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Copolymers of 3-hydroxybutyrate (3HB) and 3-mercaptopropionate (3MP) or 3-mercaptobutyrate (3MB) units
and minor amounts of 3-hydroxypropionate (3HP), 3-hydroxyvalerate (3HV), or 3-mercaptovalerate (3MV) were
investigated regarding their microstructure by NMR, electrospray ionization mass spectrometry, and size exclusion
chromatography NMR. These copolymers were producedRalgtonia eutrophastrain H16 when cells were
cultivated in a mineral salts medium with gluconate as a carbon source for growth and 3MP or 3MB as precursor
substrates for incorporation of 3-mercaptoalkanoates. Mass spectrometry analysis of partially methanolyzed or
pyrolyzed samples proved the presence of true copolymers or terpoly&=MMR spectroscopy of intact polymer
samples, with values of average block length and degree of randomness deviating from a random sequence model,
suggested microblock structures; however, composition analy3ts MMR of fractions obtained by size exclusion
chromatography showed significant variations with molecular weight, revealing the presence of blends of poly-
(3HB-co-3MP-c0-3HP) or poly(3HBeo-3MB) with poly(3HB). The experimental NMR carbonyl dyad signal
intensities were satisfactorily matched by a random sequence model when the presence of poly(3HB) was taken
into account.

Introduction PHA-accumulating bacteria such Ralstonia eutrophawhich
typically accumulates poly(3-hydroxybutyrate) (poly(3HB)) and
Thermoplastic biopolymers represent an interesting group of pHAs consisting of other short carbon chain length hydroxy-
environmentally friendly materials for various technical ap- alkanoates (HAs), and distinct fermentation techniques, copoly-
plications, considering in particular their origin from renewable mers with various 3MA compositions can be obtained revealing
resources. Polyhydroxyalkanoates (PHAs) are cytoplasmatic ineresting physical and material properfieShese were the
water-insoluble storage compounds in prokaryotes and havefirst described biopolymers containing thioester linkages in the
attracted much interest over the past few decades,.because the%olymer backbone, and they were therefore referred to as
can be molded and _processeq into_different devices S_UCh a%polythioesters (PTEs) representing a separate new class of
com_postable_ pa_ckaglng materials or resorbable_ matenal; forbiopolymers. Most intriguing are the biodegradation properties
medical applicationd.The key enzymes of PHA biosynthesis, of PTEs: Although traces of 3MP have been found as alleged

the PHA synthases, are well-known for their low substrate .
e LT - poly(3HB-co-3MP) hydrolysis products of the PHA depoly-
specificity, which is illustrated by the large number of different merase oRalstonia pickettilL? detailed studies on poly(3HB-

PHA constituents found in microbial PHARecently, the range . .
of polymers produced by PHA synthases has bgen exten%ed ,[OCO-3MP) biodegradation revealed that only the oxoester but not

a new dimension: 3-Mercaptoalkanoates (3MAs), which are ';he th|oest|er bondsl v;erde fenzymhatlcaélly Zydroly%‘é‘dhls WafS,SMP
first intracellularly converted to their activated coenzyme A or example, concluded from the abundant presence o

derivatives, can also be polymerized by PHA synthases, as ha®!l90mers comprising 716 units in the remaining water-
been demonstrated for 3-mercaptopropionate (3MP), 3_mercap_|nsoluble fraction after biodegradation of the copolyni@iter

tobutyrate (3MB), and 3-mercaptovalerate (3MV) Employing PTE homopolymers pecamfe availab}é?the biodegradability
of PTEs was further investigated with great effort employing
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might be of high value for the understanding of the unique  Partial Methanolysis. A 1 N solution of HCI in dry methanol was
characteristics of PTEs such as environmental persistence. prepared by bubbling gaseous HCI through redistilled anhydrous

