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ABSTRACT: Two different terpolyesters were obtained by fermentation of Rhodospirillum rubrum fed
either with 4-pentenoic acid alone or with an equimolar mixture of 4-pentenoic and valeric acids. Sequence
distributions of these two polyesters were determined by fast atom bombardment mass spectrometry
(FAB-MS) of the oligomers prepared by partial methanolysis and separated by HPLC. The distributions
in both polymers follow Bernoullian statistics, indicating that both are random terpolyesters.

Introduction

The phototropic, purple, non-sulfur bacterium Rho-
dospirillum rubrum is known to produce intracellular
energy and carbon storage products which have been
generally described as poly(3-hydroxyalkanoate)s (PHA).
These biopolymers have the following general structure:

(?Hz)mCHs
O— CH—CH,—CO
n

in which m can vary from 0 to 9 depending on the carbon
substrate used for growth and on the bacteria.l In the
case of R. rubrum m can vary from 0 to 3.274

Recently, it has become of industrial interest to
evaluate these polyesters as biodegradable thermoplas-
tics for a wide range of agriculture, marine, and medical
applications.>¢ Because the physical and mechanical
properties of these copolymers can change considerably
as a function of the monomer’s composition and distri-
bution, it is desirable to incorporate different types of
repeating units into the polymer in order to produce
materials with specific requirements for practical ap-
plications. In that regard, PHAs containing functional
groups such as phenyl,” olefin,® chloride,? and fluoridel®
have been obtained from the growth of Pseudomonas
oleovorans on functionalized substrates.

It has also been reported that R. rubrum produces a
copolymer with unsaturated side chains when it is
grown on 4-pentenoic acid.* The composition was
obtained by TH-NMR analysis, but this technique was
not able to give information on the sequence distribution
of the repeating units.*

We have previcusly reported on the use of fast atom
bombardment mass spectrometry (FAB-MS) to deter-
mine the repeating unit composition and the sequence
distribution of repeating units in copolymers produced
by Alcaligenes eutrophus'1? and Pseudomonas

* Permanent address: International Specialty Products, Wayne,
NJ.
® Abstract published in Advance ACS Abstracts, April 1, 1995.
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oleovorans. 13715 In those determinations the oligomers
were obtained by partial methanolysis or partial py-
rolysis. In this report we describe how the copolyesters
obtained by fermentation of R. rubrum can be analyzed
for copolymer composition and sequence distribution by
FAB-MS of the oligomers formed by the partial metha-
nolysis. Two different samples of PHA produced by R.
rubrum grown on 4-pentenoic acid were investigated.

Experimental Section

Polyester Production. Rhodospirillum rubrum was ob-
tained from the American Type Culture Collection (ATCC
25903). Stock cultures were grown anaerobically in the light
in 25 mL screw cap test tubes using the 550 R8AH!® medium,
which contained malate as the carbon source. The same
medium was used to grow R. rubrum under PHA-producing
conditions, but malate and ammonium sulfate were omitted
from the medium. Instead of malate, a variety of other carbon
sources were used. Cultures were prepared by inoculating a
250 mL screw cap bottle containing 200 mL of the PHA-
producing medium (carbon source: 30 mmol of malate) with
2 mL of the stock solution and allowing the cells to grow for 2
days under anaerobic conditions in the light in 1 L screw cap
bottles. The PHA-producing medium with the desired carbon
source was inoculated with 10 mL of the inoculum and allowed
to stand for 5 days with daily stirring. The cells were
harvested by centrifugation (Sorvall RC2-B, 5 °C, 10000 g)).
The whole cell pellets were lyophilized to yield the dry cells.
Dry cell weights were determined gravimetrically. The poly-
mer was extracted from the lyophilized cells in a Soxhlet
extractor with 300—500 mL of chloroform, filtered through a
cotton plug, and precipitated in a 10-fold increase of volume
of rapidly stirred methanol. The polymer was centrifuged
(Sorvall RC2-B, 4 °C, 10000 g) and dried in vacuo (1 mmHg)
for 16 h. Further purification was done by repeating the same
solution and precipitation procedure. The total amount of PHA
was determined gravimetrically and calculated as the percent-
age of cellular dry weight.

