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ABSTRACT: Poly(ethylene glycol) of M, 200 g/mol (PEG-200) was added to cultivation media of Alcaligines
eutrophus during polymer formation, and the carbon source used was 4-hydroxybutyrate. The addition
of PEG-200 from 0 to 2 wt % resulted in increased 4-hydroxybutyrate (4HB) incorporation from 66 to 86
mol % into the poly(3-hydroxyalkanoate) (PHA), formed. When 4% PEG was used, the mole percent of
4HB in PHA decreased to 64 mol %. Thus, PEG in cultivation media resulted in polyester compositional
changes. An unexpectedly large amount of the dry cell weight (~10%) was found to be PEG-200 for
cultivation media amended with 4% PEG-200. Analysis of this product by gel permeation chromatography
(GPC) showed it to be complex, having multiple peaks. The repeat unit sequence distribution determined
by 75 MHz *C NMR spectroscopy indicated that the addition of PEG-200 to media resulted in the
formation of a product with predominantly 3-hydroxybutyrate (3HB)—3HB and 4HB—4HB diads instead
of random copolyesters which are formed in the absence of PEG addition to media. Two dimensional
homonuclear (*H) correlated NMR analysis along with a number of control experiments indicates that
PEG was covalently linked at the carboxy terminal position of PHA chains, forming natural—synthetic
diblocks. Fractionation of this product into acetone soluble (AS, 84 mol % 4HB, M,, = 37 400 g/mol) and
insoluble (AIS, 95 mol % 3HB, M,, = 130 000 g/mol) fractions was carried out which proved that the
product formed is a mixture of polyesters differing in composition and molecular weight. Analysis of the
unfractionated product as well as AS and AIS fractions by differential scanning calorimetry supported

the above conclusions.

Introduction

Poly(hydroxyalkanoates) (PHAS) are a series of opti-
cally active polyesters made by numerous microorgan-
isms. A number of reviews on PHAs have been
published!* that describe biochemical aspects of poly-
mer formation, structural variability, and properties.
Since microbial polyesters are synthesized in agueous
media from renewable resources to form thermoplastic
water insoluble products, the process for polymer syn-
thesis is extremely attractive as an “environmentally
friendly” preparative route. Also, microbial polyesters
are biodegradable® so that they may be disposed as part
of the biowaste (yard, food, and other organic waste)
fraction of the municipal solid waste stream.6-11

Poly(3-hydroxybutyric acid) (P3HB) was the first
identified member of the PHA family.12=14 A problem
associated with P3HB is that melt crystallized and
solution cast P3HB films show brittle behavior which
increases upon aging at room temperature.15-18 Moti-
vated by an interest to obtain PHAs with improved
physicomechanical properties as well as through a
fundamental desire to define the flexibility of the
microbial biosynthetic machinery,3* over 50 different
structural repeat unit types have been incorporated into
PHAs so that a large range of homo- and copolyesters
can now be produced. Some selected exampes are as
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follows: poly[3-hydroxybutyrate-3-hydroxyvalerate-co-
3-hydroxyhexanoate] (P[3HB-co-3HV-co-3HH]),’° P(3HB-
c0-3HH),2%21 and P3HV.?2 The copolyester of P(3HB-
co-3HV) is produced on a 660 000 Ib/year scale by Zeneca
BioProducts.2> Medium side chain 3-hydroxyalkanoates
that contain n-alkyl side groups with lengths generally
from propyl to nonyl have been the subject of much
study of late.1=* These PHAs have been prepared with
interesting functional side chain substituents such as
phenyl?425> and cyanophenoxy groups.2827 Also, a num-
ber of PHAs have been reported that contain 4-hydrox-
butyrate (4HB) repeat units. Important examples
include poly(3HB-co-4HB)?-3! and terpolyesters of 3HB,
3HV, and 4HB.32 It has been shown by 13C NMR
analyses that P(3HB-co-4HB) approximate random co-
polyesters.31:3334 The incorporation of 4HB repeat units
into 3HB containing chains was found useful as a means
for obtaining materials that have improved percent
elongation (5—444%) for copolyesters containing 0 and
16 mol % 4HB, respectively.3® Also, the formation of
the P4HB homopolymer by a mutant strain of Alcali-
genes eutrophus (A. eutrophus) has been reported which
amounted to 10% (w/w) of the cellular dry matter.3°

Poly(ethylene glycol) (PEG) is a neutral water soluble
polyether with extraordinary biological properties. PEG
is relatively nontoxic to cellular systems, which is
illustrated by its use for organ preservation.3® PEG is
also used in processes such as protein purification by
“phase partitioning” and protein modification for solu-
bilization where the proteins remain active in the
presence of PEG.3738 |nterestingly, large quantities of
PEG are absorbed by membranes,34 and PEG is
known to associate with membrane phospholipid head
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groups.®® Also, alcohols are well-known to cause changes
in membrane lipid composition, which results in in-
creased permeability to ions and small metabolites and
increased membrane fluidity.*! Furthermore, it was
shown that PEG in cultivation media results in an
osmotic stress that is tolerated by the accumulation in
cells of a solute such as potassium or calcium ions.42