Since the physicochemical and biodegradability properties of Methanol. The amount of dissolyed HCl was qetermined grav.imetrically,
PTE copolymers depend both on comonomer composition angand the concentraﬂo_n was adjusted by adding an appro_prlate vo_Iume
sequence distribution of repetitive units, it is important to ©f methanol. Approximately 5 mg of each sample was dissolved in 4
determine this latter parameter also. Previous papers reported"t of CHCh, and 0.3 mL of a freshly prepatel N solution of HCI
that PTEs possess a somewhat blocky structure, based oréNMR in methanol was added. The mixture was aIIOW(_ed to react at room
differential scanning calorimetry (DS&),and matrix-assisted Levrzgs:zttg;e for 25, 50, 80, and 100 h, after which the solvent was
laser desorption ionization mass spectrometry (MALDI-MS o . . . )
evidence 'IPhis was unexpected l?ecause inytige case of I):’H Partial Pyrolysis. Partial pyrolyses of microbial PTEs were per-
copolyme:rs it was shovSn b)}?:C NMR dyad and triad Aformed with a Perkin-Elmer TGS/2 thermogravimetric (TG) apparatus
analysid®-20 that some of the bacterially synthesized PHAs are under a nitrogen atmosphere (60 mL/min) at a heating rate 10

y y synin min. The temperature was increased until the weight loss was 20%.

random copolymers, whereas others are mixtures of random pfier being cooled rapidly (100C/min) to room temperature, the

copolymers with different compositiod2! Additional informa- residue was recovered and dissolved in chloroform.
tion can be Obta_ined by applying the method of Yamadera and  Electrospray lonization Mass Spectrometry.ESI-MS experiments
Murand? to the intensities of carbonyl dyads and triad$3@ were carried out using a Mariner mass spectrometer (Perseptive

NMR spectroscopy. However, NMR can hardly discern beyond Biosystems) equipped with an atmospheric pressure ionization (API)
the triad level, and the distinction between a single copolymer source. Partial methanolysis or partial pyrolysis products were dissolved
and a mixture of copolymers is sometimes too diffid§iMass in a 1% acetic acid solution of G&I/CH;OH 60:40 at a concentration
spectrometry is able to look at the masses of individual of 0.1 mg/mL. The samples were introduced into the ESI source with
molecules in a mixture and is therefore an interesting alternative a syringe pump at a flow rate ofzd/min. The spray tip potential was

to NMR spectroscopy. Soft ionization techniques in mass 4.0 kV, with 6 s ofacquisition per spectrum; the nozzle potential was
spectrometry such as fast atom bombardment (FAB), electro-85 V. The quadrupole interface and nozzle temperature were set at
spray ionization (ESI) and matrix-assisted laser desorption 140°C. Mass spectra were scanned over the ranigel00-2000 in
ionization (MALDI), which enable the production of gas-phase POsitive-ion mode. The final spectrum for each sample was an average
molecular ions from neutral natural or synthetic macromolecules, ©f at least 20 scans.

can be adopte?? NMR Spectroscopy.'H NMR spectra of polymer samples and of

We have previously described how microbial poly(3id& SEC fractions were recorded at 500 MHz on a Varian Unity INOVA
T . . ) spectrometer in CD@lat 27°C. Spectra were acquired with a spectral
3HV)2425 and PHAs consisting of medium chain length 3-hy- P ¢ P q P

d Ik hich f d | 628 width of 5000 Hz in 32 000 data points, an excitation pulse ¢f 60
roxyalkanoates, which are referred to as poly(3ff¥ acquisition time of 3.3 s, processed using WINNMR (Bruker), and

can be analyzed for the determination of the sequence distribu-eterenced with internal tetramethylsilane (TMSIC spectra were

