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Carbon stable isotope fractionation of tetrachloroethene (PCE) during reductive dechlorination by whole
cells and crude extracts of Sulfurospirillum multivorans and Desulfitobacterium sp. strain PCE-S and the abiotic
reaction with cyanocobalamin (vitamin B,,) was studied. Fractionation was largest during the reaction with
cyanocobalamin with «C = 1.0132. Stable isotope fractionation was lower but still in a similar order of
magnitude for Desulfitobacterium sp. PCE-S («C = 1.0052 to 1.0098). The isotope fractionation of PCE during
dehalogenation by S. multivorans was lower by 1 order of magnitude (C = 1.00042 to 1.0017). Additionally, an
increase in isotope fractionation was observed with a decrease in cell integrity for both strains. For Desulfito-
bacterium sp. strain PCE-S, the carbon stable isotope fractionation factors were 1.0052 and 1.0089 for growing
cells and crude extracts, respectively. For S. multivorans, ooC values were 1.00042, 1.00097, and 1.0017 for
growing cells, crude extracts, and the purified PCE reductive dehalogenase, respectively. For the field appli-
cation of stable isotope fractionation, care is needed as fractionation may vary by more than an order of
magnitude depending on the bacteria present, responsible for degradation.

The chlorinated ethenes tetrachloroethene (PCE) and tri-
chloroethene (TCE) have been used as solvents in the dry-
cleaning industry and as metal degreasing agents and are
among the most common groundwater contaminants due to
spillage and leakage (12). The assessment of in situ biodegra-
dation of groundwater contaminants is difficult since a de-
crease in the concentration can be a result of many factors,
including dilution, sorption, and biological conversion. Moni-
toring and assessment of in situ microbial degradation activi-
ties of contaminants at polluted sites is therefore a major
challenge. In the last few years, the application of stable iso-
tope techniques has been suggested for assessment of the in
situ biodegradation of contaminants (for a review, see refer-
ences 17 and 33).

Stable isotope fractionation of PCE and TCE has been ob-
served under field conditions in contaminated aquifers as well
as in laboratory studies by mixed microbial cultures and mi-
crocosms (2, 9, 39, 40); however, the factors affecting the iso-
tope fractionation have not yet been studied systematically.

Several factors may influence the degree of stable isotope
fractionation, including biodegrading microorganisms, proper-
ties of the dehalogenating enzymes, and the reaction mecha-
nism. Cobalamins are important cofactors of reductive deha-
logenases in organisms capable of dehalorespiration (8, 10, 15,
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20, 25, 26). The microbial dehalogenation by cobalamin-con-
taining dehalogenases has been proposed to proceed by alky-
lating a superreduced corrinoid containing a Co(I) species at
the reactive site with the chloroethene (26). The chemical
mechanism of the reductive dehalogenation of chlorinated
ethenes catalyzed by cobalamin has been the subject of previ-
ous studies and has been suggested to occur via a single elec-
tron transfer from a reduced cob(I)alamin, leading to the for-
mation of chloride and vinyl radicals as intermediates (3, 7, 36,
41). The cleavage of the carbon-chlorine bond may produce
the primary carbon isotope effect during dehalogenation by
cobalamin-containing dehalogenases. The solvent kinetic effect
of deuterated water in the dehalogenation reaction of aryl
substituted chlorine with the cobalamin-containing dehaloge-
nase of Desulfitobacterium chlororespirans is moderate (10).
Apparently, the protonation reaction of the substrate is to
some extent only a reaction step which controls the overall
kinetics of the reaction and may occur after the electron has
been transferred and the chlorine cleaved (10). This reaction
scheme would explain the carbon isotope and chlorine isotope
fractionation typically associated with the dehalogenation of
PCE and TCE and halogenated benzenes (4, 28, 34). In addi-
tion to the reaction mechanism, a number of other factors such
as binding of the chlorinated substrate to the catalytic centre of
the enzyme or passive or active transport of the substrate
across the membrane may affect carbon isotope fractionation
(29, 32).