Since PEG has such interesting interactions with cell
membranes, proteins, and metabolism, we undertook
investigations to determine whether PEG would interact
with PHA biosynthetic systems to alter the course of
the polymerizations. In other words, our interest was
to investigate whether the addition of PEG to fermenta-
tion media would offer unusual opportunities for PHA
structural control. Effective demonstration of this idea
might be termed “PEG modulated fermentation”. PEG
with number average molecular weight (My) 200 g/mol
(PEG-200) was added in an amount up to 4% (w/v) to
cultivations of A. eutrophus during the polymer produc-
tion stage. The effects of PEG-200 on the conversion
by A. eutrophus of the carbon source 4-hydroxybutyrate
to polyester was studied. Product molecular weight
averages and dispersity were investigated by gel per-
meation chromatography (GPC). The repeat unit com-
position and incorporation of PEG-200 in various prod-
uct fractions was investigated by 1- and 2-D 'H nuclear
magnetic resonance (NMR) spectroscopy. Polymer re-
peat unit sequence distribution was studied by 3C NMR
spectroscopy. Fractionation by differential solubilities
in acetone was used to investigate product heterogene-
ity. Also, information on thermal transitions of product
and product fractions was obtained by differential
scanning calorimetry (DSC).

Experimental Section

Materials. 4-Hydroxybutyric acid sodium salt and PEG-
200 (200 g/mol) were purchased from Aldrich and used as
received. The PEG M, was confirmed by using *H NMR end
group analysis and was found to be 194 g/mol. Peptone, yeast
extract, and meat extract were from Difco. All inorganic media
components were purchased from Sigma.

Bacterial Strain Preservation® and Innoculum Prepa-
ration. A. eutrophus (ATCC 17699) was used in this study.
This strain was first grown under aerobic conditions** at 30
°C for 14 h, and then the culture was diluted with 2 parts of
20% glycerol and transferred to 1 mL cryogenic vials. The vial
contents were frozen in a dry ice—ethanol bath, and then the
vials were stored in liquid nitrogen. The cells contained in
the vials were used as the inoculum for the two-stage fermen-
tation reactions described below.

Fermentations. (a) Cultivations of 100 mL (Cultiva-
tion Condition A). A nutrient rich medium (100 mL, the
medium composition is described in ref 29) was prepared and
autoclaved to sterilize. It was inoculated with 0.1 mL cells
from a thawed cryovial. Growth of A. eutrophus was carried
out in 500 mL baffled Erlenmeyer flasks at 30 °C, and 250
rpm, for 24 h. The cells were harvested by centrifugation and
washed with a sterile Na,HPO,—NaH,PO, buffer solution at
pH 7.0. Typically, the cell dry weight of these first stage
cultivations was 3.5 g/L. The washed cells were then trans-
ferred under aseptic conditions into 100 mL of a sterile filtered
nitrogen free medium which contained 1.51 g/L Na;HPOQO,, 2.65
g/L KH;POy,, 0.2 g/L. MgSQy,, 1.0 mL/L Microelement solution,?
4-hydroxybutyric acid (1.5 g), and either 0, 1, 2, or 4% (w/v)
PEG-200. Polymer production was then carried out by culti-
vation of A. eutrophus in the above media, using a 500 mL
Erlenmeyer flask at 30 °C, and 250 rpm, for 48 h. The cells
were then separated by centrifugation, washed with about 10
mL of water/(g of wet cells) and lyophilized.

(b) Cultivations of 500 mL (Cultivation Condition B).
Increased PHA from media amended with 4% PEG needed for
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fractionation and subsequent analysis (see below) was obtained
as described above by the two-stage method but with use of
2800 mL Erlenmeyer flasks and 500 mL cultivation volumes.

Polymer Isolation. The intracellular PHAs formed were
extracted from cells by stirring a suspension of the lyophilized
cells (about 0.5 g) for 48 h in chloroform (80 mL) at room
temperature. The insoluble cellular material was removed by
filtration, and then the solvent was evaporated to obtain what
is termed herein the “crude product.” Precipitated products
were isolated by concentrating the above chloroform crude
product solution to a total volume of ~4 mL and precipitation
of the polymer in 30 mL of methanol. The resulting precipitate
was washed with methanol and ether and then dried in vacuo.
Unless otherwise specified, the isolated products were obtained
using one precipitation/washing cyle.