tion of repetitive units by FAB-MS}~26 MALDI-MS, %" or ESI- acquired either at 50 MHz on a Bruker AC200 spectrometer or at 125
MS?8 of oligomers obtained by partial methanolysis or partial MmHz on the Varian instrument described above.
pyrolysis of copolymers. In this paper we present an integrated  size Exclusion Chromatography SEC fractionation was performed
study for the structural characterization and sequencing of someby using a Waters 515 high-performance liquid chromatography
microbial PTEs by using NMR spectroscopy for non-degraded (HPLC) pump with 4 Styragel HR columns connected in a series (in
samples, ESI-MS of the oligomers generated by partial degrada-the order HR4, HR3, HR2, and HR1) and a model 401 refractive index
tion, andH NMR analysis of size exclusion chromatography detector. Chloroform was used as the eluent at a flow rate of 1.0 mL/
fractions (SEC-NMR). min; 200 uL of a 5 mg/mL solution was injected for each sample.
Fractionation of samples for subsequent 500 MHzZNMR analysis
was performed by collecting the polymer peak intefractions of
Materials and Methods equal volume, evaporating the SEC solvent, and dissolving the residue

in the NMR solvent.
Production of Microbial Polymers. Different poly(3HB-€o-3MP)

and poly(3HBeo-3MB) samples were obtained froR eutrophaH16 Results and Discussion

(DSM 428). The cells were grown in a mineral salts medium with Microbial Production, Isolation, and Composition Analy-

sodium gluconate or fructose as a carbon source for growth and with . .
9 } 9 sis of HA/MA Copolymers. Cells of R. eutrophastrain H16
3-mercaptopropionate or 3-mercaptobutyrate as a second carbon sourcé

and precursor substrate for the incorporation of mercaptoalkanoates.Were cultivated in a mineral salts medium containing sodium

The cells were cultivated exactly as described previotistplymers gluconate and 3-mgrcaptopr0p|onate or 3-mercaptobutyrate.
were extracted from lyophilized cells with chloroform, filtered, Whereas the latter thiochemicals served as precursor substrates

precipitated in 10 volumes of ethanol, and dried under a constant air fOF incorporation of the 3-mercaptoalkanoates, gluconate served
stream. The precipitation procedure was repeated three times to obtair@S & carbon and energy source for growth. After harvest of the
highly purified polymers. cells, the polymers were extracted from the cells with chloroform
Composition Analysis by Gas Chromatography and Gas Chro- and precipitated with ethanol as described in the Materials and
matography Coupled to Mass SpectrometryFor gas chromatography ~ Methods section. The comonomer compositions of five HA/
(GC) analysis approximately about-3 mg of the isolated polymers ~ MA copolymers, as obtained By NMR spectroscopy or GC,
was subjected to methanolysis in presence of methanol and sulfuricare reported in Table 1. Both analysis methods revealed very
acid, and the resulting methyl esters were analyzed. This analysisSimilar compositions: The GC analysis was less sensitive only
included also coupled GC/MS analysis using an HP6890 gas chro- for detection of 3HP.
matograph equipped with a model 5973 mass-selective detector Analysis of Comonomer Distribution in Partial Metha-
(Hewlett-Packard). The mass spectra obtained were compared with thenolysis Products.Sample 1 has a molar composition 3HB/3HV/
NIST '98 Mass Spectral Library with the Windows search program 3MV of 94:2:4 mol % (NMR) or 93:3:4 mol % (GC). Although
version 1.6, National Institute of Standards and Technology (U. S. by 13C NMR we assigned the different carbons, it was not
Department of Commerce). These analyses were exactly done aspossible to obtain sequence information because signals of
described previousty:* carbons of 3HV and 3MV units were of very low intensigtpy,
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Table 1. Content of Monomer Units, Average Block Length, and Degree of Randomness of PTE Copolymers?