Polymer Characterization. The molecular weights were
determined by gel permeation chromatography (GPC) with a
Waters Model 6000A solvent delivery system, a Model 401
refractive index detector, and a Model 730 data module with
2 Ultrastyragel linear columns in series. Chloroform was used
as the eluent at a flow rate of 1.0 mL/min. Sample concentra-
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Figure 1. 200 MHz 'H-NMR spectra of samples 1 (A) and 2 (B).
Table 1. Compositions of the PHA Samples Obtained by The 200 MHz 'H-NMR spectra were recorded at 25 °C in
!H-NMR and FAB-MS Analyses CDCl; (20 mg/mL) on a Bruker AC 200 spectrometer with a 4
: a " s pulse repetition, 2000 Hz spectral width, 16K data points,
sample technique HY HE® HB and 256 scans accumulation. Chemical shifts are expressed
1% NMR 77 19 4 in ppm from internal tetramethylsilane.
. MS 83 14 3 Partial Methanolysis. A 1 N solution of HCI in dry
2 NMR 85 8 7 A
MS 90 7 3 methe}nol was prepared by bubbling gaseous HCl t:,hrough
redistilled anhydrous methanol. The amount of HCI dissolved
@ HV, HP, and HB are 3-hydroxyvalerate, 3-hydroxypentenoate, was determined gravimetrically, and the concentration was
and 3-hydroxybutyrate units, respectively.  For sample 1 the only adjusted by adding an appropriate volume of methanol. About
carbon source available was 4-hydroxypeptenoic acid; for sample 0.1 g of each sample was dissolved in 20 mL of CHCl;, and 3
2 the carbon source was an equimolar mixture of 4-hydroxypen- mL of a freshly prepared 1 N solution of HCI in methanol was
tenoic acid and valeric acid. added. The mixture was allowed to react at room temperature
for 48 h, after which the solvent was evaporated. The residue
tions of 10—15 mg/mL and injection volumes of 100 uL were was taken up with 2 mL of acetonitrile and transferred for
used. A calibration curve was generated with seven polysty- HPLC analysis.
rene standards of low polydispersity, which were purchased HPLC Fractionation. The fractionation of the metha-
from Polysciences. The melting points of the polyester samples nolysis products was performed by HPLC using a Varian Vista
were measured by differential scanning calorimetry (DSC) 5500 HPLC system equipped with a Rheodyne injector with a

with a Mettler TA 3000 apparatus at a heating rate of 10 °C/ 50 uL loop, a Varian 2050 UV detector, and a Waters
min. The data reported are from the first heating cycle. u-Bondapack 300 x 4 mm column (C18). A 20 uL aliquot of
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Figure 2. HPLC separation of the methanolysis products from sample 1; oligomers are identified in Table 2.

the acetonitrile solution was injected using an elution gradient
starting with a 20/80 acetonitrile/water composition and
ending with 100% acetonitrile in 40 min with 1 mL/min flow
rate and UV detection at 205 nm.

FAB Mass Spectrometry. A double-focusing Kratos MS
50 equipped with the standard FAB source and a DS 90 data
system was used to obtain mass spectra. The instrument was
scanned from m/z 2000 to m/z 60, with a scan rate of 10
s/decade. The accelerating voltage was 8 kV. Cesium and
rubidium iodides (50/50 w/w) were used for computer calibra-
tion. The resolution was approximately 2500. Lyophilized
samples to be analyzed were dissolved in acetonitrile. About
2 uLi of the sample solution was placed on the target of the
direct insertion probe and mixed with 3-nitrobenzyl alcohol
doped with NaCl. Peak intensity values reported in Tables 2
and 3 represent the average of three samples. The spectrum
from each sample was averaged over three scans.

