen bonds of the HB substrate, which contains two sets
of bonds a—d (designated here as units A and B). The dihedral angles
(conformations) of bonds a, b, ¢ and d are, respectively, as follows:
unit A, —34.0° (~1t), —94.7° (g7), 3.1° (1), and 15.7° (t); unit B,
23.5° (1), —37.4° (~1), 120.3° (g) and 123.1° (g*). Unit B lies in
the most stable conformation (ttg*g™, k=5 in Table 3), although
the dihedral angles somewhat deviate from our MO calculations (see
the previous section). Unit A is trapped in a metastable conformation
(tg~tt, k=19 in Table 3) but greatly stabilized by an N-H---O=C
hydrogen bond with Trp307 and an O-H: - -O = C one with water. It
is known that N-H---O = C hydrogen bonds of polypeptides cause
stabilization of —4 to —6kcal mol ~1.#> Enthalpies of O —H---O=C
hydrogen bonds of formic acid and acetic acid were experimentally
estimated to be —7kcal mol ~1.46

It is not fortuitous for the HB substrate to fit the crevice. Only the
(R)-HB isomer can readily adopt the two stable conformations.
The methyl group at the (R)-asymmetry carbon, being indispensable
for the HB units to direct its characteristic groups (for example, the
C=0 bond) toward the hydrogen-bond partners (for example, the
H-N group of Trp307), does not sterically hinder the HB substrate
from fitting into the active site of the enzyme. Bachmann and
Seebach?” have investigated the degradation of HB oligomers
including various stereosequences of (R) and (S) repeating units by
a PHB depolymerase extracted from Alcaligenes faecalis and found
that the cleavage of the HB substrate occurs only between the (R)
units; at least two successive (R) units are requisite for the
biodegradation.

CONCLUSIONS

Ab initio statistical mechanics based on the RIS scheme and MO
calculations has been applied to PHB to elucidate its conformational
characteristics and configurational properties. This article has pre-
sented fully consistent interpretations on its bond conformations,
solution properties, crystal structure, thermal properties and interac-
tions with the PHB depolymerase in terms of the conformational
characteristics and, furthermore, reasonable suggestions as to why
PHB is suitable for a biodegradable reserve substance. In conclusion,
PHB is a special polymer resulting from molecular design of nature;
its unique properties and functions were created from the
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combination of the simple atomic groups, viz., one methine, one
methylene, one methyl and one ester groups.
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