3HB/3MP/3HP? 3HB/3MB? 3HB/3HV/3MV?
sample (mol %) (mol %) (mol %) L3pg® Lavp® Lamg® DRY
1 94/2/4¢
93/3/4f
2 62/35/3¢ 10.1 4.0 0.35
65/35/traces’
3 42/55/3 € 4.1 4.3 0.48
46/54/traces’
4 28/72¢ 1.8 4.4 0.79
28/72f
5 32/68¢ 2.3 4.7 0.64
38/621

aPolymers were obtained as described in the Materials and Methods section. ? 3HB, 3-hydroxybutyrate; 3MP, 3-mercaptopropionate; 3HP,
3-hydroxypropionate; 3HV, 3-hydroxyvalerate; 3MV, 3-mercaptovalerate. ¢ Average block length calculated from 3C NMR carbonyl resonances according
to ref 22. 9 Degree of randomness calculated from *3C NMR carbonyl resonances according to ref 22. € Composition as measured by *H NMR spectroscopy.
fComposition as measured by GC.

MNat mz 1%
Dimer ——
1% 3;|EsZ 227 100 229 WNa® iz
3HB-3HV 241 Dimers
1007 | 557 3HB-3MV 257 3HB, 227
Trimers gug-SMP gg?
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3HBy-3HV 413 50 231 315 aHB, 399
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] ) ] Figure 2. ESI-MS analysis of partially methanolyzed poly(3HB-co-
Figure 1. ESI-MS analysis of partially methanolyzed poly(3HB-co- 3MP-co-3HP) (sample 3). The ESI-MS spectrum is shown on the left,
3HV-co-3MV) (sample 1). The ESI-MS spectrum is shown on the left, whereas the assignments are shown on the right.
whereas the assignments are shown on the right.
MNa* m/z MNa* m/z
. . Dir Pent
Therefore, this copolymer was partially methanolyzed (50 h at |, N S 25
. . - - 501
room temperature), and the oligomers obtained were analyzed,, ” g;gzsms 23 g:g;_gmgz ot
it ; i Tri - 533
by ESI-MS. The positive ESI-MS spectrum essentially consisted e 313 oplamml 54
of sodiated ions, and their assignments are shown in Figure 1. SHBaSMB 329 MB, %5
. - 2
Of interest, among the others, are the peaksm&t 357, w8, 361
. . etramers
corresponding to the trimer 3HB-3HV-3MV, and @iz 443, 329 3B, 399
corresponding to the tetramer 3mWBHV-3MV, which un- o aMe, 431
equivocally demonstrates the presence of a true terpolymer. so e e e
Other minor peaks not labeled in Figure 1 correspond to
protonated pseudo-molecular ions. Application of statistical 345 431
analysis showed a poor correlation between the experimental 227 415
ion intensities and those calculated by assuming a random 313 447 517,
i i 28 361 399 501 | %50
sequence of the_ copolymer, Ieadm_g t_o the hypc_>the3|s of some Al o L‘UL M iﬁ; ,‘EESM e
degree of blockiness. However, this interpretation of the data 5, 276 /2 (g 428 504 580

relies on the assumption that the degradation reaction used to ‘ _

generate the oligomers, i.e., methanolysis, occurs with the same-igure 3. ESI-MS analysis of partially methanolyzed poly(3HB-co-

rate constant at the oxoester and thioester bonds, which wasMB) (sample 5). The ESI-MS spectrum is shown on the left, whereas
. T the assignments are shown on the right.

not proved. Alternatively, the polymer could also consist of a

mixture of copolymers of different compositions. To overcome relative amounts of homopolymer and terpolymer and the
this difficulty, the intact polymer sample was subjected to composition of the terpolymer could not be determined.