To our knowledge, only limited information of PCE isotope
fractionation upon reductive dehalogenation with pure cul-
tures is available and the effect of microbial membranes on the
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isotope fractionation of chlorinated alkenes has not yet been
studied. Here, we present a study of the carbon stable-isotope
fractionation of tetrachloroethene during reductive dechlori-
nation by reduced cyanocobalamin (vitamin B,,) and with two
bacterial strains, Sulfurospirillum multivorans (21), formerly
Dehalospirillum multivorans (14), and Desulfitobacterium sp.
strain PCE-S (19). Of both strains, stable carbon isotope frac-
tionation during growth and in crude extracts was analyzed and
additionally, carbon fractionation by the purified PCE reduc-
tive dehalogenase of S. multivorans and by cyanocobalamin was
studied.

MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Merck (Darmstadt, Germany)
or Sigma-Aldrich Chemie (Munich, Germany) at the highest purity available
unless stated elsewhere. Gases were purchased from Linde Gas AG (Hollriegel-
skreuth, Germany).

Cultivation of bacteria and preparation of crude extracts. S. multivorans (21)
and Desulfitobacterium sp. strain PCE-S (19) were cultured as described previ-
ously with PCE as the electron acceptor, except as indicated. For S. multivorans,
pyruvate and fumarate, and for Desulfitobacterium sp. strain PCE-S, pyruvate was
added as the electron donor and carbon source. For preparation of crude ex-
tracts, cells were harvested anaerobically by centrifugation at 11,000 X g for 10
min at 4°C. The cells were resuspended in buffer (100 mM Tris-HCI, pH 7.5) and
centrifuged again. The pellet was resuspended, and a crude extract was produced
by passing the suspension through a French press cell at 20,000 Ib/in% All
preparations were performed anaerobically within an anaerobic glovebox (Coy
Laboratory Products Inc.) with an N,/H, (96%/4%) atmosphere or under a
stream of nitrogen.

Purification of PCE-reductive dehalogenase. The PCE-reductive dehaloge-
nase of S. multivorans was purified under strictly anaerobic conditions essentially
as described in reference 26. Cells were grown with pyruvate plus fumarate
rather than PCE as electron acceptor. Next, 30 g (wet weight) of S. multivorans
cells was lysed by resuspension in 90 ml 50 mM Tris-HCI buffer, pH 7.5, with the
addition of 300 mg lysozyme and 30 mg DNasel. The mixture was incubated at
37°Cfor 1 h. Cell debris was then removed by centrifugation at 35,000 X g for 1 h.
The supernatant was applied to a Q-Sepharose column which had been equili-
brated with buffer A (50 mM Tris-HCI [pH 7.5] 0.5 mM 1,4-dithiothreitol). The
dehalogenase was eluted from the column using a potassium gradient from 0 to
1 M KCl in buffer A and the enzyme eluted at about 0.3 M KCI. Activity of the
fractions was assayed as described previously (26). PCE-dehalogenase-contain-
ing fractions were applied to a phenyl-Sepharose column which had been equil-
ibrated with buffer A plus 0.4 mM (NH,),SO,. The enzyme was eluted from the
column using buffer A with decreasing concentrations of (NH,),SO, and the
dehalogenase eluted at a (NH,),SO, content between 60 and 0 mM. An addi-
tional purification step using a phenyl-Sepharose column was performed and the
dehalogenase eluted at a (NH,),SO, content between 120 and 80 mM. Until use,
the fractions containing the dehalogenase were stored at —20°C.