Fractionation. The PHA formed in the medium with 4%
PEG (cultivation condition B; see above) and isolated by one
precipitation/washing cycle was dissolved in chloroform (0.1
g/mL). Acetone (10 volumes) was slowly added to the chloro-
form solution. The white cotton-like precipitate which resulted
from acetone addition was isolated by filtration, giving the
acetone insoluble (AIS) fraction, and the solvent was evapo-
rated from the acetone—chloroform solution, which gave the
acetone soluble (AS) fraction. Removal of residual solvents
from the AS and AIS fractions was carried out in a vacuum
desiccator (10 mmHg, 24 h), and the samples were then
allowed to age for at least 1 week at ambient temperature prior
to carrying out thermal analyses.

Polymer Characterization. A UNITY-500 NMR spec-
trometer was used for 1- and 2-D proton NMR experiments
described below. Proton (*H) NMR were recorded at 500 MHz.
Chemical shifts in parts per million (ppm) were reported
downfield from 0.00 ppm using tetramethylsilane (TMS) as
an internal reference. The experimental parameters were as
follows: 0.5% (w/v) polymer in chloroform-d, 298 K, 2.4 us (14°)
pulse width, 3 s acquisition time, and 6000 Hz spectral width.
Carbon (*3C) NMR spectra were recorded at 101 MHz with
the following parameters: 2.0% (w/v) polymer in chloroform-
d; 298 K, 17.0 (90°) us pulse width, 0.626 s acquisition time
and 20 s pulse delay, 23 981 Hz spectral width, and 15 378—
92 218 accumulations. The observed *C NMR chemical shifts
(ppm) were referenced relative to chloroform-d at 76.91 ppm.
For the COSY experiment (0.5% (w/v) polymer in chloroform-
d) the data were collected in a 1024 x 256 data matrix and
zero-filled to 1024 x 1024 using 8 scans/increment, a 4260 Hz
sweep width, and a 1.1 s delay between transients. The data
were processed using sinebell weighting.

The molecular weights of polyesters were determined by
GPC. GPC studies were carried out using a Waters HPLC
system with 500, 103, 104, and 10° A Ultrastyragel columns
placed in series. Chloroform was used as the eluent at a flow
rate of 1.0 mL/min, sample concentrations were typically 10
mg/mL, and the injection volume was 100 uL. Polystyrene
standards (Aldrich) with low polydispersities were used to
generate a calibration curve from which product molecular
weights were determined with no further corrections.

All thermal characterizations were carried out using a
DuPont 2910 differential scanning calorimeter equipped with
a TA 2000 data station, using between 5.0 and 6.0 mg of
sample sealed in aluminum pans and a dry nitrogen purge.
The polymer samples were heated at a rate of 10 °C/min from
room temperature to 200 °C, rapidly quenched by liquid
nitrogen from the melt, and then analyzed during second
heating scans from —80 to 200 °C. Data reported for the
melting temperature(s), Tm, and enthalpy of fusion(s), AH;,
were taken from the first heating scan. The reported glass
transition temperature (Ty) values were the midpoint values
measured during the second heating scans.

Results and Discussion

Effect of PEG-200 on PHA Repeat Unit Compo-
sition, Yield, and Molecular Weight. Control of the
composition for copolyesters of 3HB and 4HB is nor-
mally achieved by variation in the carbon sources used
or by alteration of other physiological parameters such
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Table 1. Effects of PEG-200 on the Production and Compositions of Microbial Polyesters Formed by A. eutrophus using
4-Hydroxybutyrate as the Carbon Source

polym2  culture  cell yield polym content PHA yield, repeat units found in PHA, mol % M9

% PEG  condition g/L of cells,® % g/L 3HB 4HB 3HV EG g/mol x 1072 My/M,9
oP Ah 3.7 21 0.76 34 66 0 0 222.1 2.76
1b A 35 16 0.56 20 79 1.1 0 178.6 1.89
20 A 3.1 14 0.45 11 86 2.8 0.28 153.0 2.05
4b A 2.6 14 0.37 30 64 5.0 0.93 112.2 2.51
ob Bi 3.9 27 1.1 70 30 0 0 198.6 2.87
4b B 3.7 26 0.97 41 53 5.4 1.1 77.2 3.95
4-AS°¢ B 13 84 2.1 1.6 37.4 2.52
4-AlS¢ B 95 3 2.0 0.1 130.0 3.42

aThe % PEG added to the cultivation medium during the second or polymer producing stage. ® Nonfractionated samples obtained from
one precipitation/washing cycle. ¢ AS and AIS are the acetone soluble (57% (w/w)) and insoluble (43%) fractions of the 4% PEG product
obtained using cultivation condition B (see i below). 9 The quantity of harvested cells after they were washed with Nanopure water and
lyophilized (see Experimental Section). ¢ Expressed as the percent of the cellular dry weight which contains PHA. These values were
obtained gravimetrically from the isolated product from chloroform extraction and one precipitation/washing cycle (see Experimental
Section). f PHA yield = (cell yield) (fraction of the cellular dry weight which is PHA). 9 Determined by GPC (see Experimental Section).
h Cultivation condition A used 100 mL of media in a 500 baffled shake flask (see Experimental Section). | Cultivation condition B used