fractionation by size exclusion chromatography, and five  Samples 2, 3, 4, and 5 were also subjected to partial
fractions were collected and analyzed¥yNMR with regard methanolysis, and subsequent ESI-MS analysis gave good
to their compositions (SEC-NMR). The first two fractions interpretable spectra, allowing the assignments of the various
represented pure poly(3HB) homopolymer, whereas fractions monomers and oligomers obtained. For example, Figures 2 and
3, 4, and 5 gave compositions of 93:3.5:3.5, 93:3:4, and 81:8: 3 show parts of the spectra of samples 3 and 5, respectively. In
11 mol % (3HB/3HV/3MV). These results show that sample 1 the first spectrum, besides intense signals due to oligomers
is a mixture of poly(3HB) and poly(3HBo-3HV-co-3MV). The containing the more abundant constituents 3HB and 3MPCB§/
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Figure 5. ESI-MS analysis of partial pyrolysis products of a poly-
231 (3HB-co-3MB) copolymer (sample 4). The upper part (a) shows the
(c) entire spectrum, whereas in the bottom part (b) the range of the
313 spectrum showing the tetramers, pentamers, and hexamers was
expanded.

507 141
227

317
399
o - nolysis for 100 h, 3HB monomers at/’z 141 prevailed, and

229 among the remaining species 3Kl Bomooligomers were no
longer found, while 3HR-3MP, heterooligomers (for example,
3HB-3MP atm/z 229) and 3MR homooligomers (for example,

1 " 3MPs, 3MP;, and 3MR at m/z 231, 319, and 407) were still

50 317 present (Figure 4d). These results suggest that methanolysis of

319 405 the oxoester bonds occurred at higher rates than methanolysis
407 of the thioester bonds. This is in contradiction with our
120 184 748 312 S— p— ol “440 expectation, because it is known that hydrolysis of thioester
(miz) bonds occurs at a higher rate than that of the oxoédter.

100; 141

Figure 4. ESI-MS analysis of oligomers obtained from poly(3HB-
co-3MP-co-3HP) (sample 3) after exposure to methanolysis for
various time periods: (a) after 25 h; (b) after 50 h; (c) after 80 h; (d)
after 100 h.

can assign the low-intensity peakrafz 215 to the dimer 3HP-
3MP and those atvz 299, 301, and 303 to the trimers 3KB

3HP, 3HB-3MP-3HP, and 3MP3HP. These data confirm the

presence of poly(3HEBo-3MP-co-3HP) with low abundance of

However, it was previously shown that poly(3MP) is thermally
more stable than PHA%and that PTEs, in contrast to PHAS,
are also resistant to hydrolysis by PHA depolymerases and to
cleavage by other enzymé&s!3

Analysis of Comonomer Distribution in Partial Pyrolysis
Products by ESI-MS. We subjected the copolymers to partial
pyrolysis and analyzed the oligomers obtained by ESI-MS using
the same procedure employed for PHAAmong the PTEs

the comonomer 3HP. In the second spectrum the assignmentstudied, only samples 4 and 5, both representing poly(8biB-
shown in Figure 3 demonstrate the presence of a 3HB/3MB 3MB) copolymers, gave interpretable spectra. Figure 5a shows
copolymer. the mass spectrum of sample 4, with signals up to about 1000
In the case of PHAs, we usually compare the peak intensities m/z. Figure 5b shows the range from tetramers to hexamers in
for each set of oligomers (dimers, trimers, etc.) with those more detail. Each spectrum essentially consisted of sodiated
theoretically calculated for a random copolymer of a given pseudo-molecular ions corresponding to oligomers of the general
composition (obtained by NMR or GC). In this case, however, formula shown in structuré
we cannot use the same procedure because the oxoester and

thioester bonds have different methanolysis rates. This was H, 0o H, o H, o}
proved experimentally when samples subjected to different T || T H H
methanolysis times gave oligomer mixtures of varying ratios, =~ CH—=CH—C—0——CH—CH;~C =S~ CH—CH;~C——X
as shown in Figure 4. When sample 3 was methanolyzed for

X =-OH or SH 3HB X 3MB y

25, 50, 80, or 100 h, the amounts of the different oligomers
(dimers, trimers, etc.) and their ratios in each set changed as a (1)
function of methanolysis time. For example, after methanolysis
for 25 h (Figure 4a) oligomers rich in 3HB (e.g., the dimers
3HB; and 3HB-3MP atm/z 227 and 229) were prevalently

