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The catalytic mechanism of Propionibacterium acnes polyun-
saturated fatty acid isomerase (PAI) is explored by kinetic, spec-
troscopic, and thermodynamic studies. The PAI-catalyzed dou-
ble bond isomerization takes place by selective removal of the
pro-R hydrogen from C-11 followed by suprafacial transfer of
this hydrogen to C-9 as shown by conversion of C-9-deuterated
substrate isotopologs. Data on the midpoint potential, photore-
duction, and cofactor replacement suggest PAI to operate via an
ionic mechanism with the formation of FADH, and linoleic acid
carbocation as intermediates. In line with this proposal, no rad-
ical intermediates were detected neither by stopped flow
absorption nor by EPR spectroscopy. The substrate preference
toward free fatty acids is determined by the interaction between
Arg-88 and Phe-193, and the reaction rate is strongly affected by
replacement of these amino acids, indicating that the efficiency
of the hydrogen transfer relies on a fixed distance between the
free carboxyl group and the N-5 atom of FAD. Combining data
obtained for PAI from the structural studies and experiments
described here suggests that at least two different prototypical
active site geometries exist among polyunsaturated fatty acid
double bond isomerases.

Conjugated linoleic acid (CLA)? refers to the isomers of lin-
oleic acid (LA, 18:2A%°%'?%; x:yA* denotes a fatty acid with x
carbons and y double bonds in position z counting from the
carboxyl end) with two conjugated double bonds in various
geometrical configurations. It originates from metabolism of
anaerobic ruminal bacteria (1-3). Chemically, isomerization of
LA to CLA is overall a non-redox process and does not involve
oxygen, implying an unique mechanism for all polyunsaturated
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fatty acid (PUFA) double bond isomerases (4). The first of such
isomerases was characterized from Butiryvibrio fibrisolvens by
Tove and co-workers (1, 2), who demonstrated that this
enzyme prefers C-18 fatty acids and produces (9Z,11E)-CLA.
Here the abstraction of a hydrogen atom occurs at position
C-11 of LA during catalysis, and one solvent-derived proton is
found at position C-13 in the product (2). A mechanistically
related eukaryotic PUFA isomerase from marine algae Ptilota
filicina has been also described (5, 6), but the identity of the
product derived from LA has not yet been reported, because
this enzyme prefers C-20 PUFA.

Recently, we reported the crystal structure of a FAD-depend-
ent PUFA isomerase from Propionibacterium acnes (PAI) in
complex with (10E,12Z)-CLA (7) and proposed a viable reac-
tion mechanism involving the transient oxidation of LA by FAD
(Fig. 1A). Thus, PAI belongs to a functionally diverse group of
flavoenzymes catalyzing reactions with no net redox change (8).
Similar to other PUFA isomerases described so far, PAI prefers
free fatty acids as substrates (9), which can be rationalized by
the crystal structure (7, 10). The carboxylate group of the fatty
acid is hydrogen bonded to Arg-88, which itself interacts via
m-stacking with Phe-193 (Fig. 1B). This Arg/Phe lock ensures
selectivity for fatty acids, and the interaction with unpolar and
bulky head groups such as fatty acid methyl esters, triacylglyc-
erols, or phospholipids is sterically and electrostatically unfa-
vorable. Moreover, the structural model of PAI reaction sug-
gested that the direction of the allylic shift during LA
isomerization is governed by the position of Phe-168 relative to
FAD (Fig. 1B). However, for biotechnological purposes, a mod-
ified PAI accepting fatty acid esters as substrates would be pref-
erable because these are much more readily accessible than the
free fatty acids.

In the present work we describe the stereochemical analysis
of hydrogen transfer during LA isomerization and the redox
properties of free PAI and the enzyme-product complex. The
roles of Arg-88, Phe-193, and Phe-168 for substrate recognition
and catalysis are demonstrated by site-directed mutagenesis
and analysis of kinetic properties of the mutant enzymes.
Exchange of Arg-88 and Phe-193 to less polar/smaller residues
did not increase activity of PAI toward complex lipids, indicat-
ing that the geometry of the fatty acid binding channel is crucial
to optimal substrate positioning and selectivity. Furthermore,
the potential occurrence of transient radical intermediates has
been tested by rapid scan electronic absorption spectroscopy
and EPR spectroscopy.
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FIGURE 1. Scheme of PAl reaction. A, presumable stereochemistry of hydrogen transfer and redox transitions
during the reaction. B, drawing of PAl active site based on Ref. 9. Key residues involved in substrate binding and
catalysis are shown. FAD is represented as gray aromatic rings behind the plane of LA.

EXPERIMENTAL PROCEDURES

Chemicals—Restriction enzymes and DNA-modifying
enzymes were obtained from MBI Fermentas (St. Leon-Rot,
Germany). Standards of fatty acids as well as all other chemicals
were purchased from Sigma; methanol, hexane, and 2-propanol
(all HPLC grade) were from Baker.