Analytical methods. Gas chromatography with flame ionization detection
(GC-FID) was applied to analyze ethene and the chlorinated ethenes (gas chro-
matograph Chrompack CP-3800; Varian, Middelburg, The Netherlands)
equipped with a 30-m by 0.53-mm GS-Q column (J&W Scientific, Waldbronn,
Germany). The temperature program used was as follows: 1 min at 100°C,
50°C/min to 225°C, hold for 2.5 min. The FID was operated at 250°C, and helium
was used as carrier gas (10 Ib/in?). This method allowed the separation of ethene;
vinyl chloride; and 1,1-, trans-, and cis-DCE, TCE, and PCE. The injection was
automated using an HP 7694 headspace autosampler (Hewlett Packard, Palo
Alto, Calif.), adding 0.5-ml headspace samples to 10-ml autosampler vials flushed
with helium, which were closed with a Teflon-coated butyl rubber septum and
crimped. The data were recorded using the Varian STAR software.

Gas chromatography combustion isotope ratio mass spectroscopy (GC-C-
TIRMS) was applied to determine the stable carbon isotope composition (18). All
samples were measured in at least five replicates. Aliquots (100 to 1,000 wl) of
headspace samples were injected into a gas chromatograph (model 6890; Agi-
lent, Palo Alto, Calif.) in split mode (split ratio was set to at least 1 to 5) using
a split/splitless injector at 250°C. In the case of pentane extraction, 5 .l of extract
was injected in split mode (split 1:10 to 1:1) using an autosampler (CTC Com-
bipal; Chromtech, Idstein, Germany). For chromatographic separation, a ZB-1
capillary column (60 m by 0.32 mm, 0.5-wm film; Phenomex Inc.) or a Poraplot
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Q column (25 m by 0.32 mm inner diameter, 1-pm particle size; Chrompack,
Middelburg, The Netherlands) was used.

For the separation on a Poraplot column, the temperature was initially set to
40°C for 2 min and was then increased at a rate of 10°C min ! to 230°C, where
it was held for 5 min. For the separation of compounds on a ZB1 column, the
temperature was held at 40°C for 6°C min, increased at a rate of 6°C min~! to
125°C, and then increased at a rate of 20°C min™' to a final temperature of
250°C.

Determination of stable-isotope fractionation factors. Dehalogenation exper-
iments of the halogenated ethenes with vitamin B,, were performed under the
reaction conditions described elsewhere (13). Briefly, 27-ml culture tubes were
filled with 14 m1 0.1 M Tris-HCl buffer adjusted to pH 8. The solution was flushed
with N, to remove oxygen and sealed with a Teflon-coated butyl rubber stopper
and crimped with an aluminum seal. Vitamin B, (13.2 M) and PCE (700 .M)
were added. To start the dehalogenation reaction, 0, 0.6, 1.2, 1.5, or 1.8 mM
Ti(IMl)citrate dissolved in 0.5 M Tris-HCI buffer adjusted to pH 8 was added to
the tubes as an electron donor (42). The solutions were shaken on a rotary shaker
at 20°C, and the dehalogenation of PCE was allowed to react at least overnight.
The samples were stored at 4°C until headspace analysis.

For the determination of stable-isotope fractionation by growing cultures of S.
multivorans and Desulfitobacterium sp. strain PCE-S, several parallel cultures
were prepared which were sacrificed for analysis of the concentration and isotope
composition of the chlorinated ethenes after the appropriate growth periods. All
cultures received PCE (500 wM) and were prepared with a small headspace (100
ml of liquid in 120-ml vials) to limit the isotope fractionation effect of volatil-
ization of the chlorinated ethenes from the liquid phase to the gas phase,
although these effects are considered to be negligible (37). At various incubation
times, the first 0.5-ml gas phase was removed from one culture and analyzed for
reductive dechlorination by GC-FID and the respective culture was then killed
by the addition of 5 ml aerobic, saturated Na,SO,, pH 1. For extraction of the
chlorinated ethenes, 2 ml pentane was added to each culture, which was incu-
bated on a rotary shaker overnight (25°C). The pentane phase was then removed,
transferred to autosampler vials, and analyzed by GC-C-IRMS for isotopic com-
position of the chlorinated ethenes.

