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An efficient method to prepare enantiomerically purp-8-hydroxycarboxylic acids from bacterial polyhydroxy-
alkanoates (PHAs) accumulated Bgeudomonas putidaPol is reported in this studyR)-3-Hydroxycarboxylic

acids from whole cells were obtained when conditions were provided to promote in vivo depolymerization of
intracellular PHA. The monomers were secreted into the extracellular environment. They were separated and
purified by acidic precipitation, preparative reversed-phase column chromatography, and subsequent solvent
extraction. EightR)-3-hydroxycarboxylic acids were isolatedR){3-hydroxyoctanoic acidR)-3-hydroxyhexanoic

acid, R)-3-hydroxy-10-undecenoic acidR)-3-hydroxy-8-nonenoic acidR}-3-hydroxy-6-heptenoic acidRj-3-
hydroxyundecanoic acidR}-3-hydroxynonanoic acid, andR)-3-hydroxyheptanoic acid. The overall yield based

on released monomers was around 78 wt % R)¥3-hydroxyoctanoic acid. All obtained monomers had a purity

of over 95 wt %. The physical properties of the purified monomers and their antimicrobial activities were also
investigated.

Introduction process requires the synthesis of precursor molecules, which
complicates the synthetic procedure and may reduce the product
Polyhydroxyalkanoates (PHAs) are biodegradable and bio- yjeld 17.18 Other synthetic approaches include stereoselective
compatible polyesters that are produced by a wide variety of functionalization through Sharpless’ asymmetric epoxidation and
microorganismg:2 PHAs are stored in intracellular granules and hydroxylation or through Brown’s asymmetric allyboratith.
used by bacteria as a carbon and energy scuMany bacteria  These approaches require chiral, often expensive metal-complex
accumulate PHAs when they are cultured in an excess carboncatalysts that might contaminate the final products. For some
source and when growth is limited by the lack of one or more conversions vigorous reaction conditions have to be applied such
essential nutrients3 Under carbon starvation the accumulated zg high pressure, flammable reaction media, or cryogenic
PHAs can be degraded to monomers that can be utilized for conditions!®2° Furthermore, products often have lower enan-
better cell survivaf. To date, more than 140 types of 3-, 4-, 5-, tiomeric excesses than those obtained by biochemical pro-
or 6-hydroxycarboxylic acids have been found to be incorporated cessed! Other approaches include microorganisms such as
into the polymef.® All monomers analyzed so far have absolute recombinanEscherichia cof or Saccharomyces cersaeas
(R)-configuration’8 biocatalysts to introduce the chiral cert@Product inhibition
(R)-3-Hydroxycarboxylic acidsR3HAs) have been reported  of enzyme activity and moderate yields of product isolation can
to be valuable synthons and can be used as starting materialge [imitations of these procedur&st

for the synthesis of antibiotics, vitamins, flavors, and  Ajernative to chemical synthesis, bacterial PHA could be

pheromone$. ** It was also reported that somR){3-hydroxy- ;sed as an important sourceREHAS 1° To obtainR3HAs from
carboxylic acids exhibit important biological activities, such as pyas, in vivo depolymerization has been investigated and
antimicrobial and/or antiviral potenti&t:1> For example, R)- efficiently accomplished for poly(3-hydroxybutyrafé)(R)-3-

3-hydroxyn-phenylalkanoic acids can be used to effectively yqroxybutyrate has been produced with a yield of 98%.
atta_ckL|ster|a monocytogenesvhlch is a ubiquitous microor- ~ R3HASs with chain lengths of 611 carbon atoms can also be
ganism, able to multiply at refrigeration temperatures, and is produced with a high yield (90%) by in vivo depolymerization

resistant to both high temperatures and low pH vatt&sis of PHA from Pseudomonas putidaPo124 However, bacterially

fooq pathogen has become an important issue in many Countriesproduced PHA is often a copolymer containiR8HA with the

during the past several decades. chain length differing by one or more ethylene ufitShe
Different methods were described to prodiR3HAs: They corresponding monomers derived from one type of PHA have

can be chemically synthesized by enantioselective reduction ofyery similar chemical properties, and therefore, they are difficult
the corresponding 3-keto aciéfsFor certain products, this g separate.