PCR-based Mutagenesis—The cloning of PAI open reading
frame into bacterial expression vector has been described else-
where (9). The plasmid pGEX-6P-1-PAI was used as a template
for PCR-based mutagenesis with QuikChange® site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
instructions. The following oligonucleotides were used to
introduce point mutations: R88A_Nrul_a, 5'-cgacgggccgaaac-
tgcgtagegagttectgeacgagg-3'; R88A _Nrul b, 5'-cctegtgcaggaa-
ctegetacgcagtttcggecegteg-3'; R88S_Nrul _a, 5'-cgacgggecgaaa-
ctgcgtagegagttcetgecacgagg-3'; R88S_Nrul b, 5'-cctcgtgcaggaa-
ctcgctacgcagtttcggeecgteg-3'; F193A_BglII_a, 5'-cttcgtcaccatga-
tgtccgeggecaagggagacctg-3'; F193A_BgllIl b, 5'-caggtcteccttggee-
gcggacatcatggtgacgaag-3'; F168L_Eco4711I_a, 5'-ggatcaacccctte-
acagcgcteggctacgggeacttegac-3'; F168L_Eco471Il_b, 5'-gtcgaa-
gtgcecgtagecgagegetgtgaaggggttgatee-3';  G168F169_Pstl_a,
5'-tggatcaaccccttcactgcaggcttctacgggcacttcgacaacg-3'; and
G168F169_Pstl_b, 5'-cgttgtcgaagtgcccgtagaagectgeagtgaaggg-
gttgatcca-3’. Amplification program consisted of 2 min of
denaturation at 94 °C, followed by 18 cycles of 30 s at 94 °C, 30 s
at 60 °C, and 6.5 min at 72 °C.

Protein Purification—PAI wild type protein and variants
were overproduced in Escherichia coli and purified as described
in Ref. 7.

Labeled Substrate Synthesis—[11,11->H,]LLA was prepared
by organic synthesis using [1,1-*H,]1-bromo-2-octyne as the
labeled synthon. The chemical purity according to GC-MS was
more than 98%, and the isotope composition was 94.3% dideu-
terated, 5.1% monodeuterated, and 0.6% undeuterated mole-
cules. [(115)->H]LA was prepared by enzymatic desaturation of

8006 JOURNAL OF BIOLOGICAL CHEMISTRY

-OZC‘H}=)I-E/\R ﬂb 'OZC‘EW\R
HR

Hs [(11S5)-*H]stearic acid using meth-
odology described in detail (11):
chemical purity, >98%; isotope
enrichment, >98.0% monodeuter-
ated molecules; stereochemical
purity of deuterium label, >90%.
[(9S)-2H]Stearic acid was pre-
pared from a sample of (95)-hy-
droxy LA (40 mg) by a sequence
involving methyl esterification
(diazomethane), catalytic hydro-
genation (platinum catalyst; sol-
vent, methanol), conversion to the
p-toluenesulfonate ester (p-tolu-
enesulfonyl chloride in pyridine),
lithium aluminum deuteride reduc-
tion, and oxidation (Jones reagent;
solvent, acetone). The product was
purified by reverse phase HPLC to
afford 11 mg of the labeled stearic
acid. Its isotope composition was
98.9% monodeuterated and 1.1%
undeuterated molecules as deter-
mined by GC-MS analysis of the methyl ester derivative.

Another sample of deuterated stearic acid was prepared from
CLA (4 mg) produced by action of PAI on [11,11-*H,]LA. A
solution of labeled CLA in toluene (1.5 ml) containing Wilkin-
son’s catalyst (4 mg) was stirred at 57 °C for 1 h under an atmo-
sphere of hydrogen gas. Following purification by reverse phase
HPLC, 1.2 mg of deuterated stearic acid was obtained having an
isotopic composition of 61.1% dideuterated and 35.6% mono-
deuterated, and 3.3% undeuterated molecules.

Activity Assays and Analysis of Reaction Products—Typically,
10 pg of substrate was incubated with 1 ug of purified PAI
protein in 100 mm Tris, pH 7.5 (final volume, 1 ml). The prod-
ucts were extracted according to Ref. 12, and the fatty acids
were dissolved in methanol and converted to methyl esters with
(trimethylsilyl)-diazomethane. Esterified fatty acids were trans-
methylated with sodium methoxide in methanol as described
(13). To trace the fate of isotopic label, fatty acids were con-
verted to 4,4-dimethyloxazoline derivatives as described (14)
and analyzed mass spectrometrically according to (14), using
the 6890 gas chromatograph/5973 mass selective detector sys-
tem (Agilent). Otherwise, GC and GC-MS analysis was per-
formed as in Ref. 9. The relative percentage of LA methyl ester
isomerization by PAI mutants compared with wt enzyme was
estimated by GC based on the ratio of CLA to LA peak areas for
each protein.

Kinetic Assays—All of the assays were performed in 100 mm
Tris/HCI, pH 7.5, at 25 °C. FA stock solutions were prepared in
ethanol in the concentration range of 0.1-50 mm. For every
measurement 5 ul of FA stock solution was mixed with buffer,
0.5—4 ug of purified wt or mutant PAI protein added, and
absorbance of the solution at 234 nm was recorded with an
Amersham Biosciences Ultrospec 1100 pro spectrophotometer
for 1 min. The final reaction volume was 500 ul, with the etha-
nol concentration thus not exceeding 1%, and the molar excess
of the substrate over the enzyme ranged from 50- to 500-fold.