Isotope fractionation by crude extracts and partially purified enzyme was
determined as follows. Six 12-ml vials were filled with 9 ml of test buffer [100 mM
Tris-HCI (pH 7.5), 0.2 mM (NH,),SO,] containing methyl viologen (1.6 mM)
that acted as the artificial electron donor after reduction with titanium(III). To
each vial, 1 mM PCE was added (from a 100 mM solution in ethanol) and then
50 pl of crude extract was added to start the reaction. The reductive dechlori-
nation of PCE to about 20, 40, 60, 80, and 100% of the initial concentration was
achieved by adding various amounts of titanium(III) citrate. The vials were
incubated at 25°C in a rotary shaker during the reaction. After the complete
reaction time, 0.5 ml of headspace was removed and analyzed by GC-FID and
then 1 ml pentane was added to each vial to extract the chlorinated ethenes for
analysis by GC-C-IRMS.

Calculations and definitions. The carbon isotope composition (R) is reported
in 8-notation (%o) relative to the Vienna Pee Dee Belemnite standard (Inter-
national Atomic Energy Agency, Vienna, Austria) (1), as follows:

(°C/C)sumpie

513 _ (
C 1% = CC g

- 1) -1,000 1

The isotope fractionation during the dehalogenation reaction was calculated by
applying the Rayleigh-equation (6), as follows:

R, C,
ln<ﬁ“) = l/ac—1) X ln<a> (2)

where the kinetic carbon isotope fractionation factor a is a constant for the
reaction at the given experimental conditions, R, and R, are the isotope com-
positions, and C, and C, are the concentrations of the compound at times t and
zero, respectively. The isotope fractionation factor o relates the changes in the
isotope composition to changes in the concentration of the residual fraction
during the transformation.

RESULTS

Desulfitobacterium sp. strain PCE-S. Desulfitobacterium sp.
strain PCE-S dechlorinates PCE via TCE to cis-DCE (19).
During growth, PCE was dechlorinated and the isotope ratio of
PCE increased from & = —24.7 to —16.2 %o, indicating an
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FIG. 1. Change in concentrations (A, C, and E) and carbon isotope composition (B, D, and F) of PCE (m) and its products TCE (A) and
cis-DCE ( ¢) during reductive dechlorination by Desulfitobacterium sp. strain PCE-S (A and B) and S. multivorans (C and D) and abiotic reactions
with reduced cyanocobalamin (E and F). The standard deviation of typically less than 0.5 3-units for the isotope measurement is much smaller than

the symbol. PDB, Pee Dee Belemnite standard.

enrichment of '*C in the residual PCE (Fig. 1A and B). TCE
is formed as an intermediate and is at first lighter than PCE
with 8 = —27.7%o but after 4 h becomes more enriched in *C,
to a value of up to 8 = —1.8%u. cis-DCE was depleted in '*C
from initially 8 = —26.3 to —33.1%o after about 3 h. Toward
the end of the experiment, cis-DCE became heavier again, with
a final composition near the initial isotope composition of PCE
(—28.2%o).

To assess the effect of the gram-positive cell wall and of the
cytoplasmic membrane, experiments using crude extracts of
Desulfitobacterium sp. strain PCE-S were performed. The PCE
reductive dehalogenase is thought to be located inside the
cytoplasm in this organism. Similar patterns of fractionation
were found for the dechlorination of PCE by using crude cell
extracts compared to the growing cultures of Desulfitobacte-
rium sp. strain PCE-S (data not shown). The data were sum-
marized for the various experiments and treatments as shown
in Fig. 2A and, using the Rayleigh equation (equation 2), the
carbon stable-isotope fractionation factor was calculated (Ta-
ble 1). Fractionation by crude extracts of Desulfitobacterium sp.
strain PCE-S was higher, «C = 1.0089, compared to that of the
growing cells, «C = 1.0052, indicating an effect of the cyto-
plasmic membrane and/or cell wall on the extent of fraction-
ation.