Thermospray LC/MS, Thermospray LC/MS was carried
out with the MS 50 S instrument interfaced with a Kratos LC/
MS thermospray apparatus using the same HPLC set de-
scribed above. The interface was operated at a vaporizer
temperature of 220 °C and at an ion source temperature of
230 °C. Poly(ethylene glycol) (MW 600) was used for computer
calibration. A 20 mL aliquot of an acetonitrile solution of the
mixture of the methanolysis products was injected, using an
elution gradient starting with a 20/80 ratio of acetonitrile/0.1
M ammonium acetate in water and ending with100% aceto-
nitrile in 40 min with a flow rate of 1 mL/min. Another mode
of operation consisted of flushing the thermospray interface
with a 0.1 M solution of ammonium acetate in water and
injecting an HPLC peak or fraction previously collected. This
operation mode was therefore equivalent to the FAB-MS
analysis of the lyophilized HPLC fractions as described above
except for the ionization mode used.

Results and Discussion

The two terpolyesters investigated were produced by
fermentation of Rhodospirillum rubrum. Sample 1 was
obtained from a culture in which 4-pentenoic acid was
the only carbon source available to the cells, while

sample 2 was obtained from the cells grown on an
equimolar mixture of 4-pentenoic acid and valeric acid.

The 'H-NMR spectra of the two polymers are shown
in Figure 1. From these spectra it is possible to
calculate the copolymer composition? in terms of 3-hy-
droxyvalerate (HV), 3-hydroxypentenoate (HP), and
3-hydroxybutyrate (HB) units (Table 1), but it is not
possible to establish whether a single terpolymer, a
mixture of copolymers, or a mixture of homopolymers
has been obtained. Previously published results have
shown that the GPC chromatograms for both samples
contained only single peaks.!! However, the DSC ther-
mograms contained multiple endothermic peaks with
the highest temperature peak at approximately 100 °C
for both polymers, and it was not known whether these
peaks represented melting transitions for different
PHASs. In order to address this problem, we decided to
analyze the two PHA copolymers by investigating the
structure of the oligomers formed by partial methanoly-
sis by means of their FAB-MS spectra.l?-15 The pro-
cedure used for the partial methanolysis of the two PHA
samples studied and for the HPLC fractionation of the
oligomers formed was similar to that previously re-
ported.12.14

Sample 1. Figure 2 shows the HPLC trace of the
partial methanolysis products from sample 1. In a first
run fractions corresponding to each peak were collected,
lyophilized, and analyzed by FAB-MS. Each mass
spectrum for peaks up to a retention time of 21.6 min
obtained from the HPLC trace showed the presence of
a single oligomer, as evidenced by the molecular ions
MHt* and MNa™* in the FAB mass spectra. As noted in
our previous studies!21¢ and also in this case, no other
peaks, which could have been formed from ion fragmen-
tation of this oligomer, were present down to the lowest
possible masses.

The HPLC fractions corresponding to peaks with
retention times of 12.0, 13.2, 14.0, and 14.8 min did not
yield FAB mass spectra because they represent the
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Figure 3. FAB mass spectra corresponding to fractions 4 (a), 5 (b), and 6 (c) in the HPLC trace of the methanolysis products

from sample 1.

(HV)(HB), (HP)e, (HV)(HP), and (HV); dimers, respec-
tively, which were too volatile and evaporated together
with the solvent in the lyophilization process. The
identification of these peaks was made instead by using
a thermospray probe interfaced to the mass spectrom-
eter and the HPLC to allow the analysis of the HPLC
peaks without the isolation of fractions.

As noted above, HPLC peaks up to retention times of
21.6 min contained only a single oligomer, but FAB
analysis of peaks with higher retention time revealed
that each of these contained several oligomers. The
presence in each fraction of oligomers of composition
(HV)(HP),(HB), demonstrates that R. rubrum is able
to synthesize a terpolymer. As we showed previ-
ously'%! (for instance, in the case of PHAs obtained
from A. eutrophus and P. oleovorans), the FAB mass
spectra of fractions containing mixtures of oligomers are
suitable for determining the copolymer composition and
sequence distribution. That is, because no fragmenta-
tion of the pseudomolecular ions occurs and if it is
assumed that the same response factor to FAB-MS can
be used for the oligomers produced in the partial
methanolysis, then the relative intensities of the MNa*
ions present in the FAB mass spectrum of each HPLC
fraction yield the copolymer composition.