FAD
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The concentration of CLA was calculated using €,,, = 24000
M~ ' cm ™' Three independent measurements per data point
were averaged, and a Michaelis-Menten equation was fit using
Origin 6.1 software.

Cofactor Exchange—5-Deaza-5-carba-FAD was a generous
gift of Prof. S. Ghisla (University of Konstanz, Konstanz, Ger-
many). 200 ug of purified PAI was diluted to 50 pug/ml in 6 M
guanidium chloride, 100 mm Tris/HCI, pH 7.5, 10 mwm dithio-
threitol. This solution was passed through a 25-ml G25 desalt-
ing column (GE Healthcare) equilibrated with 100 mm Tris/
HCI, pH 7.5, 1 mMm dithiothreitol to remove FAD and refold PAL
The protein solution was concentrated in Vivaspin concentra-
tors (molecular mass cut-off = 30 kDa), and 5X molar excess of
5-deaza-FAD was added; protein diluted 10-fold with 100 mm
Tris/HCI, pH 7.5, and concentrated again. Washing step was
repeated twice; final protein concentration was about 1 mg/ml
or 20 puM. With this preparation UV-visible spectra were
recorded and activity tests performed.

Incubations with Tetrahymena pyriformis—The sodium salt
of the labeled stearates (0.5 mg) was added to 20 ml of growth
medium followed by 0.5 ml of a suspension of an actively grow-
ing culture of T. pyriformis phenoset 30039 (purchased from
American Type Culture Collection) (11). Cells were collected
by centrifugation after a growth period of 48 h at 25 °C. The
fatty acid fraction obtained following alkaline hydrolysis was
methyl-esterified and analyzed by GC-MS.

Anaerobic Photoreduction and Redox Potential Mea-
surement—For photoreduction and redox potential determina-
tion, the method described by Massey and Hemmerich (16) was
used. The buffer in all of the experiments was 100 mm Tris, pH
7.0, 10 mm EDTA, and protein concentration was 30 —40 um.
For the photoreduction of free PAI and PAI in complex with
(10E,12Z)-CLA, 2 um 5-deaza-FAD and 1 um of the following
redox dyes were added: methyl viologen (E = —430 mV), 2-hy-
droxy-1,4-napthaquinone (E = —145 mV), and phenazine
methosulfate (E = 80 mV). The sample was transferred to the
cuvette and rendered anaerobic by 20-30 cycles of vacuum
application and flushing with oxygen-free nitrogen. The
cuvette was illuminated in the ice bath for 2-min intervals using
a200 W slide projector lamp and allowed to equilibrate at 20 °C
until no changes in the UV-visible spectrum were observed,
after which the final spectrum was recorded. For redox poten-
tial determination the reaction was prepared as above except
that phenazine methosulfate and 2-hydroxy-1,4-napthoqui-
none were omitted and 30 uMm anthraquinone-2-sulfonate (E =
—225 mV), 2-hydroxy-1,4-napthaquinone or safranine O
(E,, = —290 mV) was used as the reference dye. For the PAI-
(10E,12Z)-CLA complex, an equimolar amount of the substrate
LA was included in the reaction. LA was quantitatively con-
verted to (10E,12Z7)-CLA during the course of the measure-
ments as confirmed by GC-MS (data not shown).

Rapid Scan Stopped Flow UV-visible Absorption Measure-
ments—The time-resolved absorbance spectra of PAI during
turnover of its substrate LA were recorded with a SX20 stopped
flow spectrophotometer equipped with diode array acquisition
(Applied Photophysics Ltd.). PAI (1.6 mg/mlin 0.1 m Tris/HCI,
pH 7.5) was mixed with varied concentrations of LA (same
buffer) ranging from 50 to 250 umin 1 + 1 mixing ratio at 25 °C.
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All of the measurements were carried out using an optical cell
with a path length of 10 mm. A total of 100 spectra were
recorded successively in two different time regimes (50 spectra
from 2 to 100 ms, 50 spectra from 100 ms to 100 s).