* Author to whom correspondence should be addressed. Phodé: One approach to purify a mixture of differeR3HAS
71-2747688. Fax-+41-71-2747788. E-mail: qun.ren@empa.ch. generated from PHA has been reported by de Roo and

t Swiss Materials Science and Technology. co-workers? R3HA methylesters were produced by acid-
* Swiss Federal Institute for Environmental Science and Technology. catalyzed hydrolysis of the extracted PHA. The distinct methyl-
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Fatty acid supplied with octanoic acid or 10-undecenoic acid at a carbon-to-
L nitrogen ratio (C/N) of 15.0 g ¢ or with undecanoic acid at a C/N
gf“":";:‘;'t?;a l ratio of 10.8 g g*. The cultures were kept at 30 0.1°C, and the pH
’ was maintained at 7.6 0.05 by automated control. The dissolved
Intracellular PHA oxygen tension was monitored continuously with an oxygen probe
(Mettler Toledo, Greifensee, Switzerland), and care was taken that it
In vivo PHA remained above 35% air saturation. The culture volume was kept
degradation l constant with a balance that controlled the harvest pump. The harvested
(R)-3-hydroxy carboxylic acids cell broth was collected in a 10 L tank kept on ice.
secreted to supernatant Ammonium was determined by a photometric ammonium assay
. (Spectroquant, Merck, Darmstadt, Germany). The carbon content of
;rj'r'}}?crzﬁ on l the medium was controlled with a total organic carbon analyzer (TOC-
5050A, Shimadzu, Reinach, Switzerland). The cell dry weight (CDW)

Mixture of (R)-3-hydroxy carboxylic acids was recorded as described previolly.
Monomer Production. Cells collected during steady-state conditions
were resuspended in 50 mM phosphate buffer at pH 10 to a

Separation l
concentration of 310 g L™ depending on the CDW and PHA content

(R)-3-hydroxy carboxylic acid to achieve a final PHA concentration of approximately 1.57¢.The
in aqueous phase suspension was incubated at 30 for 8-10 h. Subsequently, the
Isolation supernatant was obtained by centrifugation (4500 °C, 20 min;
l Multifuge 3 S-R, Osterode, Germany) or filtration (filters LS14 1/2
270 mm, Schleicher & Schuell, Feldbach, Switzerland). Finally, the
(R)-3-hydroxy carboxylic acid supernatant containing the PHA monomers was acidified to pH 1 with
Figure 1. Schematic representation of the process to isolate (R)-3- concentrated HCI. The monomers remained in the supernatant and were
hydroxycarboxylic acids (R3HAS). subjected to the separation process. It was possible to store the

monomer-containing solution at 4C for several months without
esters were separated by fractional distillation, and the free acidsdegradation of monomers (controlled by high-performance liquid
were obtained by subsequent saponification. Even though highchromatography mass spectrometry (HPLC-MS)).

yields were obtained~80%), this procedure is rather compli- Monomer Separation. Separation of variousR3HAs was first
cated and tedious. It takes 7 days for distillatfdfurthermore, attempted by solvent extraction methods. However, the amphiphilic
considerable amounts of organic solvents are needed for thecharacter olR3HA led to formation of an emulsion. Complete phase
extraction of PHASs. separation did not occur, arlBBHA accumulated in the interphase.

A satisfying process to provid@3HA on a preparative scale ~ Several anion exchange resins for column chromatography were tested
has not yet been achieved. For future applicationR3t1As as as well, but the separation dR3HAs with these resins was not
synthons or antimicrobial agents, it is not only important to be satisfactory. The reason for this presumably is that ionic properties of
able to produc®3HAs but also to isolate them to a high degree all R3HAS are too similar. _ .
of purity. In this study we developed an easy process to produce Monomer separation was accomplls_hed with a gl_a_ss column (length,
various chemically pur&HA in milligram to gram quantities ~ 20 ¢m; diameter, 1.5 cm) packed with 40 g of silica gel 100 C18
as shown in Figure 1P. putidaGPol in continuous growth reversed-phase (particle size, 0.640063 mm; maximum _surface
culture under dual-nutrient-limited conditions (C- and N- Ccoverage, 1718% C or4 umol m2 Fluka). During operation, the
limitation) was used to accumulate PHA. Afterward, the bacteria Z(f)tlurnlﬂ wasl iggleol to-10 hC dan_(ilhsgtlul\r)ldHeg\lpreEsgre {ISr?w kP?g.
were exposed to an environment where enzymatic depolymer-~fte" the column was washed with 0.1 M HCtx bed volume), the
ization of intracellular PHA took place. PHA monomers are mixture ofllmonomerls was fractlonaI:ed us:)nlg a;tepwse elution with