Sulfurospirillum multivorans. Carbon fractionation by S. mul-
tivorans was studied for reductive dechlorination of PCE by
growing cells, crude extracts, and the purified PCE reductive
dehalogenase. In Fig. 1 C and D, stable isotope composition
and concentrations of chlorinated ethenes during reductive
dechlorination of PCE by growing cells is shown. PCE was
reduced via TCE to primarily cis-DCE. The isotope signature
of PCE barely changed 13 unit, from about —26.3 to —25.5%o.
TCE became clearly enriched in '>C over time, with a change
of about 118 %o from —26.5 to —15.8%o0 and was subject to
much larger isotope discrimination than the parent compound
PCE. A similar change was found with cis-DCE; the compound
became depleted in *C by about 108 units from —25.7 to
—35.1%o.

The PCE reductive dehalogenase of S. multivorans is
thought to be attached to the cytoplasmic membrane facing the
cytoplasm. Therefore, studies on the fractionation effects due
to the transport or diffusion of PCE over the cytoplasmic

0.06
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FIG. 2. Stable-isotope fractionation of the residual fraction of PCE
during reductive dechlorination by growing cells (CJ) and crude ex-
tracts (A) of Desulfitobacterium sp. strain PCE-S (A), growing cells
(O), crude extracts (A), and the purified reductive dehalogenase () of
S. multivorans (B), and reduced cyanocobalamin (e ) (C).
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TABLE 1. Compound-specific carbon stable isotope fractionation factors « and the calculated partitioning factor Part-F for reductive
dechlorination of PCE by S. multivorans and Desulfitobacterium sp. strain PCE-S and abiotic reactions with cyanocobalamin (vitamin B,,)"

Sulfurospirillum multivorans

Desulfitobacterium sp. strain PCE-S Abiotic

Parameter « Part-F « Part-F dechlorination «
Growth 1.00042 = 0.00008 30.4 1.00521 = 0.0005 1.5
Crude extract 1.00097 = 0.00007 12.6 1.0089 = 0.0007 0.5
Enzyme 1.0017 = 0.0004 6.8
Cyanocobalamin 1.0132 = 0.00055

“ Equation 2 and the data from Fig. 3 were used to calculate a, and the partitioning factor Part-F was calculated versus cyanocobalamin using equation 4.

membrane were performed using crude extracts and the puri-
fied PCE reductive dehalogenase of this organism and com-
paring the results to those obtained with whole cells. Similar
patterns in the reductive dechlorination of PCE, the product
formation, and the isotopic composition of the chloroethenes
were observed for the experiments using crude extracts and the
purified reductive dehalogenase (data not shown). In Fig. 2B a
summary of the results is represented and the respective aC’s
were calculated from the data (Table 1). Fractionation of PCE
by S. multivorans was 1 order of magnitude lower, ranging from
aC = 1.00042 to 1.0017, compared to the values obtained for
Desulfitobacterium sp. strain PCE-S. Similar to the results with
Desulfitobacterium, isotope fractionation increased from grow-
ing cells compared to crude extracts, indicating an influence of
the cytoplasmic membrane (Table 1; Fig. 2B). The highest
fractionation occurred using the purified reductive dehaloge-
nase, suggesting that cell components might affect the fraction-
ation and cause a decrease of the overall aC.

Cyanocobalamin. To test the isotope fractionation caused by
the reactive center, cyanocobalamin (vitamin B;,) was used as
the model catalyst. Figure 1E and F shows the reductive de-
chlorination of PCE by reduced cyanocobalamin. TCE was the
major product, and minor quantities of cis-DCE were ob-
served. The isotope signature of PCE changed significantly,
from 8 = —25.2%o initially to 29.0%o0 at the end of the exper-
iment. The isotope composition of TCE changed from —41.0
to —2.3%eo, and cis-DCE was relatively depleted in '*C in the
samples where it could be detected, ranging from —51.7 to
—46.7%o. Figure 2C summarizes the results of the experiments
in which cyanocobalamin reduced with Ti(III) was used as the
reactant. The carbon fractionation with cyanocobalamin was
the highest observed in this study («C = 1.0132).