RESULTS

Hydrogen Transfer during the Isomerization—To establish
the stereochemistry of hydrogen transfer during PAl-catalyzed
isomerization, the reaction products deriving from LA (isoto-
pically labeled with deuterium at C-11) were analyzed by
GC-MS after conversion to 4,4-dimethyloxazoline derivatives.
The pattern of 4,4-dimethyloxazoline-(10E,12Z)-CLA frag-
mentation is shown in Fig. 2A (here only the region of interest
containing peaks of high m/z is included). In nonlabeled
(10E,12Z)-CLA, gaps of 12 atomic mass units between the frag-
ments C-9—-C-10 (m/z = 210 and 222) and C-12—-C-13 (m/z =
236 and 248) enable localization of double bonds at positions 10
and 12; fragment C-11 and M ™ have masses of m/z = 236 and
333, respectively. When [(11S5)-*H]linoleic acid was used as a
substrate, deuterium remained at position C-11, as indicated by
+1-atomic mass unit increase in the C-11 fragment (observed
masses for C-9-C-12 fragments are 210, 222, 237, 249, and
M™ = 334; Fig. 2B), which is in line with the mechanism based
on the PAI crystal structure (7). In case of [11,11-*H,]linoleic
acid, the transfer of one deuterium from C-11 to C-9 is evident
(observed masses for C-9—C-12 fragments are 211, 223, 238,
250, and M ™ = 335; Fig. 2C), i.e. fragments C-9 and C-10 have
+1-atomic mass unit mass increase compared with nonlabeled
(I0E,12Z7)-CLA, and all fragments higher than C-10 have a
+2-atomic mass unit increase. These results prove that
replacement of "H for *H at the C-11 position of LA does not
render the enzyme inactive but allows for kinetic isotope effect
studies (see below). The isotopic ratio between hydrogen and
deuterium was similar for the substrate and product, indicating
no loss of deuterium during the isomerization reaction. The
reaction in ?H,O did not lead to deuterium incorporation in
the product, ruling out both direct involvement of solvent in the
reaction and hydrogen exchange between N-5 of reduced FAD
and water. This result is buttressed by crystal structure analysis
where there was no water detectable in the PAI active site (7).

The fact that even after prolonged incubation of PAI with
(10E,12Z)-CLA, no traces of LA were detected by GC (data not
shown) confirms that isomerization of LA by PAI is a quasi-
irreversible process. Assuming that the initial PAI'LA complex
is irreversibly converted to the PAI- (10E,12Z)-CLA complex at
the rate determined by k;, the classical Michaelis-Menten
kinetic scheme consisting of two steps can be applied to PAI
reaction. Obviously, in our scheme k; combines several kineti-
cally distinct steps, including hydrogen transfer from LA to
FAD and from reduced FAD to the fatty acid intermediate as
well as dissociation of (10E,122)-CLA from the active site upon
completed isomerization.

Enzymatic isomerization of [11,11->H,]LA led to the forma-
tion of CLA, which retained one of the deuterium atoms at
C-11, whereas the other was transferred to C-9 (supplemental
Fig. S1). To determine the absolute configuration of the C-9
deuterium atom of CLA, a sample of [9,11-*H,](10E,12Z)-CLA
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FIGURE 2. Analysis of isotopic label migration in (10E,122)-CLA. A, mass
spectrum of (10E,122)-CLA derived from nonlabeled LA. Peaks corresponding
to fragments C-9-C12 are marked, and the fragmentation pattern of 4,4-
dimethyloxazoline-(10E,122)-CLA is shown (inset). B, mass spectrum of
(10E,122)-CLA derived from (11S)-deuterio-LA. Inset, 11-proS-hydrogen is not
abstracted by PAI. C, same as B, but 11-dideuterio-LA was used as the sub-
strate. Inset, scheme of deuterium transfer by PAI.

was hydrogenated, and the resulting dideuterated stearate was
incubated with a growing culture of T. pyriformis.

This microorganism actively desaturates stearic acid to yield
a mixture of oleic acid, LA, and +y-linolenic acid by sequential
introduction of double bonds at A%, A'2, and A® (11). As first
shown by Schroepfer and Bloch (17) using the bacterium
Corynebacterium diphteriae, such double bond-forming pro-
cesses proceed stereospecifically, e.g. the A® double bond of
oleate was introduced by selective removal of the pro-R hydro-
gens at C-9 and C-10 of the parent stearate. We prepared a
sample of [(95)->H]stearic acid from the easily accessible (95)-
HOD and found that vy-linolenic acid generated from this stea-
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TABLE 1

Kinetic parameters of PAl wt and mutant forms
K, = (ky + k;)/k, (see Fig.3), k; = V.. /[E]. E, is total enzyme concentration, which
was 10 nMm for PAI wt, and other data were normalized to this value.

Protein Substrate K, Vimax ks
M nm/s s
PAI wt LA 4.82 +0.84 43.67 £340 4.37*+0.34
PAI wt [(118)->H]LA 4.08 =0.52 35.09 £2.14 351=*021
PAI wt [11,11-2H,]LA 2.28 £ 0.55 827 £0.79 0.83 = 0.08
PAI LA 65.70 = 8.04 29.28 £1.23 293 *0.12
R88S
PAI LA 3794 +7.88 3270 =258 0.33 =026
F193A
PAI LA 25.77 =413 1552 £0.60 0.16 = 0.06
R88S/F193A
PAI LA All mutants
inactive

R88A
F168L
F168G/G169F

rate upon incubation with Tetrahymena largely retained the
deuterium label (data not shown). Therefore, the Tetrahy-
mena A°-desaturase, like the corresponding enzyme in
Corynebacterium, selectively removed the pro-R hydrogen
from C-9 when creating the A® double bond. Incubation of
the dideuterated stearic acid with Tetrahymena prepared
from [9,11-2H,](10E,12Z)-CLA likewise generated y-linole-
nic acid, which retained the deuterium label (data not
shown), thus demonstrating that the configuration of the
C-9 deuterium of the 9,11-dideuterated CLA was “R” (sup-
plemental Fig. S1). As seen, PAl-catalyzed double bond
isomerization takes place by stereoselective abstraction of
the pro-R hydrogen from C-11 followed by a suprafacial
transfer of this hydrogen to C-9 (Fig. 14).