500 mL of media in a 2.8 L shake flask (see Experimental Section).
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Figure 1. 500 MHz *H NMR spectrum of the purified product
from a cultivation with media containing 4% PEG-200 (culture
conditions B).

as the incubation time and nitrogen concentration.23!
In this study, PEG-200 was added to A. eutrophus
cultivations in concentrations up to 4% (w/v) during the
second or polymer producing stage of the fermentation
(see Experimental Section) where 4-hydroxybutyrate
served as the carbon source. The mole fractions of
repeat units for PHASs isolated by one precipitation per
washing cycle (see Experimental Section) were analyzed
by 'H NMR spectral integration of well-resolved signal
regions (see Figure 1) as has been previously de-
scribed.313% Table 1 shows that, upon the addition of
PEG-200 for culture conditions A, dramatic shifts in the
repeat unit composition were achieved. Specifically, the
mole percent of 4HB in the product changed from 66 to
86% by the addition of 0 and 2% PEG-200, respectively.
Upon further addition of PEG-200 up to 4%, the mole
percent of 4HB decreased. Furthermore, the addition
of PEG-200 resulted in products containing low-level
incorporations of 3HV repeat units (see Table 1). Thus,
small quantities of PEG-200 added to fermentation
media caused important product compositional changes.
This experiment was repeated, and the identical trends
were observed. It should be noted that a change in the
cultivation method from A to B (see Experimental

Section) resulted in products of different repeat unit
composition (see Table 1). This is not surprising since
the cultivation volume and flask size are important
variables that ultimately alter culture physiological
conditions such as oxygen transfer rate and can result
in the formation of different products.** The formation
in PEG amended A. eutrophus cultivations of odd chain
3HV repeat units from even chain 4-hydroxybutyric acid
is interesting since it indicates that PEG functions by
an at present unknown mechanism to shift the metabo-
lism from even to odd chain products.

Table 1 also provides results on the effects of PEG-
200 on volumetric yield and product molecular weight
for the series of fermentations carried out under culture
conditions A. The volumetric yield of the PHAs contin-
ued to decrease with increased PEG media concentra-
tion so that for 2 and 4% PEG-200 addition the yields
were approximately 59 and 48%, respectively, of that
for PEG deficient media (see Table 1). The M,, and M/
M, values measured by GPC of the products formed
from cultivations with 0, 1, and 2% PEG are shown in
Table 1. The GPC traces of these products were
unimodal. M, was found to decrease with increasing
PEG-200 concentration in the media. Since we have not
taken into account changes in polymer hydrodynamic
volume as a function of chain composition, the observed
molecular weight decrease shows a trend but does not
provide absolute values. However, it is important to
note that, in a previous study by us, increasing the
media PEG-200 concentration from O to 1% resulted in
a large decrease in the molecular weight of P3HB
formed by A. eutrophus from fructose.*> Interestingly,
the GPC traces for the products formed in fermentations
amended with 4% PEG-200 (culture conditions A and
B, see Experimental Section and Table 1) were very
complex and are discussed in detail below.

The 'H NMR spectrum of the PHA isolated by one
precipitation/washing cycle for a cultivation containing
4% PEG-200 (culture condition B, see Table 1) is shown
in Figure 1. Interestingly, weak 'H NMR signals at
~3.7 ppm were observed that correspond to protons of
ethylene glycol (EG) repeat units. P(3HB-co-4HB)
formed in the absence of PEG does not show 'H NMR
signals in the 3.6—3.8 ppm spectral region. A COSY
spectrum of this product was recorded, and the specific
spectral regions of interest are shown in Figure 2.
Three signals at 4.25, 4.35, and 4.46 ppm were observed
that have correlations with signals at 3.70, 3.73, and
3.77 ppm, respectively. The signal at 4.25 ppm also has
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Figure 2. Expansion of the two-dimensional homonuclear
(*H) correlated (COSY) spectrum of the purified product from
a cultivation with media containing 4% PEG-200 (culture
conditions B).