Assuming a Bernoullian (random) distribution of
repeating units in these copolymers,!” the probability
of finding a given (HV).(HP),(HB), sequence (P;,_) can
be calculated by the Leibnitz formulal? as follows:

_xty+a2)!
w2z T xlylz! Px"Py"sz

In this equation Py, Py, and Py, are the molar fractions
of the HV, HP, and HB units in the terpolymer. The
polynomial coefficient in this equation is the number of
possible sequence arrangements of the (HV),(HP),(HB),
oligomers. It is possible to find a set of Py, Py, and Py
which gives an oligomer distribution closest to that
experimentally found, and this composition gives the
lowest agreement factor (AF), as described in our
previous studies.15:17

In order to apply these calculations, we collected the
fractions as indicated in Figure 2. As an example, three
FAB mass spectra corresponding to fractions 4, 5, and
6 are given in Figure 3a—c, respectively. The oligomers
identified and the calculations for sample 1 are reported
in Table 2. The spectrum corresponding to each fraction
shows the presence of oligomers of the general formulas
(HV)y, (HV),—1(HP), (HV),—2(HP)2, (HV),—;(HB), and

(1)
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Table 2. Experimental® and Calculated® Relative Amounts of the Methanolysis Products from Sample 1
caled? for HV/HP/HB mole ratio