. o . . 0.1 M HCl/acetonitrile mixtures as the mobile phase. First,-1080
secreted; thus extraction of PHA with organic solvents is not mL of 0.1 M HC|/Iar(|':e'[0nIi>;riL|I; \?vitr?a compc:sitirc)m gf 85{135 (vol %)
necessary, which renders this step environmentally friendly. The X .

. . was applied, second 36@00 mL of 0.1 M HCl/acetonitrile with a
monomeric units of the PHA were collected and separated by composition of 50:50 (vol %), and finally 100 mL of pure acetonitrile.

reversed-phase preparative column chromatography followede collected fractions were analyzed for the presence of monomers
by solvent extraction. The overall yield based on released py HpLC.

monomer?’ Wes aroun_d 78wt % f(R)(_S_—hydroxyoctanmc acid. . Solvent Extraction. The fractions containing only one type RBHA

The physical properties of the purified monomers and their yere pooled, and the acetonitrile was removed by rotary evaporation

antimicrobial activities were also investigated. (150 mbar; 6(°C). Subsequently, the solutions were further acidified

by addition ¢ 1 M HCI (acid/sample~ 1:1 (vol %)), saturated with
Materials and Methods KClI, and extracted three times with an equal volumeedfbutyl methyl
ether (aqueous phase/organic phasd:1 (vol %)). The combined
Continuous Cultivation. To produce PHA, the wild-type strai. organic phases were dried over 88, and filtered, and the solvent

putidaGPol (ATCC 29347) was cultivated in chemostat cultures at a Was evaporated (450 mbar; 40). The purified monomers were stored

dilution rate P) of 0.1 hr* under dual-nutrient-limited growth condi- ~ under vacuum at room temperature.

tions?526 Continuous cultivation was performed as previously re- Antimicrobial Assay. The antimicrobial activity o0R3HA was tested

ported?*27 40 L of continuous culture medium supplied with mineral by measuring the effect caused by several concentrations of the purified

trace elements (CCMT) was filter-sterilized (0.22n filter) into R3HA (ranging from 10QuM to 10 mM) on the growth of different

y-sterilized 50 L medium bags (Flexboy, Stedim S. A., Aubagne Cedex, species of bacterid.(innocua L. monocytogenes. ivanavii, E. coli
France). The carbon source (octanoic, undecanoic, or 10-undecenoidMG1655, Salmonella entericaand Staphylococcus auret®N4220).
acid (Fluka, Buchs, Switzerland)) was pumped directly into the culture (R/S-3-Hydroxyoctanoic acid (Larodan, MalmBweden) (ranging from
vessel by using a dosimat (Metrohm, Herisau, Switzerland). A 3.7 L 100uM to 10 mM) and octanoic acid (ranging from 1@01 to 100
laboratory bioreactor (KLF 2000, Bioengineering, Wald, Switzerland) mM) were also investigated for comparison. Other racemic mixtures

with a working volume of 2.8 L was used. Cells grew in CCMT  such asi/S-3-hydroxy-6-heptenoic acidR(S-B-hydroxy-8-nonenoiccDV
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acid, and R/S)-3-hydroxy-10-decenoic acid were not commercially mass spectrometry (ESI-MS) (Esquire HCT, Bruker Daltonics, Bremen,

available; thus the experiments using these compounds could not beGermany).

carried out. The bacteria were cultured in TSB media (17 g/L casein  DSC. Differential scanning calorimetry (DSC) was performed to

peptone, 3 g/L soy peptone, 5 g/L NaCl, 2.5 g/LHRO,, 2.5 g/L determine the melting point3,¢) and enthalpies of the purifieR3HA.

glucose) in the presence or in the absence of the molecule to be testedSamples of 814 mg PHA were weighed into aluminum pans and

The pH was adjusted to pH 7.0 with sodium hydroxide. The conditions analyzed with a differential scanning calorimeter 30 (Mettler Toledo,

were 37°C and shaking at 150 rpm. Precultures were grown in TSB Greifensee, Switzerland). The samples were cooled&0 °C within

to the exponential phase. For inoculation, they were diluted 1:30 (vol/ 10 min. After equilibration of the temperature, they were heated to

vol) into the test solution to start the assay. Their growth was determined 100°C at a heating rate of 1T min~*. Melting points were evaluated

by measuring the optical density of the cultures at 550 nm over 24 h, based on maximum peak heights. Data were determined with a standard

using a microtiter plate procedut&2 Minimal inhibitory concentration deviation of£13%.