a contribution from a satellite peak of protons 8 (4.1
ppm) due to 13C—1H coupling. On the basis of chemical
shift parameters documented for model compounds,#6ab
it is expected that esterification of a terminal PEG—
CH>—OH will lead to a downfield shift from ~3.7 to
~4.25 ppm. Considering the above, the signals in the
3.68—3.80 and 4.20—4.50 ppm regions were assigned to
protons a and b, respectively, of esterified PEG chain
segments. Correlation of the signals with peaks at 3.62
and 3.73 ppm suggest that they are due to protons e
and d of terminal free hydroxyl EG units (see Figure
2). Assuming that the contribution of the overlapping
signals in the 3.6—3.8 ppm region can be estimated by
Bernoullian curve fitting, the area under the peaks was
measured by cutting and weighing. The integration
results showed that the ratio of protons a + d to c to 2e
was 3:6:2. Using the ratio c to a + d and c to 2e gives
values of n (internal EG units) of 2 and 3, respectively.
Thus, the average chain length of PEG segments is
between 4 and 5 which corresponds to molecular weights
of ~180 and 220 g/mol, respectively. The above results
are consistent with the formation of PHA chains that
are covalently linked at the carboxylate chain terminus
to PEG chain segments. In other words, we believe that
PHA—PEG diblock copolymers were formed (see Figures
1 and 2). Furthermore, the average PEG chain length
in the product is almost identical to that which was
provided to the cultivation media. Deviations from 1
of the peak area ratio a + d to 2e (3:2) as well as
inherent uncertainty in peak area approximations and
the inability to estimate the peak area of protons b due
to overlap with a 13C—1H satellite peak makes it unclear
at present that PEG is found exclusively at chain
terminal positions. Using spectrometer integration of
the signals at 1.25 ppm (protons 4), 1.95 ppm (protons
7), 0.82 ppm (methyl protons of 3HV), and 3.6—3.8 ppm
(protons a, c, d, and e), it is estimated that the isolated
product contains 1.1 mol % and, therefore, 0.2% (w/w)
of EG repeat units.

To provide further evidence that 'H NMR signals
observed in the 3.6—3.8 ppm region for one time
precipitated products are not due in part to residual
PEG-200, the following experiments were performed. P-
(3HB-c0-30% 4HB) (produced by a cultivation of A.
eutrophus with no added PEG-200, see Table 1) and
PEG-200 (286 and 218 mg, respectively) were dissolved
in chloroform and cast to form a film. This film which
contained 43% by weight PEG-200 which exceeds by a
factor of ~2 times the quantity of PEG-200 found in the
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Figure 3. 500 MHz *H NMR spectrum of the chloroform
extracted crude product from a cultivation with media contain-
ing 4% PEG-200 (culture conditions B).

corresponding crude product (nonprecipitated solution
extracted material; see discussion below) was then
purified by one precipitation/washing cycle using identi-
cal conditions as were used for isolated products. The
resulting isolate contained 0 mol % PEG from investiga-
tions by IH NMR. Also, PEG-200 (3 parts) was mixed
with a PHA—PEG product (7 parts) that was obtained
after three precipitation/washing cycles from 4% PEG
amended cultivations. Once again, after only one
precipitation/washing cycle, the relative signal intensi-
ties of the 3.6—3.8 ppm signal region to PHA protons
was identical to that of the PHA—PEG product prior to
mixing with PEG-200. Moreover, repeated precipita-
tion/washing (up to three times) of one time precipitated
samples did not result in a change in the EG mole
percent. Therefore, it is concluded that non-covalently
linked PEG-200 is indeed removed efficiently from the
isolated products by one precipitation/washing cycle.
This supports that PEG found in isolated products is
covalently linked to PHA chains.

Studies on the Crude Product. The above results
demonstrate that PEG-200 added to A. eutrophus
cultivation media does indeed interact with the cellular
PHA biosynthetic system. We then considered to what
extent PEG-200 was taken into intact cells. This was
studied by chloroform extraction of the lyophilized cells
obtained from a 4% PEG-200 amended media fermenta-
tion (culture condition B; see Table 1), removal of
insoluble cellular material, and evaporation of the
solvent (see Experimental Section). The resulting crude
product fraction was analyzed by both 1H NMR (Figure
3) and GPC (Figure 4). Using 'H NMR spectrometer
integration, as described above, the mole percent of
PEG, 3HB, 4HB, and 3HV repeat units are 20, 34, 42,
and 3, respectively. This corresponds to a weight ratio
of PEG to PHA in harvested cells of 1-1.7 (assuming
the contribution of PEG which is in the form of PHA—
PEG to be relatively small; see Figure 1). From the
above and values of the dry cell and PHA—PEG yields
(3.7 and 0.97 g/L, respectively; see Table 1), it is
estimated that ~9.5% of the cellular dry weight contains
PEG. Spectrometer integration of terminal PEG—CH,—
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200

4a

Figure 4. GPC traces of (a) the crude product from a
cultivation with media containing 0% PEG-200 (culture condi-
tions B), (b) the sample described in the legend of Figure 3,
and (c) the sample described in the legend of Figure 1.

OH protons €' at 3.58 ppm relative to internal HO(—
OCH,CH;—),—0OH ¢’ protons at 3.65 ppm showed that
the M, of PEG accumulated in cells was 194 g/mol.
Thus, it appears that when A. eutrophus is placed in
4% PEG-200 amended media under polymer producing
conditions, the cells respond to the PEG external
stimulus by accumulating extraordinarily large quanti-
ties of oligomeric PEG that has an M, closely resembling
that of the PEG added to cultivation media.