These results indicate that the thermal decomposition of poly-
(3HB-c0o-3MB) is similar to that of poly(SHB¥ or poly-

observed. After 50 h oligomers 3HBnd 3HB-3MP, and also
3MP;, (see dimers 3HB 3HB-3MP, and 3MRatm/z 227, 229,

(3HAm)?® and that it proceeds by A-H transfer process,
yielding oligomers with olefinic and oxocarboxylic or thiocar-

and 231) were preferentially observed (Figure 4b). After 80 h, boxylic terminal groups. Kawada et ®&l.performed the ther-

the homo-3HRB oligomers decreased, whereas 3FEBAP,

heterooligomers and 3MPomooligomers increased, and 3pMP

became more abundant than 3H@igure 4c). After metha-

mogravimetric analysis of poly(3MB), finding that the temper-
ature at 5% weight loss was practically coincident with that of
poly(3HB) (256 vs 260°C) and that their thermograms a&%v
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Table 2. Experimental and Calculated Relative Amounts of the e
Partial Pyrolysis Products from Poly(3HB-co-3MB) Samples 4 and
5 a o 2 b ¢ ¢ d
sample 4 sample 5 A sample * A i p L
calculated? calculated?
3HB/3MB 3HB/3MB i
oligomers m/z (MNa") ESI-MS2 (28/72) ESI-MS2 (32/68) #1 * b
Trimers —A JL = L
3HB3 281 2 2 1 3
3HB»-3MB 297 20 17 13 21
3HB-3MB; 313 39 43 61 44 #2 | b
3MB3 329 39 38 25 31 —A A L
Tetramers
3HB,4 367 1 1 2 1 #3
3HB3-3MB 383 11 6 16 9 A n A b I UL
3HB,-3MB; 399 30 24 22 28
3HB-3MB3 415 40 42 54 40
3MB4 431 18 27 6 21 #4 l
Pentamers —A J‘ . U L-
3HBs 453 1 0 3 0
3HB4-3MB 469 8 2 14 4
3HB3-3MB; 485 15 11 18 15 #5 JL h ;
3HB,-3MB3 501 25 29 15 32 —A x
3HB-3MB4 517 32 38 44 34
3MBs 533 18 20 6 14
#6
Hexamers A
3HBs 539 4 0 4 0
3HBs-3MB 555 4 1 12 1
3HB4-3MB; 571 11 5 15 7 27
3HB3-3MB3 587 19 16 13 21 . )
3HB»-3MB; 603 23 31 17 33 TR I o
3HB-3MBs 619 27 33 35 28 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8 1.4
3MBs 635 13 14 4 10 (ppm)
Figure 6. 'H NMR spectra of sample 2 and of its SEC fractions.
Normalized experimental ion intensity. ” Normalized ion intensity Assignments are given in structure 2. The peaks indicated with a star

::r?;ct:%eg:gu?zgu&lqg ’a:”\r/lagldom sequence. The composition reported is belong to ethanol contamination.
composition 3HB/3MB of 32:68 mol %. For this sample there

similar. Furthermore, direct pyrolysis into a mass spectrometer was a greater discrepancy between the experimental and the

(DPMSY?2 showed that at the onset of thermal degradation there theoretical values. The valueslajg, Lave, and DR are reported

was evolution of products deriving from both 3HB and 3MB in Table 1. The DR is 0.64, thereby suggesting that the

(our unpublished results). Pyrolysis of poly(3HB-3MB), copolymer has a microblock structure.
therefore, may be assumed to occur randomly along the polymer Fractionation of Polymer Samples by SEC and Analysis
chain. of Comonomer Composition.The ESI-MS spectra of partial