(MIC) was determined as the lowest concentration where no bacterial *H NMR.Proton nuclear magnetic resonance experiments in €DCI

growth was observed. (deuterated chloroform) solution were performed on a Bruker AV-400
Analytical Methods. Gas ChromatographyQuantitative analysis ~ SPectrometer. Chemical shifts are given in ppm relative to the remaining

of R3HA was carried out by applying the following method adapted Signais of chloroform as an internal referenéel NMR, 7.26 ppm).

from a procedure for fatty acic8:For monomer measurement, 8 mL Abbreviations. Three different copolymers were produced by
of monomer-containing solution or-8.5 mg of isolated monomers continuous cultivation oP. putidaGPol. They were used to isolate

was filled into a 10 mL Pyrex tube. In the former case the liquid phase eight differeptR3HAs. For ease of readability, special ab_brevi._ations
was evaporated by a nitrogen stream at 175 mL fniapproximately for the obtained polymers and monomers were used, as listed in Table
1 mL of 2-ethyl-2-hydroxybutyric acid (Fluka), dissolved in dichlo-

romethane, was added as an internal standard. Its concentration was

set to be similar to the estimated monomer contertl@ mg/mL). Results and Discussion
Subsequently, 1 mL of BFH~10% in methanol; Fluka) was added,
and the sample was tightly capped and heated t¢@®dor 20 h. In this study P. putidaGPo1 was selected for the biosynthesis

Afterward, 2 mL of dichloromethane and 2 mL of saturated NaCl of PHA due to its broad carbon substrate spectrum and its ability
solution were added, and after intense shaking the upper phase wasg gccumulate PHA up to 63% of cell dry weight (CD¥)P.
discarded, and the lower one was dried oves3@ and subsequently  ptidaGPol was grown in continuous cultivation under carbon
analyzed on a gas chromatograph (Fisons Instruments, Rodano, ltaly)anq pitrogen (C,N) limitation as described in the Materials and
equipped with a polar fused silica capillary column (Supelcowax-10; \jethods section. These well-defined dual-nutrient-limited growth
length, 30 m; inside diameter, 0.31 mm; fim thickness, frb; conditions ensured optimal and reproducible production of
Supelco, Buchs, Switzerland). The injection temperature was' @50 homogeneous PHA polymefs.
the injection VOIu.me was AL with a spiit ratio Of.l:lo' Helium was Production of Intracellular PHA. Three types of intracel-
us.ed as the.ca.mer. gas (3 mL mij and detection was performed lular PHA were synthesized in this study based on the cultivation
with a flame ionization detector (FID) at 28&. The temperature was . . - .
increased from 80 to 28TC at a rate of 10C min-" to record a gas parameters listed in Table 2. When octanoic acid vgas used as
chromatography (GC) spectrum. The content was calculated with regardthe SO'E C_arbdon Eource, 1.47 glLCDV\_I_and 4?? WE & PH? d
to the signal intensity of the internal standard. The calibration was were obtained. The monomer composition C8-0/C6-0 was o_un
accomplished with racemic 3-hydroxycarboxylic acids of varying chain to be 92/ 8_ (wt %)' A copolymer of PHUA was produced with
lengths (Biotrend, Kim, Germany). The detected response factors were undecanoic acid as the carbon substrate. The CDW and PHA
used to calculate absolute concentrations of the samples. ?;;gme??;fgfocgl%/%gd0}8-760"“ ;fvg;gi?fgtéﬁ% )Tr_;_ie
i - - -0 w 0).

third type of polymer, PHUE, was synthesized when 10-
undecenoic acid was applied as the single carbon source. The
CDW of 1.36 g Lt and the PHA content of 13.5 wt % were
detected. The monomer composition of C11-1/C9-1/C7-1 was
found to be 14/69/17 (wt %). To investigate a potential effect
on monomer release patterns, different conditions were applied
for PHA accumulation. However, the state of the continuous
cultures during PHA accumulation in this context did not seem
to play a significant role for subsequent monomer release.