To analyze the role of hydrogen abstraction at C-11 for over-
all catalysis, we carried out kinetic isotope effect (KIE) studies
with the same substrates as above (data are summarized in
Table 1). Briefly, KIE values of 5.26 and 1.25 were observed for
[11,11-*H,]LA and [(11S)->H]LA, respectively, based on V..
values. Unfortunately, (11R)-deuterated LA was not available as
a substrate for KIE studies; however, a theoretical KIE of [(11R)-
*H]LA conversion can be calculated according to the “rule of
the geometric mean” (no isotope effects on isotope effects) and
would thus amount to 4.21. This value is typical for a primary
isotope effect and clearly identifies the (11R) deuteron to
undergo transfer to C-9 in the course of isomerization. The
small KIE of 1.25 for turnover of [(115)->H]LA corresponds well
with an a-secondary isotope effect.

The estimated K, values for LA and [(11S)-H]LA are iden-
tical within experimental error. However, the K,, value for
[11,11-2H,]LA is 2-fold decreased compared with that of LA
(2.28 = 0.55 and 4.82 = 0.84 um, respectively), indicating that
substrate binding occurs significantly faster than the subse-
quent hydrogen transfer steps. In addition, hydrogen abstrac-
tion at C-11 (11R) appears to be rate-limiting for PAI reaction,
consistent with pronounced KIE calculated for conversion of
[(11R)->H]LA.

Mutation of Key Residues Involved in Substrate Alignment—
To study the substrate specificity of PAI with respect to fatty
acids and FA esters, the roles of the gating residues Arg-88,
Phe-193, and Phe-168 in substrate recognition and catalysis
were analyzed. The two gating residues, Arg-88 and Phe-193,
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were mutated to small noncharged amino acids, and the steady-
state kinetic parameters of the mutant enzymes with LA as
substrate were estimated (Table 1). Mutation of Arg-88 to Ala
inactivated PAI to an extent that activity could not be measured
spectrophotometrically, and only residual amounts of
(10E,12Z7)-CLA were detectable by GC. Single exchanges of
Arg-88 to Ser and of Phe-193 to Ala, as well as the combination
of both, caused pronounced increases in K, ranging from 5- to
13-fold. Thus, substrate binding is compromised in the absence
of the gating residues. The V|, was decreased 25% for Ser-88
and 30% for Ala-193 mutation, respectively, and it was ~60%
lower for the double variant compared with wt PAL Moreover,
mutations of Arg-88 and Phe-193 slightly improved PAI activ-
ity toward esterified fatty acids (Table 2). A clear difference was
observed for LA methyl ester, which was converted to

TABLE 2

Reaction products of PAl wt and selected mutants with LA analogs
and lipids

Protein Substrate Product
PAI wt Methyl ester LA 10,12-CLA
(traces)
R88S, F193A, R88S/F193A 10,12-CLA
(3-5%)

PAI wt Linoleyl-CoA 10,12-CLA-CoA
R88S, F193A, R88S/F193A 10,12-CLA-CoA
PAI wt Tri-linoleyl-glycerol None
R88S, F193A, R88S/F193A None
PAI wt Di-linoleyl-phosphatidylcholine  None
R88S, F193A, R88S/F193A None
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=
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(10E,12Z)-CLA methyl ester by the Ser-88 mutant 4-fold more
efficiently than by wt PAI, based on product analysis by GC.

The structural model of PAI reaction suggested that the
direction of the allylic shift during LA isomerization is gov-
erned by the position of Phe-168 relative to FAD (7). When
Phe-168 was switched in position with neighboring Gly-169 or
replaced by Ile in PAIL the activity was abolished (Table 1),
although the enzyme seemed to be properly folded with FAD
incorporated as has been verified by spectroscopic properties of
the variants as shown for the Phe-168 mutant (supplemental
Fig. S2). These experiments highlight the crucial role of the
aromatic ring in Phe-168 and its proper position relative to
FAD for PAI activity.