oligomer® MNa+ obsd from FAB-MS® 77/19/4 82/15/3 85/13/2

Fraction 1

(HV), 2504

(HVYHP) 2487

(HP), 2464

(HV)HB) 236
Fraction 2

(HV)3 355 53 48 57 63

(HV)o(HP) 353 32 36 31 29

(HV)(HP), 351 7 9 6 4

(HV)o(HB) 341 8 7 6 4

AFe 0.11 0.08 0.18
Fraction 3

(HV)4 455 49 36 46 53

(HV)3(HP) 453 32 36 33 32

(HV)o(HP), 451 11 13 9 7

(HV)HP)3 449 2 2 1 1

(HV)3(HB) 441 4 7 7 5

(HV)(HP)YHB) 439 2 5 4 2

AFe 0.24 0.09 0.10
Fraction 4

(HV)s 555 44 28 38 45

(HV)4(HP) 553 34 35 35 34

(HV)3(HP), 551 14 17 13 11

(HV)2(HP)3 549 3 4 2 2

(HV)4(HB) 541 3 7 7 5

(HV)3(HP)YHB) 539 2 7 5 3

(HV)2(HP)4 647

(HV)4(HP)HB) 639

(HV)3s(HP)(HB) 637

(HV)3(HB)3 613

AFe 0.30 0.14 0.07
Fraction 5

(HV)s 655 40 25 34 40

(HV)s(HP) 653 35 37 37 37

(HV)4(HP), 651 - 16 23 17 14

(HV)3(HP)3 649 5 7 4 3

(HV)s(HB) 641 4 8 7 6

(HV)4(HP)3 749

(HV)3(HP)4 747

(HV)s(HP)(HB) 739

(HV)4(HP)2(HB) 737

(HV)5(HB), 727

(HV)4(HP)(HB); 725

AFe 0.31 0.13 0.07
Fraction 6

(HV); 755 38 23 31 37

(HV)s(HP) 753 36 40 40 39

(HV)5(HP)2 751 22 29 22 18

(HV)s(HB) 741 3 8 8 6

(HV)s(HP)3 849

(HV)4(HP)4 847

(HV)s(HP)(HB) 839

(HV)s(HP):(HB) 837

(HV)4(HP)3(HB) 835

(HV)s(HB), 827

(HV)s(HP)(HB): 825

(HV)s(HB)3 813

AFe 0.31 0.17 0.10
Fraction 7

(HV)s 855 37 20 27 33

(HV),(HP) 853 37 39 40 40

(HV)s(HP)2 851 23 33 25 21

(HV),(HB) 841 4 8 8 6

(HV)«(HP)2 951

(HV)e(HP)3 949

(HV)5(HP)4 947

(HV),(HP)XHB) 939

(HV)s(HP)2(HB) 937

AFe 0.35 0.20 0.10

@ Relative intensities of MNa* ions in the FAB mass spectrum. ¢ Relative intensities of methanolysis products calculated with eq 1 for
three copolymer compositions. ¢ (HV) = 3-hydroxyvalerate, (HP) = 3-hydroxypentenoate, (HB) = 3-hydroxybutyrate. ¢ Identified by
thermospray mass spectrometry as MNH,* pseudomolecular ions. ¢ AF = [Y(Iexp — Icaic)/Zilexp?]V2, where Iexp and Ieaic are the normalized
experimental and calculated abundances of partial methanolysis products.
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Table 3. Experimental® and Calculated® Relative Amounts of the Methanolysis Products from Sample 2
calcd?® for HV/HP/HB mole ratio