The monomer compositions measured here by GC (e.g., C8-

For intracellular PHA measurements, the cell suspension was
centrifuged (10 00§ 4 °C; 15 min), and the cell pellet was lyophilized
for 48 h. Approximately 50 mg of dry biomass were filled into a 10
mL Pyrex tube and treated in the same manner as the monomers.

Chiral GC Analysis.Purchased R,9-3-hydroxycarboxylic acids
(Biotrend, Kdn, Germany) andR3HA purified in this study were
methylated. Separation of the enantiomers was performed on a GC
equipped with a Beta-DEX 120 column (fused silica capillary column;
length, 30 m; inside diameter, 0.25 mm; film thickness, 0.25;
Supelco, Buchs, Switzerland). Absolute configurations of saturated
R3HA were determined by comparison with reference materials. Since

there was no standard material available forR8#IAs with terminal ~ 0/C6-0 = 92/8 wt %) were slightly different from those
double bonds, their configurations were deduced from satuRiid. previously reported (e.g., C8-0/C6-987/13)>*2This might
The injection volume was L with a split ratio of 1:10. The be caused by different analytical methods that mainly vary in
temperature was increased from 100 to 2@Cat a rate of PC mint the sample preparation for GC analysis. We compared the
for optimal peak separation. The carrier gas was helium, and the previously reported derivatization, namely, the formation of
compounds were detected by FID. propylesters catalyzed by HCI, with the method used in this

HPLC. Samples were diluted to 0-110 ppm in acetonitrile/water/  Study, namely, the formation of methylesters catalyzed by BF
acetic acid (50.0/49.9/0.1 (vol %)). Separation of compounds was With the former method the monomer composition of C8-0/

performed on a reversed-phase C18 column (Gemijmin5C18 110 C6-0 was detected to be 87/13, which was the same as what
A, 250 x 2.00 mm, Phenomenex, Macclesfield, U. K.) applying a linear Was reported®?%In this study the latter method showed better
gradient of 100% diluted acetic acid (0.1 vol % in water) to 100% reproducibility and fewer side products; hence it was used
acetonitrile as the mobile phase. The flow rate was 0.2 mL-nifhe further throughout subsequent experiments.

gradient was completed within 11 min. After each run the columnwas  Production of (R)-3-Hydroxycarboxylic Acids. For in vivo
equilibrated at starting conditions for 8 min. The injection volume was depolymerization, bacterial cells containing various types of
7.5ul. Peaks were detected in negative mode by electrospray ionization PHA were collected and suspended in 50 mM phosphate b&fBe\r/
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Table 1. Abbreviations Used for Polymers and Monomers Investigated in This Study

substance abbreviation
polymers
poly((R)-3-hydroxyoctanoate-co-3-hydroxyhexanoate) PHO
poly((R)-3-hydroxyundecanoate-co-3-hydroxynonanoate-co-3- PHUA
hydroxyheptanoate)
poly((R)-3-hydroxy-10-undecenoate-co-3-hydroxy-8-nonenoate- PHUE

co-3-hydroxy-6-heptenoate)

monomers
(R)-3-hydroxyhexanoic acid 1o C6-0
(R)-3-hydroxyheptanoic acid HOW\/\ C7-0
(R)-3-hydroxy-6-heptenoic acid HOW/\ C741
(R)-3-hydroxyoctanoic acid 1o C8-0
m\/\/
(R)-3-hydroxynonanoic acid HOY\‘/\/\/\ C9-0
o} OH
(R)-3-hydroxy-8-nonenoic acid HOYY\/\/\ C9-1
o} OH
(R)-3-hydroxyundecanoic acid HOW\/\/\/\ C11-0
(R)-3-hydroxy-10-undecenoic “OW\/\/\/\ C11-1
acid o OH
Table 2. PHA Synthesis with Different Carbon Sources in P. putida GP012
cultivation parameters PHO PHUA PHUE
carbon substrate octanoic acid undecanoic acid 10-undecenoic acid
CIN ratio (g g™%) 15.0 10.8 15.0
feed nitrogen (mg (NH4™) L™1) 150 800 150
carbon supply (mg (C) L™%) 1750 6720 1750
dilution rate (h~1) 0.1 0.1 0.1
pH 7.00 £ 0.02 7.00 £ 0.01 7.00 £ 0.02
CDW (gL 1.47 +0.23 6.70 £ 0.51 1.36 + 0.07
PHA content (wt % of CDW) 455+ 2.2 16.6 +1.2 135+ 0.6
monomer composition (wt %) C8-0/C6-0 = 92/8 C11-0/C9-0/C7-0 = 9/51/40 C11-1/C9-1/C7-1 = 17/69/14