Substrate Binding and Anaerobic Photoreduction—For an
unambiguous identification of FAD semiquinone and calcula-
tion of equilibrium constants for semiquinone formation, the
redox properties of free PAI and the enzyme-product complex
were analyzed by photoreduction. The changes in PAI spec-
trum upon substrate binding and anaerobic photoreduction are
shown in Fig. 3A. The addition of LA (both aerobic and anaer-
obic) turned the color of PAI solution from yellow to orange-
red, and an additional shoulder appeared in the spectrum
around 545 nm. The color returned to yellow by repeated cycles
of dilution-ultrafiltration because of the washout of LA. Neither
oleic acid (18:1A%%) nor stearic acid (18:0) produced similar
spectral changes upon mixing with PAI, showing that two dou-
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FIGURE 3. A, substrate complex formation. Bold line, PAl; dashed line, PAl upon 10X excess of LA; dotted line, photoreduced PAI, semiquinone. B, photoreduction
of PAI. The arrows indicate absorbance changes at 380, 454, and 620 nm. On the inset, plot of absorbance changes at 620 versus 450 nm shows that no decay
of reduced FAD species occurs upon extensive photoreduction. C, determination of PAl midpoint potential. Protein was photoreduced in the presence of
reference dye, anthraquinone-2-sulfonate. The arrows indicate absorbance changes during the reduction. Insets, changes of redox states for the dye and
protein plotted according to Minnaert (21). D, same as C, but for the PAI-(10£,122)-CLA complex.
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ble bonds in substrate or product are essential for this effect.
Thus, these spectral changes could be attributed to the charge-
transfer interaction between LA or (10E,12Z)-CLA and oxi-
dized FAD. Flavoenzymes often form charge-transfer com-
plexes with electron-rich substrates, e.g. this type of interaction
was extensively studied for acyl-CoA oxidases and modified
acyl-CoA species (18). Because the complete transfer of an
mr-electron from LA and (10E,12Z)-CLA to FAD is unlikely, the
spectral changes probably reflect a transient state resulting
from a mr-stacking interaction between Phe-168, the double
bonds of the fatty acids, and the isoalloxazine ring of FAD.
Anaerobic photoreduction of PAlresulted in decreased absorb-
ance at 380 and 454 nm and in the appearance of a broad spec-
tral peak in the range 500 —700 nm with the isosbestic points at
325 and 525 nm (Fig. 3C). Apparently, the same species was
formed upon photoreduction of the PAI-(10E,12Z)-CLA com-
plex (Fig. 3B) with the second isosbestic point shifted from 525
to 560 nm. These broad peaks could be attributed to neutral
flavin semiquinone, which absorbs in the range 580—600 nm
with an extinction coefficient of ~4000 M~ * cm ™' (19). How-
ever, under our experimental conditions, even after extensive
irradiation of both the PAI-(10E,12Z)-CLA complex and the
unreacted protein, the long wavelength peak was not disap-
pearing to the base level as would be expected for the reduction
of flavin semiquinone to hydroquinone (Fig. 3B, inset, and data
not shown). After exposure to air, the initial spectrum was
restored (Fig. 3B, bold line), indicating that the absorbance
increase at 620 nm was due to the reduced FAD but the spectral
data could not be used for the unambiguous identification of
FAD semiquinone and calculation of equilibrium constants for
semiquinone formation and decay.

Cofactor Replacement—To further examine the nature of the
reduced FAD species involved in PAI turnover, the activity of
PAI reconstituted with the flavin analog 5-deaza-5-carba-FAD
was probed. In contrast to FAD and FMN, the latter compound
acts exclusively as a two-electron acceptor and is therefore
commonly employed as a probe for the discrimination between
radical and ionic mechanisms in flavoenzymes (20). Refolding
of PAI with 6 M guanidium chloride by a gel filtration method
was used to produce apo-PAI with about 30% yield (as deter-
mined by A, for protein samples before and after refolding).
The incorporation of 5-deaza-5-carba-FAD in apo-PAI was
confirmed by UV-visible spectroscopy of the reconstituted
enzyme. As the activity of PAI reconstituted with 5-deaza-5-
carba-FAD was not detectable spectrophotometrically, GC
analysis of potential reaction products was performed (Fig. 4).
The amount of injected sample was intentionally set very high,
so that even trace amounts of CLA could have been detected.
Although, as expected, the apo-enzyme was inactive toward LA
isomerization, reconstitution with FAD restored the activity
(Fig. 4, trace C). Most importantly, the addition of LA to PAI
reconstituted with 5-deaza-5-carba-FAD gave no detectable
amount of (10E,127)-CLA (Fig. 4, traces A and B, respectively).
This result suggests that the reaction may not proceed via ionic
intermediates as required by simultaneous two-electron trans-
fer from LA to 5-deaza-5-carba-FAD. Therefore, as an alterna-
tive to the ionic mechanism, homolytic C-H bond cleavage
resulting in flavin semiquinone and LA radical might be con-
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FIGURE 4. GC analysis of reconstitution of PAl with 5-deaza-5-carba-FAD.
A, Apo PAL B, Apo-PAl + 5-deaza-5-carba-FAD. C, Apo-PAl + FAD. D, CLA
standard. Peak 1, LA. Peak 2, 10,12-CLA. Peak 3, 9,11-CLA.

sidered as the first catalytic step in PAI reaction. However, the
more negative redox potential of 5-deaza-5-carba-FAD versus
FAD (—310 and —208 mV, respectively (19)) may be insuffi-
cient for the abstraction of the hydrogen at C-11 of LA. For
acyl-CoA dehydrogenases this option was tested experimen-
tally, because the reduction of the double bond in 2-enoyl-CoA
can still be catalyzed by the reduced 5-deaza-5-carba-FAD (18).
In the case of PAI, the isomerization of the A9 double bond
rather than oxidation occurs, and therefore the reverse reaction
also requires an oxidized cofactor, excluding the above men-
tioned analysis.