The GPC trace of the extracted crude material from
cultivations (culture condition B; see Table 1) containing
4% PEG was quite complex, indicating that it is a
mixture of products having very different molecular
weight averages (see Figure 4, trace 4b). However, the
GPC trace of the crude polymer product obtained from
cultivation media without PEG-200 (see Figure 4, trace
4a) shows only a unimodal peak. Also, it is interesting
to note that the GPC of the crude product has a
component peak with an elution volume which corre-
sponds exactly with that of PEG-200. This is further
evidence that PEG-200 does indeed accumulate in cells
and that this occurs without notable cellular selectivity
as a function of PEG chain length. On the basis of a
standard curve constructed of GPC peak area versus
PEG-200 concentration (not shown), it is estimated that
~10% of the cellular dry weight contains oligomers
similar in molecular weight to PEG-200. This result is
in good agreement with that given above (9.5%) deter-
mined by *H NMR spectrometer integration. Consistent
with the studies above where PEG-200 was mixed with
PHAs and removed by one precipitation/washing cycle,
the GPC trace of the one time precipitated product
shows no trace of residual PEG-200 but still shows
multiple component peaks. Since the question of PEG
chain length selectivity by A. eutrophus is important,
work is currently in progress in our laboratory to gain
further information by using variable PEG chain lengths
in culture media and determining the distribution of
intracellular PEG oligomers by gas chromatographic
methods.*’

Repeat Unit Sequence Distribution. Effects of
PEG-200. PHAs isolated from A. eutrophus cultivations
where 4-hydroxybutyrate served as a carbon source and
PEG-200 was not added to the media formulations were
reported in the literature as having sequence distribu-
tions of 3HB and 4HB repeat units that are ap-
proximately random.3! For investigation of the effects
of PEG-200 on the repeat unit sequence distribution,
the 13C NMR spectra for the one time precipitated/
washed products obtained from fermentations with 0
and 4% PEG-200 (culture condition B) were recorded.
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Figure 5. 125 MHz 3C NMR spectrum of the purified product

from a cultivation with media containing 4% PEG-200 (culture
conditions B).
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Figure 6. Expansions of the carbonyl region from 101 MHz
13C NMR spectra of (a) the purified product from a cultivation
with media containing 4% PEG-200 (culture conditions B), (b)
the acetone soluble (AS) fraction of the product described in
a, and (c) the acetone insoluble (AIS) fraction of the product
described in a.

The 13C NMR spectrum for the latter product as well
as an expansion of the carbonyl region is shown in
Figures 5 and 6a, respectively. Assignment of signals
observed, including those in the carbonyl region which
are sensitive to effects of repeat unit sequence distribu-
tion, are based on previous work,3%:33:34

For simplification of the repeat unit sequence analysis
below, the small contributions from 3HV and EG repeat
units will be neglected so that the products will be
assumed to consist of only 3HB and 4HB repeat units.
The relative mole fractions of 3HB*—3HB (3*3), 3HB*—
4HB (3*4), 4AHB*—3HB (4*3), and 4HB*—4HB (4*4)
diads (see Figure 6) were determined by spectrometer
integration and are given in Table 2. Experimental
values are compared to those calculated assuming a
Bernoullian or random statistical process for microbial
catalyzed copolymerization using the following relation-
ships (eqs 1—3) where F3 is the mole fraction of 3HB
units in the polymer:3348:49
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Table 2. Experimental2 and Calculated® Comonomer
Diad Fractions for PHAs and Product Fractions Formed
in Cultivations with and without PEG-200

diad sequence

3HB—-3HB 3HB—-4HB 4HB-3HB 4HB—-4HB
polym,¢ exptl? exptl? exptl? exptl?
% PEG (calcdb) (calcdb) (calcdP) (calcdb)
(o} 0.58 (0.49) 0.13(0.21) 0.11(0.21) 0.18 (0.10)
4de 0.48(0.32) 0.03(0.25) 0.03(0.25) 0.46 (0.18)
4-AST  0.07(0.03) 0.11(0.15) 0.11(0.15) 0.71(0.67)
4-AIST 0.98(0.85) 0(0.07) 0 (0.07) 0.02 (0.01)

a Determined by measuring the relative peak areas for the
carbonyl carbon 13C NMR signals assigned (see Figure 6) to the
four diad sequences. P Calculated values from eqs 1—3, assuming
a Bernoullian or random statistical process and that the contribu-
tion of 3HV and EG repeat units can be neglected. ¢ The % PEG
added to the cultivation medium during the second or polymer
producing stage. @ The nonfractionated sample obtained from one
precipitation/washing cycle. ® The cultivation was carried out using
culture condition B (500 mL of media in a 2.8 L shake flask; see
Experimental Section). f AS and AIS are the acetone soluble (57%
(w/w)) and insoluble (43%) fractions of the 4% PEG product (see d
above).