2 Data for CDW and PHA content were derived from at least four independent measurements.

at pH 10. In the cell suspension the final PHA concentrations explanation for this observation is that the concentration of PHA
were always approximately 1.5 g"L The cells were then in the phosphate buffer was higherZ times) than what was
incubated for 810 h at 30°C. In all cases, PHA degradation tested in previous studi@$Higher initial PHA concentrations
started immediately, and monomers were secreted into thelead to theoretically higher monomer concentrations. Previous
supernatant as described previoldiyThe efficiency of the studies showed that the release of monomers strongly depended
intracellular PHA degradation reached over 70 wt % after 8 h on the extracellular pH and was optimal under alkaline
when testing the cell pellet for remaining PHA content by GC. conditions?* Released monomers constantly lowered the ex-
At the same time, the supernatant was tested for monomertracellular pH, which can lead to an unfavorable condition for
content, and the corresponding yields also achieved over 70 wtmonomer releas¥. Thus, higher PHA concentrations could
%. Different CDW and PHA contents obtained during continu- result in a lower monomer yield when the extracellular pH was
ous cultivation had no significant influence on either PHA not controlled at the optimum. A system to regulate pH during
degradation or monomer release under the tested conditions. monomer release might be appropriate to avoid this influence.
The monomer yield obtained in this study was lowef7Q However, we cannot rule out the possibility that the released
wt %) than what we obtained before-90 wt %)24 One monomers were reutilized by cells as carbon and energy sou&&e@.
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Figure 2. Separation of several R3HAs analyzed by HPLC. The masses m/z of all the relevant monomers are plotted in each figure as extracted
ion chromatograms of the corresponding HPLC-MS spectra. Since measurement was performed with ESI in negative mode, the masses of the
corresponding anions could be detected without fragmentation: panel A, monomers from cell growth on octanoic acid, m/z 131 =
3-hydroxyhexanoate, m/z 159 = 3-hydroxyoctanoate; panel B, monomers from cell growth on 10-undecenoic acid, m/z 143 = 3-hydroxy-6-
heptenoate, m/z 171 = 3-hydroxy-8-nonenoate, m/z 199 = 3-hydroxy-10-undecenoate; panel C, monomers from cell growth on undecanoic
acid, m/z 145 = 3-hydroxyheptanoate, m/z 173 = 3-hydroxynonanoate, m/z 201 = 3-hydroxyundecanoate. Arrows indicate the monomers
before and after separation using column chromatography. All possible R3HA anions are plotted in each picture.

Cellular debris and some impurities precipitated at pH 1 were  Separation and Purification of (R)-3-Hydroxycarboxylic
further removed by centrifugation. The amounfR3HA in the Acids. Since the obtained monomers from one type of PHA
pellets was found to be negligible 2 wt % of the total released  differ in one or more ethylene units of the carbon chain, the
monomers). All kinds ofR3HAs investigated in this study chemical properties of these compounds were very similar. We
remained soluble. This was rather surprising as carboxylic acidswere able to separate these monomers by utilizing their unequal
are protonated at low pH and thus show low water solubility. hydrophobic properties through column chromatography with
An explanation might be that the hydroxy group in the a C18 reversed-phase (RP) packing material (for details see the
B-position contributes to the solubility at low pH. The presence Materials and Methods section).
of complexing ions in the supernatant might also prevent The separation dR3HA was verified by HPLC-MS (Figure
precipitation ofR3HA. In addition to freeR3HA, the solutions 2). Since measurements were performed with ESI in the negative
contained salts and other cellular components that do notmode, the masses of the anions corresponding to the distinct
precipitate either at pH 1 or at pH 10. R3HAs would be detected without fragmentation. Theref(gBV
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Table 3. Yields of Consecutive Isolation Steps?