Table 2 summarizes the peak assignments of Figure Shbpyrolysis products obtained from samples 2 and 3, which are
(sample 4) and of the peaks obtained by identical analysis for 3SHB/3MP/3HP copolymers, were of limited quality. This may
the other poly(3HBeo-3MB) (sample 5), together with their ~ be due to the fact that the two most abundant repetitive units
experimental and calculated intensities. The calculation was (3HB and 3MP) have different thermal degradation mechanisms
carried out under the assumption that the comonomers follow and different thermal stabilities, as was demonstrated by a
a random sequence with a 3HB/3MB ratio of 28:72 mol % in previous study? showing that poly(3MP) is degraded at a higher
sample 4 or of 32:68 mol % in sample 5. A rough fitting of the temperature than poly(3HB). To investigate these polymers
experimental data was obtained for sample 4 using the composi-further, we recorded thH NMR spectra of fractions collected
tion measured byH NMR spectroscopy. after SEC separation and measured the comonomer contents of

We then recorded th&C NMR spectrum of sample 4 and  the various fractions (Table 3). Figure 6 shows theNMR
used the carbonyl dyad intensities for sequence analysis,spectra of sample 2 and of its SEC fractions with peak
applying the definition of Yamadera and MurdAw calculate ~ assignments according to struct@e

the 3HB and 3MB average block lengthssis andLgys) and e

the degree of randomness (DR), which are reported in Table 1. CH,

A DR of 0.79 suggests a moderate deviation from a random |a d b ¢
sequence. In fact, the theoretical value for a perfectly random —{O_CH_CHz_COHS—C”z_ CH;— coiy_
copolymer is 1. In conclusion, MS and NMR analysis gave 3HB 3MP
converging results for this copolymer, showing only a slight @)

deviation from random statistics.
The same MS analysis for sample 5 is reported in Table 2. A very strong variation of composition with molecular weight
The calculated intensities were obtained for a copolymer was observed. The first SEC fraction was even pure pon(BIaL@V
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Table 3. Compositions of SEC Fractions of Poly(3HB-co-3MP-co-3HP) Samples 2 and 3 as Measured by *H NMR Spectroscopy
3HB/3MP/3HP?

(mol %) fractionl fraction2 fraction 3 fraction 4 fraction5 fraction 6 fraction 7
Sample 2
62/35/3 100/0/0 94/4/2 64/32/4 51/46/3 52/45/3 51/46/3 44/52/4
area %° 2.8 12.5 30.8 28.7 15.5 7.3 2.4
Sample 3
42/55/3 75/17/8 70/27/3 42/53/5 33/63/4 31/64/5 31/65/4 35/62/3
Area %° 3.7 6.8 229 28.5 21.5 10.7 5.9

a3HB, 3-hydroxybutyrate; 3MP, 3-mercaptopropionate; 3HP, 3-hydroxypropionate. ? Area of the fractions relative to the SEC trace recorded using a
refractive index detector.

Table 4. Experimental and Calculated Dyad Relative Peak Intensities for Samples 2 and 3

sample 2 sample 3
3HB/3MP? 38 mol % 3HB/3MP¢ 25/75 + HB/MP? 67 mol % 3HB/3MP¢ 23/77 +
dyad exptl? 64/36 62 mol % poly(3HB) exptl? 43/57 33 mol % poly(3HB)
3MP-3MP 0.212 0.130 0.212 0.391 0.325 0.391
3MP-3HB 0.072 0.230 0.071 0.126 0.245 0.120
3HB-3MP 0.070 0.230 0.071 0.114 0.245 0.120
3HB-3HB 0.646 0.410 0.646 0.369 0.185 0.369

a Normalized experimental intensity of the 13C NMR carbonyl dyad resonances. ? Normalized calculated dyad intensity assuming a random sequence
and using the composition measured by H NMR. The 3HP unit was excluded from the calculation because of its low intensity (Table 1). ¢ Normalized
calculated dyad intensity assuming the presence of a blend of a random copolymer and of poly(3HB).