Redox Potential—To further characterize redox properties
of PAI-bound FAD, midpoint potentials of free PAI and of
the complex with (10E,12Z)-CLA were determined by pho-
toreduction in the presence of anthraquinone-2-sulfonate as
areference dye (Fig. 3, Cand D, respectively). The reduction
of anthraquinone-2-sulfonate was monitored at 325 nm, which
is the isosbestic point of PAI. Anthraquinone-2-sulfonate has
the isosbestic point at 365 nm (Fig. 3D). Plotting the data at 365
and 454 nm according to Minnaert (21) gave similar values of
E, veq for free PAI (—210 and —208 mV, respectively). Thus,
the E/,eq = —211 mV was calculated for the PAI-(10E,12Z)-
CLA complex based on absorbance changes at 454 nm. The
slopes of the Minnaert plots were 0.92 and 1.33 for the free PAI
and the complex, respectively, close to the theoretical value of 1
for the equilibrium with the two-electron dye. It was observed
that the protein is prone to aggregation in the presence of LA,
which may be the reason for less accurate data in the latter case.
To confirm the obtained E_,,.4 values, the experiments were
carried out with 2-hydroxy-1,4-napthaquinone and safranine O
as reference dyes, which were reduced before and after PAI,
respectively (data not shown). Similar to the photoreduction
without a dye, the absorbance increase at 620 nm was observed,
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FIGURE 5. Time-resolved absorbance spectra of PAl-bound FAD in the
course of LA turnover. A solution of 1.6 mg/ml PAl was reacted with 100 um
LAin 1 + 1 mixing ration in 0.1 m Tris/HCl buffer, pH 7.5, at 25 °C and using an
optical path length of 10 mm. The spectra shown are a selection and are
corrected for buffer contributions.

and it declined only partially at the late stages of reduction (Fig.
3, C and D, bold lines); therefore no quantification of putative
semiquinone intermediate could be performed.

Rapid Scan Stopped Flow Experiments—To test the potential
occurrence of transient FAD radicals (semiquinone), the reac-
tion of PAI with LA was analyzed by stopped flow kinetics cou-
pled to diode array acquisition (Fig. 5). The time-resolved spec-
tra of the enzyme-bound flavin cofactor collected in the course
of substrate processing do not evidence formation of a FAD
semiquinone as a transitory state. This observation holds true
for all deployed LA concentrations. The only spectral change is
apparent in the 550-nm region, which we ascribe to formation
of a charge-transfer complex between substrate or product and
FAD. These results are consistent with an ionic mechanism;
they can, however, not ultimately rule out a radical mechanism
involving a FAD-LA radical pair, because the putative radical
pair could be extremely short-lived and thus escape spectro-
scopic detection.

DISCUSSION

Despite the intense studies related to the nutritional benefits
and physiological effects of CLA consumption, the biosynthesis
of these PUFA isomers is poorly understood. Our knowledge is
mainly based on the results obtained for three PUFA double
bond isomerases, namely the proteins from B. fibrisolvens, P.
filicina, and P. acnes (4). The common feature of all these
enzymes is the strict requirement for a free carboxylate in the
substrate and the cleavage of a C-H bond at the position C-11 of
FA during the catalysis (1, 2, 5-7, 9). In contrast to PAI the
reaction of the proteins from B. fibrisolvens and P. filicina
involves a proton exchange with the solvent and the direction of
the allylic shift is opposite. Recently, two studies reported that
(9Z,11E)-CLA and (10E,12Z)-CLA are produced by mixed
communities of ruminal bacteria via distinct routes, based on
the incorporation of isotopic labels (22, 23). Thus, PUFA double
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bond isomerases can be divided in two classes according to
their biochemical mechanism (4). Our previous work defined
the key determinants of free carboxylate recognition and sug-
gested two possible scenarios for the isomerization mechanism
of (10E,12Z)-CLA-forming enzymes based on the PAI crystal
structure (Fig. 1).

The decreased V,,,, values for all mutants likely reflect that
the proper alignment of LA in the active site critically depends
on the fixed position of the free carboxyl group. This precise
substrate positioning is in turn crucial for the efficient hydro-
gen transfer, as well as stabilizing the interaction between the
pentadienyl moiety of LA and Phe-168.