purification step C8-0 (mg L™1) vyield (%)
1. monomer released in supernatant 436 + 16 b
2. after column separation 345+ 2 79+ 0.4
3. after solvent extraction 341+ 2 78 £ 0.4

2 The concentrations of 3-hydroxyoctanoic acid after the corresponding
isolation step were analyzed by gas chromatography. The concentrations
were calculated with respect to 2-ethyl-2-hydroxybutyric acid as an internal
standard and (R, S)-3-hydroxyoctanoic acid for calibration. Data originated
from 4 independent measurements. » The monomer concentration mea-
sured in the supernatant after in vivo PHA degradation was considered
as 100%.

a
Table 4. Melting Points and Enthalpies of R3HA Measured by
DSCa
TmP 11.00I 12.041 18.02113.07I
R3HA Tw (°C) AH:(J g~1) non-hydroxylated couterparts  (°C) 7.0 6.0 5.0 4.0 3.0 2.0 ppm
C8—0 22+2 —-96+11 octanoic acid 15—17 Figure 3. 1H NMR spectrum of (R)-3-hydroxyoctanoic acid.
C9-1 124+2 —199+ 20 8-nonenoic acid c
€9-0 53£1 ~159+1 nonanoic ac'q . 9 corresponded well with the chemical structures, and no side
Cl1-1 39+3 —-110+9 10-undecenoic acid 23-25 L . -
S products were detected. Purities of RBHAS were in a similar
C11-0 60+1 —-108+5 undecanoic acid 28-31 . .
range and at least higher than 95 wt % as confirmed by both
aData originated from at least 2 independent measurements. ? Ty, IH NMR and GC (data not shown). The configuration of the
values were obtained from the Sigma-Aldrich catalog. ¢ Value cannot be purified monomers was examined by chiral GC, as illustrated

found in the literature.

for C8-0 in Figure 4. The racemic standaf $-3-hydroxy-

. . . octanoate methyl ester showed two peaks with the retention
incomplete separation &3HA could have been discovered by times ¢=) of 27.3 and 27.7 min that correspond to the two

detection of the corresponding masses of the anions. In F'gureenantiomers. As previously reported, the later peak can be

2, panels A, B, and C represent spectra of monomers thamEdassigned to theR)-enantiome?* Only one peak was detected
from cells grown on octanoic acid, 10-undecenoic acid, and

e . ; S with the prepared 3-hydroxyoctanoate methyl ester from this
gggfggg&za&dﬁLe:ngg\g?:Ha':"abﬁ']?)gupr?gl;ﬁgnbgrr']ne;ls'v?jurestudy, revealing the high enantiomeric purity of this substance.
products were subsequently obtained through the purification By mixing 3-hydroxyoctanoate methyl ester and the racemic

rocess. In this study. we were able to A MoONomers standard, the area of the later peak at 27.7 min increased,
iF;] miIIigrlam tcl) gr:myéu\jvan\t,;lties PURSH confirming the absoluteR)-configuration of purifiedR3HAS.