DISCUSSION

A carbon isotope fractionation factor of 1.0055 was previ-
ously reported for PCE in a mixed culture (34). This value is in
the same order of magnitude compared to the fractionation
factors determined for the reductive dechlorination of PCE by
Desulfitobacterium sp. strain PCE-S. Interestingly, the isotope
fractionation by S. multivorans was much lower («C = 1.0017).
One of the primary factors that might cause stable-isotope
fractionation is the reaction mechanism of degradation. Co-
balamins are important cofactors in microorganisms capable of
dehalorespiration (10, 15, 21, 25). In this study, the highest
fractionation was observed during reductive dechlorination by
cyanocobalamin («C = 1.0132), which was very similar to pre-

viously reported values (38) but higher than that for the mi-
crobial systems tested.

Isotope fractionation at the reaction center. Major carbon
and significant chlorine isotope fractionation has been ob-
served during dechlorination of PCE (28). The extent of the
carbon isotope effect, which points to a primary kinetic isotope
effect, suggests that the rate-limiting step in the dehalogena-
tion reaction is probably controlled by cleavage of a o bond.
The kinetic isotope effect of hydrogen was much lower, sug-
gesting a secondary isotope effect, which indicates that the
protonation was not rate limiting during the overall reaction
(10) and may occur subsequent to the dehalogenation. Identi-
fication of chloroethenylcobalamins as intermediates provides
evidence for the formation of a covalent cobalt-carbon bond
during dehalogenation (13, 16, 27, 35, 36). The chlorine
pattern of the chloroethenylcobalamin (13) indicates that a
chlorine has already been released, suggesting an irreversible
reaction step. Therefore, the subsequent cleavage of the car-
bon-cobalt bond is probably not a rate-limiting step in the
dehalogenation reaction.

Partitioning factors. Enzyme-catalyzed reactions involve a
sequence of steps which may be represented by binding of the
substrate to the enzyme in the first step and dissociation of the
product from the enzyme in the last step. Although the number
of intermediate steps in unidirectional biochemical reactions
may be unknown, the kinetic isotope fractionation should be
caused by the first irreversible reaction step in the reaction
sequence associated with the conformational change of a
chemical bond. Other steps controlling the overall kinetic of
the reaction, such as uptake of contaminants by the organism
and binding to the enzyme, may affect the extent of isotope
effects as represented in Fig. 3 (30).

Rate limitations of single steps preceding the biochemical
dehalogenation reaction can be quantified calculating the par-
titioning factor. The partitioning factor is a measure of the rate
of the key step in the isotope fractionation relative to the rates
of all preceding steps in the reaction sequence. In a two-step
reaction, the partitioning factor (P) can be quantified accord-
ing to O'Leary (30) using equation 3, below, assuming that the
preceding reaction steps are rate limiting to some extent but
not associated with a significant isotope effect. This assumption
is reasonable because preceding reaction steps such as uptake
and the binding of a substrate are usually not associated with
a change of bond conformation. Equation 3 is as follows:

Qiny T P

A= p ©)
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FIG. 3. Scheme showing that the resistance of membranes can
modify the substrate flow into the cell and may lead to nonisotope
equilibrium conditions between substrate in the cell (S;,) and the
medium (S,,,). Furthermore, the formation of the enzyme substrate
complex can be a rate-limiting step in the reaction (ES,, ES,) before
the biochemical reaction takes place.

where ayy is the fractionation factor of the reaction sequence
and a;, is the fractionation factor of the biochemical reaction.
The rearrangement of the equation gives equation 4, as fol-
lows:

Qin) — )
P am — 1 ®
This model may be used to describe the impact on the isotope
fractionation by other factors controlling the overall reaction
kinetic and may be used as a simplification to compare the
extent of various kinetic steps affecting isotope fractionation in
a complex reaction.