The transfer of 11-(pro-R)-hydrogen by PAI to the position
C-9 again in R configuration fully agrees with both structure-
based reaction mechanisms. Moreover, selective mono- and
dideuteration at C-11 strongly influences the reaction rate as
evident from the experimentally determined 5-fold KIE for
[11,11->H,]LA. A somewhat lower KIE of 1.25 was estimated
for conversion of [(115)->’H]LA indicating an a-secondary iso-
tope effect. When considering the rule of the geometric mean,
the calculated primary KIE of 4.21 for turnover of [(11R)-*H]LA
identifies the 11-(pro-R)-hydrogen as the primary side of reac-
tion and further suggests that cleavage of the 9C-(pro-R)-H
bond is the rate-limiting step of catalysis. The lower K, value
for 11-dideutero-LA can be attributed to a decreased k5, and it
suggests that the isomerization step is significantly slower than
substrate binding. In similar experiments with the isomerase
from B. fibrisolvens, it was found that [11,11-*H,]LA acid exhib-
its a 2.5-fold KIE but does not affect K,, (2), in this case the
higher K, value (12 um) compared with PAI possibly indicates
that the substrate binding rather than the isomerization itself is
the rate-limiting step. In contrast to PAI, the latter enzyme
transfers the proton from the solvent to the product (9Z,11E)-
CLA, which probably reflects different hydrogen transfer
mechanisms used by the two enzymes (2).

The dependence of the reaction rate on the correct substrate
positioning by Arg-88 and Phe-193 as well as on the presence of
Phe-168 invites speculation that hydrogen tunneling might
ensure efficient cleavage of nonactivated C-H bond by PAIL The
contribution of quantum chemical tunneling to the flavin
reduction upon heterolytic cleavage of C-H bond has been
demonstrated for morphinone reductase (24) and trimethyl-
amine dehydrogenase (25). Unfortunately, a detailed evaluation
of tunneling effects during the hydrogen transfer steps by PAl is
complicated because of the complex synthetic scheme for prep-
aration of stereospecifically labeled fatty acid derivatives, and
thus tritiated LA derivatives are not available.

Our attempts to identify the redox state of FAD produced by
interaction with LA were in part inconclusive. Apparently, a
small amount of neutral FAD semiquinone is formed during the
photoreduction of free PAI and PAI-(10E,12Z)-CLA complex,
but its absorbance seems to be masked by a broad spectral band
because of reduced FADH, or a charge-transfer complex
between FADH, and either Phe-168 or the substrate. The inac-
tivation of PAI by 5-deaza-5-carba-FAD is consistent with a
radical mechanism, but the low midpoint potential of 5-deaza-
5-carba-FAD might thermodynamically prevent hydrogen
transfer from LA to the flavin. E_,, 4 of free PAI and its sub-
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strate complex are similar to that of free FAD, and as such
slightly lower than for other flavin-dependent double bond
isomerases such as 4-hydroxy butyryl-CoA dehydratase and
isopentenyl diphosphate:dimethylallyl diphosphate isomerase
(—180 and —197 mV, respectively) (26, 27). The substrate-in-
duced modulation of flavin redox properties are exploited by
many flavoenzymes, e.g. it was shown that substrate binding
significantly increases the amount of neutral flavin semiqui-
none during the reduction of 4-hydroxy butyryl-CoA dehy-
dratase and isopentenyl diphosphate:dimethylallyl diphos-
phate isomerase (26-28), and the E_ .., of acyl-CoA
dehydrogenase is increased by 110 mV in the presence of sub-
strate-product complex (29). Binding of the reaction product
(10E,12Z)-CLA to PAI does not induce significant changes in
the midpoint potential; neither does it increase the amount of
FAD semiquinone upon photoreduction. It is still possible that
these effects occur upon LA binding, but because of the low
solubility of free fatty acids and relatively high turnover rate (4
s~ '; Table 1), they cannot be easily monitored under equilib-
rium conditions. However, unlike the strictly anaerobic
enzymes 4-hydroxy butyryl-CoA dehydratase and isopentenyl
diphosphate:dimethylallyl diphosphate isomerase, PAI is not
sensitive to molecular oxygen as is the family of dehydrogenases
family of flavoenzymes (15), which operate via two-electron
transfer. This observation, along with the absence of distinct
semiquinone signal in the photoreduction experiments, favor
an ionic mechanism of LA isomerization by PAI Two inde-
pendent lines of evidence further support this hypothesis. First,
no transient FAD radicals are detectable by stopped flow UV-
visible absorption measurements. Second, we have found that
no paramagnetic intermediates were detectable by continuous
wave or pulsed EPR spectroscopy when freeze quenching the
reaction of PAI with LA or deuterated LA in the second time
scale (supplemental Fig. S3).

To summarize, our results delineate the regio- and ste-
reospecific course of hydrogen transfer during LA isomeriza-
tion to (10E,12Z)-CLA as predicted by the crystal structure.
Taken together, our data on the midpoint potential, photore-
duction, cofactor replacement, and potential radical intermedi-
ates by EPR and UV-visible spectroscopy suggest that PAI pre-
sumably acts via an ionic mechanism with the formation of
FADH, and LA carbocation as intermediates. The substrate
preference toward free fatty acids is determined by interaction
between Arg-88 and Phe-193, and the reaction rate is strongly
affected by replacement of these amino acids, indicating that
the efficiency of the hydrogen transfer relies on a fixed distance
between the free carboxylate group and the N-5 atom of FAD.
Further studies are necessary to rule out the radical mechanism
and evaluate the rates of individual hydrogen transfer steps dur-
ing the LA isomerization.
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