[3*]=Fy @)
[3*4] = [4*3] = F4(1 — Fy) )
[4%4] = (1 — F,)? 3)

By comparison of experimental and calculated results
given in Table 2 for the PHA produced with 0% PEG, it
appears that this product approximates a statistically
random copolymer, as was previously indicated in the
literature.28:3133 However, it should be noted that there
is a small but significant deviation between calculated
and experimental values. In contrast, the addition of
4% PEG to cultivations resulted in a product that has
predominantly 3HB*—3HB and 4HB*—4HB diads (Table
2 and Figure 6a). The DSC thermograms of this product
during a first heating scan show two distinct T, values
at 55 and 170 °C (Figure 7a, Table 3) which closely
approximate reported T, values for PS3HB and P4HB
(54 and 177 °C, respectively).30 The DSC thermogram
of this product recorded during a second heating scan
after rapidly quenching from the melt (see Experimental
Section) showed Ty values at —45 and —29 °C (Figure
8a, Table 3). The Ty at —45 °C closely approximates
that reported for P4HB (—50 °C), while the Ty at —29
°C is intermediate to those reported for PSHB (~4 °C 31)
and P4HB. The observed Ty at —29 °C is interesting
and may result from the formation of a small product
fraction that consists of random 3HB/4HB copolyester
chains having the corresponding T4 value. Thus, the
results of DSC and 3C NMR studies both support that
the product formed in the 4% PEG-200 amended me-
dium may be (1) a mixture of chains that approximate
P3HB and P4HB homopolymers, (2) a copolyester with
long P3HB and P4HB chain segments, or (3) some
combination of the first two possibilities.

Studies on Fractionation of the Product from
4% PEG-200 Cultivations. If the product obtained is
a mixture of polyesters as opposed to a block copolymer,
then it should be possible to fractionate the product into
component polyesters based on differential solubility
characteristics. Fractionation based on the solubility
of the product in acetone was carried out (see Experi-
mental Section). This resulted in acetone soluble (AS,
57% wiw) and insoluble (AIS, 43% w/w) fractions with
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Figure 7. DSC thermograms (first heating scans) of (a) the
purified product from a cultivation with media containing 4%
PEG-200 (culture conditions B), (b) the acetone soluble (AS)
fraction of the product described in a, and (c) the acetone
insoluble (AIS) fraction of the product described in a.

Table 3. Thermal Analysis Obtained by DSC?2

Measurements

polym,?

% PEG (w/v) Tyt °C Tm,f°C AH,9 cal/g

4¢i —45 55 5.0
—-29 170 11.6

4-ASd —42 50 8.8
-15

4-AlSd 2.8 172 19.0

a A scanning rate of 10 °C/min was used. P The % PEG added
to the cultivation medium during the second or polymer producing
stage. ¢ The nonfractionated sample obtained from one precipita-
tion/washing cycle. 9 AS and AIS are the acetone soluble (57% (w/
w)) and insoluble (43%) fractions of the sample presented as the
second table entry. © Glass transition temperatures taken as the
midpoint of the heat capacity change and measured during the
second heating scan after rapidly quenching by liquid nitrogen at
—70 °C from the melt. f Peak melting temperatures for each
endothermic melting transition determined during the first heat-
ing scan. 9 The heat of fusion value measured for each melting
endothermic transition. " The cultivation was carried out using
500 mL of media in a 2.8 L shake flask (see Experimental Section).

~— JluLyjopuy
7/
-

-60 -40 30 0 20

Temperature (0C)

Figure 8. DSC thermograms (second heating scans) of (a) the
purified product from a cultivation with media containing 4%
PEG-200 (culture conditions B), (b) the acetone soluble (AS)
fraction of the product described in a, (c) the acetone insoluble
(AIS) fraction of the product described in a.