Rate limitation affecting isotope fractionation. The compar-
ison of the fractionation by the enzyme, cobalamin, crude
extracts, and growing cultures demonstrates that factors others
than the chemical reaction may influence the extent of isotope
fractionation which can be quantified by the partitioning factor
as summarized in Table 1. With the assumption that the iso-
tope fractionation is caused by the dehalogenation reaction at
the cobalamin, significant primary isotope effects may be
masked by physiological factors, lowering the extent of the
overall observed isotope fractionation. Hence, it is extremely
difficult to analyze the transition state and mechanism of the
biochemical reaction just by using isotope fractionation factors
obtained from culture experiments.

The isotope fractionation by the PCE reductive dehaloge-
nase of S. multivorans was about 1 order of magnitude lower
than that observed for cobalamins, although a corrinoid is the
reactive center of the enzyme catalyzing the dehalogenation
reaction (25). It should, however, be noted that the cobalamin
cofactor of the PCE dehalogenase of this organism is a novel
and unusual type of corrinoid (11). The cofactor of tetrachlo-
roethene reductive dehalogenase of S. multivorans is nor-
pseudo-B,,, a new type of a natural corrinoid (11).

The calculated partitioning factor for carbon isotope frac-
tionation by the enzyme was 6.8, representing a reduction of
the isotope effect by 87% compared to that with cobalamin
(Table 1). This implies that the protein environment of the
cofactor and/or the cofactor’s structure affects the fraction-
ation and thus limits the rate of the dehalogenation reaction.
The molecular structure of the enzyme is not known, but prob-
ably binding of the reactant (PCE) to the enzyme complex and
coordination of the reactant in the reactive center affects the
rate of the overall reaction. Sorption did not affect the isotope
composition significantly (F.-D. Kopinke, personal communi-
cation); however, sorption may affect the reaction kinetic of
dehalogenation. Alternatively, the coordination of the reactant
in the enzyme complex can change activation energy and thus
the reaction kinetic and may thereby affect the isotope frac-
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tionation. Nevertheless, association of the cofactor and binding
of the substrate to the enzyme obviously depresses the extent
of isotope fractionation, as was found for the PCE reductive
dehalogenase of S. multivorans.

Comparing the carbon fractionation of PCE by the different
systems, an increase of aC is observed with a decrease in cell
integrity. In Desulfitobacterium sp. strain PCE-S, fractionation
by crude extracts was higher than that for the growing cells
(Table 1; Fig. 2A), with partitioning factors of 0.5 and 1.5,
respectively, corresponding to a reduction of the isotope effect
of 33 to 60% compared to those for the cyanocobalamin. The
partitioning factors calculated for the reduction of isotope
fractionation in cell extracts (12.6) and growing cells (30.4) of
S. multivorans were even higher with a reduction of 92 to 97%
compared to those for cyanocobalamin (Table 1).

The PCE reductive dehalogenases of S. multivorans and of
Desulfitobacterium sp. strain PCE-S are considered to be lo-
cated inside the cytoplasm (19, 20, 26). Although the order of
magnitude of fractionation is different, the effect of the mem-
brane and/or cell wall appears to be similar in both S. mul-
tivorans and Desulfitobacterium sp. PCE-S, with reductions in
isotope fractionation of 56 and 41%, respectively, comparing
growing cells to crude extracts. Therefore, the membrane may
act as a barrier separating PCE pools inside and outside of the
cell. If there is a transport limitation over the membrane, it can
be expected that the isotope discrimination will be decreased
due to a nearly complete consumption of the PCE available
inside the cell. Similar effects are known from isotope discrim-
ination during CO, fixation where transport limitations upon
uptake of CO, affect the isotope discrimination in green plants
(29). Transport limitation may also account for the differences
between crude extracts and purified enzyme in the experiments
with S. multivorans. The specific activity of the PCE reductive
dehalogenase of S. multivorans was about four times the spe-
cific activity of that of the PCE reductive dehalogenase of
Desulfitobacterium sp. strain PCE-S (7), correlating with the
observed differences in isotope fractionation. It seems worth
mentioning, though, that the PCE dehalogenase of Desulfito-
bacterium sp. strain PCE-S contains a different type of corri-
noid cofactor than the PCE dehalogenase of S. multivorans
(11; A. Siebert, personal communication). This difference
might also account for the different results obtained for the two
microorganisms.