MNa+ obsd from FAB-MS¢ 85/8/7 87/9/4 90/7/3

Fraction 1

(HV), 2504

(HVYHP) 2484

(HP), 2464

(HV)HB) 2364
Fraction 2

(HV)3 355 70 64 67 74

(HV),(HP) 353 18 18 21 17

(HV)YHP), 351 2 2 2 1

(HV)(HB) 341 10 16 9 7

AFe 0.12 0.06 0.07
Fraction 3

(HV)4 455 64 54 58 66

(HV)3(HP) 453 21 20 24 21

(HV)o(HP), 451 3 3 4 2

(HV);(HB) 441 10 18 11 9

(HV)o(HP)YHB) 439 2 5 3 2

(HVXHB)g 671

(HV):(HB)4 599

(HV)o(HP)(HB) 537

(HV)3(HB)2 527

(HV)(HP)(HB)2 525

(HV)(HB)3 513

AFe 0.19 0.10 0.04
Fraction 4

(HV)s 555 58 51 54 62

(HV)4(HP) 553 26 24 28 24

(HV)3(HP), 551 6 4 6 4

(HV)4(HB) 541 10 21 12 10

(HVYHB)s 843

(HV)(HB)s 771

(HV)3(HB)4 699

(HV)4(HP)(HB) 639

(HV)3(HP).(HB) 637

(HV),(HB), 627

(HV)3(HP)(HB), 625

(HV)3(HB)3 613

AFe 0.21 0.08 0.08
Fraction 5

(HV) 655 55 46 50 57

(HV)s(HP) 653 25 26 30 26

(HV)4(HP), 651 7 6 7 5

(HV)s(HB) 641 13 22 13 12

(HV)4(HB),4 799

(HV)4(HP)3 749

(HV);(HP)YHB) 739

(HV)4(HP);(HB) 737

(HV)s(HB), 727

(HV)4(HP)(HB), 725

(HV)4«(HB)3 713

AFe 0.21 0.11 0.05
Fraction 6

(HV), 755 56 41 44 53

(HV)s(HP) 753 25 27 32 28

(HV)5(HP). 751 8 8 10 6

(HV)¢(HB) 741 11 24 14 13

(HV);(HB)4 899

(HV)5(HP)3 849

(HV)6(HP)(HB) 839

(HV)s(HP):(HB) 837

(HV)¢(HB)2 827

(HV)s(HP)(HB); 825

(HV);(HB)3 813

AFe 0.32 0.23 0.08
Fraction 7

(HV)s 855 49 38 40 49

(HV)-(HP) 853 30 28 33 30

(HV)s(HP), 851 10 9 12 8

(HV);(HB) 841 11 25 15 13

(HV)s(HB)4 999

(HV)s(HP)3 949

(HV)(HP)YHB) 939

(HV)s(HP)(HB) 937

(HV)7(HB)2 927

(HV)s(HP)YHB); 925

(HV)6(HB)3 913

AFe 0.30 0.18 0.05

4 Relative intensities of MNa* ions in the FAB mass spectrum. ? Relative intensities of methanolysis products calculated with eq 1 for
three copolymer compositions. ¢ (HV) = 3-hydroxyvalerate, (HP) = 3-hydroxypentenoate, (HB) = 3-hydroxybutyrate. ¢ Identified by
thermospray mass spectrometry as MNH,* pseudomolecular ions. ¢ AF = [3(Jexp — Lcate)/Tilexp?]V2, where Ioxp and Icaic are the normalized
experimental and calculated abundances of partial methanolysis products.
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Figure 4. HPLC separation of the methanolysis products from sample 2; oligomers are identified in Table 3.

(HV),—2(HP)(HB) in higher percentages with respect to
the others. In the same spectrum some higher oligo-
mers also appear with lower intensity, implying that
the HPLC separation of homolog oligomers is not
complete.

In Table 2 we have indicated the mass numbers of
these ions but not their relative abundances. These
peaks were excluded from the calculations because of
possible errors in the measurements of their abundance
as a result of their low intensities and because they are
shared by adjacent fractions in percentages different for
every oligomer. We were also able to identify some of
the oligomers contained in the fractions beyond the
seventh in Figure 2, but they are not reported in Table
2 because the quality of the mass spectra obtained is
not as good as that relative to HPLC fractions of lower
retention times. In fact, when examining products of
higher degree of polymerization, oligomers with a much
larger variety of monomeric composition are encoun-
tered, so that FAB matrix discrimination becomes
effective and quantitative analysis is not allowed.

The best agreement between the experimental and
calculated values was found for a HV/HP/HB ratio
varying from 82/15/3 to 85/13/2, which is very close to
the 79/19/4 ratio obtained from ‘H-NMR data (Table 1).

Sample 2. The HPLC trace of the partial metha-
nolysis products from sample 2 is shown in Figure 4.
The number of HPLC peaks for this sample was the
same as that for sample 1, but the relative intensities
were different. The number of fractions collected cor-
responds to those of sample 1; thus a direct comparison
of mass spectra for each fraction could be performed.
In Figure 5a—c are shown the mass spectra of HPLC
fractions 4, 5, and 6, respectively. Again, in this case,
the identification of oligomers of type (HV).(HP),(HB),
established that the sample was a terpolymer.

The experimentally observed intensities were com-
pared with those calculated according to eq 1, and the

values are reported in Table 3. The best agreement of
the calculated values with the experimental ones was
found for a HV/HP/HB composition of 90/7/3, which is
very close to that obtained by 'H-NMR of 85/8/7 (Table
1). This result confirms the assumption that sample 2
also possessed a random distribution of units, even
though it was grown on a mixture of two different
alkanoic acids.

It is of interest to note that each fraction after the
second one shows oligomers (HV).(HB), (see Table 3)
with a high content of HB units (e.g., (HV)3(HB), at m/z
699, (HV)4(HB)4 at m/z 799, and (HV)5(HB)4 at m/z 899
in Figures 5a—c, respectively), although their peak
intensities are very low (<2%). This low amount of
oligomers can be correlated to a very small amount (less
than 3%) of a copolymer of HV and HB with a high
content of HB produced by R. rubrum together with the
terpolymer. It has already been shown1318 that FAB-
MS analysis of chemically or thermally degraded samples
of PHAs permits one to distinguish between pure
copolymers and mixtures of homo- or copolymers. In
the case of sample 2 examined here, NMR was unable
to reveal the presence of a contaminant copolyester,
while HPLC and FAB-MS analyses easily allowed its
detection.
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Figure 5. FAB mass spectra corresponding to fractions 4 (a), 5 (b), and 6 (c) in the HPLC trace of the methanolysis products

from sample 2.
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