Table 5. Compositions of SEC Fractions of Poly(3HB-co-3MB) Samples 4 and 5 as Measured by *H NMR Spectroscopy

3HB/3MB2 fraction 1 fraction 2 fraction 3 fraction 4 fraction 5 fraction 6
Sample 4
28172 37/63 27173 27173 28/72 28/72 30/70
area % 10.0 26.1 27.0 21.9 115 35
Sample 5
32/68 43/57 34/66 30/70 27173 25/75
area % 10.3 29.4 349 20.4 5.0

a3HB, 3-hydroxybutyrate; 3MB, 3-mercaptobutyrate. ? Area of the fractions relative to the SEC trace recorded using a refractive index detector.

Table 6. Experimental and Calculated Dyad Relative Peak Intensities for Samples 4 and 5

sample 4 sample 5
3HB/3MB? 92 mol % 3HB/3MB? 23/77 + 3HB/3MB? 85 mol % 3HB/3MBY 21/79 +
dyad exptl? 28/72 8 mol % poly(3HB) exptl? 32/68 15 mol % poly(3HB)
3MB-3MB 0.547 0.518 0.547 0.526 0.462 0.526
3MB-3HB 0.163 0.202 0.163 0.152 0.218 0.143
3HB-3MB 0.162 0.202 0.163 0.134 0.218 0.143
3HB-3HB 0.128 0.078 0.128 0.188 0.102 0.188

a Normalized experimental intensity of the 13C NMR carbonyl dyad resonances. ? Normalized calculated dyad intensity assuming a random sequence
and using the composition measured by 'H NMR. ¢ Normalized calculated dyad intensity assuming the presence of a blend of a random copolymer and
of poly(3HB).

demonstrating a substantial contamination of poly(3téE3MP- (23 mol % 3HB€o-77 mol % 3MP) with 33 mol % of poly-
co-3HP) with poly(3HB). In the case of sample 3 we did not (3HB). The DR and the 3HB and 3MB average block length
isolate pure poly(3HB), but looking at the SEC fractions (Lsus andLawvp) values reported in Table 1 would indicate a
composition it was apparent that poly(3HB) contamination was microblock structure if the samples were pure copolymers;
present: Fractions 12 were 3HB-rich, fraction 3 had an  however, having demonstrated that this is not the case, this
intermediate composition, and fractionsdshowed an almost  conclusion could be wrong.

constant composition. In Table 4 we report the experimental The SEC-NMR analysis was performed also on samples 4
dyad intensities of thé3C NMR carbonyl resonances together and 5 showing a significant drift in the comonomer composition
with the theoretical abundance for pure random copolymers of the fractions obtained from both polymers (Table 5). Fractions
having the same compositions as samples 2 and 3 and forwith higher molecular weights exhibited higher 3HB and lower
mixtures of random copolymers and poly(3HB). Since the 3MB contents. This fact could be due to a “natural” composi-
amount of 3HP units was too low to give accurate quantification tional dependence on molecular weight or to the presence of a
in the 13C NMR spectra, this comonomer was not included in certain amount of poly(3HB) homopolymer in the samples. As
the calculations. An almost perfect match of the experimental for samples 2 and 3, we calculated the theoretical dyad
data was obtained assuming that sample 2 is a blend of 38 molintensities expected for a pure random copolymer and for a blend
% of poly(25 mol % 3HBeo-75 mol % 3MP) with 62 mol % consisting of a random copolymer with poly(3HB). Again, an
of poly(3HB) and that sample 3 is a blend of 67 mol % of poly- almost perfect match of the experimental data was obta&BQ/
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assuming that sample 4 is a blend of 92 mol % of poly(23 mol which chemical and/or biological factors do in fact influence
% 3HB-co-77 mol % 3MB) with 8 mol % of poly(3HB) and discrimination of the PHA synthase between PHA and PTE
that sample 5 is a blend of 85 mol % of poly(21 mol % 3HB- biosynthesis.

co-79 mol % 3MB) with 15 mol % of poly(3HB).
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