Morasch et al. (22) showed that the hydrogen isotope frac-
tionation of toluene (m/z 92) and toluene labeled with eight
deuterium atoms (m/z 100) species was about 30% lower in
growth experiments than in enzyme assays, also indicating that
transport through the membrane may affect isotope fraction-
ation. In our experiments, the transport through the mem-
brane caused a fractionation decrease of about 41 to 56% but
the values were in the same order of magnitude as observed
before. The relative mass difference between the '*C and '*C
isotopes is significantly lower than that in experiments with
deuterium-labeled and nonlabeled substrates. Therefore, the
decrease in isotope fractionation between crude extract and
growing cells is probably not dependent on the molecular mass
of the substrate, which may imply that the isotope fractionation
upon diffusion is not directly affecting the isotope discrimina-
tion significantly. It is more likely that transport limitation, i.e.,
non-isotope equilibrium conditions between the medium and
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the active site of the enzyme, may reduce the isotope fraction-
ation.

Fractionation of TCE. Although fractionation of PCE was
small in S. multivorans, fractionation of TCE was obviously
larger. This difference in fractionation between PCE and TCE
was not observed for Desulfitobacterium sp. strain PCE-S. We
cannot explain these observations, and due to fact that TCE
was an intermediate and subsequently DCE was formed, the
fractionation could not be quantified but will be subject to
further detailed studies.

Implication for the assessment of in situ biodegradation
using isotope fractionation patterns. Recently, the compound-
specific isotope fractionation has been used to assess the in situ
biodegradation of pollutants in aquifers (5, 31, 34). For a
quantitative approach, however, selection of an appropriate
fractionation factor representative for the active biodegrading
microbial community within the aquifer is necessary to relate
changes in isotope composition to the concentration. For tol-
uene degradation, a large variation in the extent of fraction-
ation was found depending on the enzyme system used for the
initial attack. While no significant fractionation was observed
during aerobic toluene degradation, limiting the use of the
isotope fractionation concept (23), anaerobic degradation of
toluene via the benzylsuccinate pathway, was always associated
with a similar significant isotope discrimination, which may
allow the quantification of in situ biodegradation under anaer-
obic conditions (24). The isotope fractionation of S. mul-
tivorans was about 1 order of magnitude lower than that ob-
served for Desulfitobacterium sp. strain PCE-S and other
reported fractionation factors from mixed cultures (34). This
demonstrates that even if similar biochemical degradation
pathways are involved, stable isotope fractionation may differ
significantly. Therefore, caution is necessary in the application
of isotope fractionation factors to quantify microbial PCE deg-
radation in the field. Moreover, systematic work with pure
cultures is important to assess the range of isotope fraction-
ation during reductive dehalogenation. The investigation of
the microbial consortium in the aquifer may be necessary for
the selection of an appropriate fractionation factor for quan-
titative work. The uncertainty associated in applying isotope
fractionation factors for quantification of in situ biodegrada-
tion is high; however, in the field of applied science, the selec-
tion of a high fractionation factor to calculate in situ degrada-
tion using the Rayleigh model will result in an underestimation
but not in an overestimation of the in situ biodegradation,
which may be sufficient for consulting operations.
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