Mn (Mw/Mp) values of 37 400 (2.53) and 130 000 (3.42),
respectively (see Table 1). Analysis of the repeat unit
composition of these fractions by 'H NMR spectral
integration (see Table 1) showed that the mole fractions
of 3HB, 4HB, 3HV, and EG repeat units are 13, 84, 2,
1.6 and 95, 3, 2, 0.1, respectively (see Table 1). Thus,
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the addition of PEG-200 to cultivation media results in
the formation of a new product that is a blend of
polyesters. The formation of a mixture as opposed to
random 3HB/4HB copolyesters is unusual based on
previous studies?8:31.34 but was reported once before from
cultivations for extended times of A. eutrophus on a
mixture of y-butyrolactone and butyric acid.>® Also, it
is interesting to note that PEG chain segments are
found primarily in the AS high 4HB fraction (see Table
1). This is preliminary evidence that, for A. eutrophus,
linkages between PEG and PHA segments may occur
primarily between 4HB and EG repeat units. Using the
model where it is assumed that PEG segments are at
all carboxyl terminal positions of PHA chains in the AS
fraction, the My, calculated molecular weight based on
IH NIMR spectral integration is 24 000 g/mol, whereas
the experimentally determined value from GPC is
37 400 g/mol. Considering that molecular weight mea-
surements by GPC were determined relative to poly-
styrene standards and inherent error associated with
both GPC and 'H NMR derived molecular weight
values, it is not possible at this stage to use this
information as support for the above hypothesis. How-
ever, it is clear that these results are not inconsistent
with this possibility. Additional experimentation is
currently underway to further test this hypothesis.

Further information as to the repeat unit sequence
distribution and complexity of the product formed in 4%
PEG amended media was gained by 13C NMR and DSC
measurements of the AS and AIS fractions. Expansions
of the 13C NMR carbonyl spectral regions for these
fractions are shown in Figure 6b,c, respectively. DSC
thermograms of the first and second heating scans are
shown in Figures 7 and 8, respectively. If the Ty, Tp,
and AH; values for solution precipitated P3HB are taken
as 4 °C, 20.8 cal/lg, and 177 °C based on a previous
report,3! comparison of these data to those obtained for
the AIS fraction (see Table 3) indicates that this fraction
contains primarily P3HB homopolymer as opposed to a
random copolyester such as P(3HB-co-6 mol % 4HB)
that was reported to have Ty, and AH¢ values of 162 °C
and 13.5 cal/g, respectively.3! This is further supported
by the 13C NMR spectrum of the AIS fraction which
shows only 3HB*—3HB diads (see Figure 6¢). The diad
sequence distribution of the AS fraction determined
experimentally (see Figure 6b) and calculated using egs
1-3 above suggests that the product formed approxi-
mates that of a random copolyester (see Table 2).
Further study of this fraction by DSC indicates product
heterogeneity. Specifically, the AS fraction has multiple
Ty (—15, —42 °C) transitions and a broad melting region
(see Table 3, Figures 7b and 8b). It is once again of
interest to compare the thermal transitions of this
product fraction to those previously reported for 3HB/
4HB random copolyesters.3! Specifically, the T4 values
of the AS fraction (—42, —15 °C) closely match those
for P(3HB-c0-90% 4HB) and P(3HB-c0-28% 4HB) ran-
dom copolyesters (—44 and —15 °C, respectively).3!
From this analysis and with the assumption that the
components are immiscible, we estimate that the AS
fraction is a mixture of random copolyesters with
relatively high and low 4HB contents. Thus, it appears
that the unfractionated product from media containing
4% PEG is indeed complex as was originally indicated
by the GPC trace (see Figure 4c, above) and is composed
of at least three different component polymers of dif-
ferent repeat unit composition.
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Other Considerations. Microbial polyesters are
formed in intracellular inclusion bodies or granules®!
that possess a membrane-like coating. The coating is
composed of lipid and protein that has been reported
for granules of Bacillus megaterium to represent 0.5—
2%, respectively, of the granule weight.52 It has been
shown that the core of nascent granules are amor-
phous.535 The membrane coat surrounding PHA gran-
ules has been reported to be approximately 2 nm
thick5153.55 and may consist of a lipid monolayer.5> A
hypothesis that is currently being investigated is that
PEG taken into cells develops specific interactions with
granule outer membrane proteins and likely accumu-
lates within the amorphous core of granules. Studies
are currently in progress using isolated granules as well
as whole cells to identify whether PEG accumulates at
specific locations within cells.5® Our current view is that
the results of introducing PEG in A. eutrophus cultiva-
tion media are not unlike what occurs when an effective
pharmaceutical agent is used in that both bioactive
agents target certain biochemical systems and cause
specific changes in metabolism.

Summary of Results

The introduction of PEG-200 as a bioactive agent was
explored for cultivations of A. eutrophus. The results
herein indicate that PEG-200 interacts with enzyme
systems involved in PHA biosynthesis to cause dramatic
product structural modulation. Specifically, PEG-200
addition to culture media resulted in the following: (1)
changes in the mole percent of 3HB, 3HV, and 4HB
repeat units, (2) formation of complex product mixtures
composed of an AS fraction and an AIS fraction with
high 4HB and 3HB contents, respectively, and (3) a
method to prepare PHA—PEG diblock copolymers where
the carboxylate terminus of PHA chains are covalently
linked by an ester bond to PEG chain segments. It is
noteworthy to mention that, to our knowledge, the
PHA—-PEG diblock copolymer reported herein is the
first example of the in vivo formation of a natural—
synthetic block copolymer.
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