) i ) ) Similar results were obtained for C6-0, C7-0, C9-0, and C11-
During the sample collection, fractions with low product g sjnce it is unlikely that th&3HAs with terminal double bonds
concentrations were discarded to reduce the working volume youid be ©-enantiomers, they were deduced to haR- (
for the following purification steps. This explains why a yield = qnfigurations. Thus, in vivo depolymerization and subsequent
of only ~80 wt % forR3HA C8-0 was reached (Table 3). The iso|ation is a satisfactory approach to produce enantiomerically
isolation of othelR3HAs gave similar yields (data not shown). ;e R3HA.
Further purification was carried out by extracting the respective * 1pe melting pointsT,;) and enthalpies of the isolat®BHAS
R3HAs from combined fractions witkert-butyl methyl ether. were analyzed by DSC measurements (Table 3). The melting
This step was accomplished with high yields, e-g98 wt % points measured for C8-0, C9-1, C9-0, C11-1, and C11-0 were
based on monomer content after column chromatography and22, 12, 53, 39, and 68C, respectively. Melting points of non-
78 wt % based on total released monomer (Table 3). After pygroxylated counterparts are listed for comparison. C8-0
extraction, small amounts G3HA, e.g., less than &g mL™* seemed to have a less crystalline, i.e., a less ordered, solid-
3-hydroxyoctanoic acid, were detected in the aqueous phasegiate structure than its homologues with longer carbon chains.
Previously, severaR3HAs have been separated by using The weaker intermolecular interactions require less energy to
fractional distillation of the correspondiiBHA methyl esters  pe overcome, which results in a lower melting temperature of
and their subsequent saponificatorThis process is quite  C8-0. Melting points oR3HA with chain lengths shorter than
complicated because the free acids had to be derivatized in areight carbon atoms were below’@. Enthalpies of C8-0, C9-
additional step. Sample preparation took more than 3 days, and1, C9-0, C11-1, and C11-0 were found to be betweer99
distillation itself took 7 days. In addition, large amounts of and—96 J g
organic solvents had to be used. The separation process Antimicrobial Activity of Purified R3HAs. Previously, it
described in this paper (including column chromatography and was reported that aromatidR)-3-hydroxyn-phenylalkanoic
solvent extraction) involved only a few steps under mild acids have antimicrobial activity against food pathogens such
conditions; therefore handling was much easier and could begs| . monocytogened In this study, we tested whether some
accomplished within 2 days. Furthermore, less technical equip- of the purifiedR3HAs also have antibacterial effects on different
ment, energy, and organic solvent were used. The organicCListeria (L. innocua L. monocytogenes. ivanavii) and other
solvent applied in this study could be recycled. The procedure pacterial speciesH, coli MG1655,S. entericaandS. aureus
developed here can easily be transferred to a larger scale. RN4220). When C8-0, C9-1, and C11-1 were used, the minimal

Characterization of the Purified (R)-3-Hydroxycarboxylic inhibitory concentration (MIC) for all testetisteria species
Acids. To determine purities and structures of the produced andS. aureusRN4220 ranged between 1 and 5 mM. Har
R3HAs, the isolated products were analyzed %y NMR coli and S. entericano growth inhibition was detected at the

spectroscopy (Figure 3). Ratios of the respective peak integralsinvestigated concentrations (up to 10 mM for all teSR8tHAS). CDV
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Figure 4. Chiral gas chromatography analysis of purified (R)-3-hydroxyoctanoic acid (C8-0): dashed line, racemic (R,S)-3-hydroxyoctanoic
acid methyl esters; dotted line, 3-hydroxyoctanoic acid methyl ester prepared from C8-0 purified in this study; solid line, mixture (1/1 vol %) of
the racemic standard (dashed line) and purified (R)-3-hydroxyoctanoic acid methyl ester (dotted line).

As a comparison, the commercially available racemic mixture for careful reading of the manuscript. We greatly acknowledge
(R/9)-3-hydroxyoctanoic acid and octanoic acid were also the financial support by Swiss Materials Science and Technol-
investigated for their antibacterial activities. It was observed ogy.

that the former had a lower inhibitory effect (MIC above 10
mM on all tested strains) than itR-enantiomer, and the latter
did not cause any effect on the bacterial growth of the different
species unless the concentration was higher than 50 mM. It
suggests that the antibacterial activity is mainly caused by the
(R)-enantiomer.

The results that C8-0, C9-1, and C11-1 inhibited the growth
of Listeria species an&. aureusvith a MIC of 1-5 mM were
similar to what was reported recently thaR){3-hydroxy-
phenylalkanoates could inhibit bacterial growth with a MIC of
3—6 mM.1* These data suggest that not only aromatic but also
aliphatic R)-3-hydroxycarboxylic acids are effective against
Listeria species. Thus, the work described here opens a new
route for the preparation of various enantiomerically piRe (
hydroxycarboxylic acids for antimicrobial applications.

Conclusions

In this study, we have demonstrated that various enantio-
merically pure R)-3-hydroxycarboxylic acids can be produced
and purified via in vivo depolymerization, column chromatog-
raphy, and solvent extraction. Preparative liquid column chro-
matography with reversed-phase material is proven to be an
efficient method for good separation and high recoveries of
R3HAs. Scaleup of the separation process might be ac-

complished if larger columns and automated systems could be

used. In comparison to previously described metfid@she
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