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Abstract

The hydrogen transfer mechanism of cofactor reduction and recycling processes in the yeast
reduction of a,b-unsaturated ketone was studied by using quantitative isotope tracing close to nat-
ural abundance measured by 2H NMR. In the reaction, the active cofactor is NADPH. The cofactor-
transferred hydride attacks the b sp2 carbon of the enone carbonyl while water hydrogen is trans-
ferred to the a position. The reductant involved in the reaction depends on the quantity of yeast.
When the amount of yeast is very large, the enzymes use preferentially certain unidentified substance
stored in the yeast cells rather than the added glucose as electron donor. In this case, the hydrogen
transferred by the cofactor is mainly of water origin. When the yeast amount is low, the added glu-
cose is more efficiently used by the enzymes as electron donor and its hydrogen atoms bound to C-1
and C-3 are delivered to the substrate.
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1. Introduction

Microbial reduction of unsaturated compounds is a facile and green process for organic
synthesis of chiral compounds. Among the microorganisms suitable for the biotransfor-
mation, baker’s yeast (Saccharomyces cerevisiae) is the most useful since it is cheap and
readily available and can catalyze a wide range of reactions [1]. Baker’s yeast-mediated
biotransformation holds great potential for the industrial production of enantiopure com-
pounds [2]. In the asymmetric reduction with baker’s yeast, the cofactor NAD(P)H plays
an important role in acting as a porter to capture a hydride from a reductant and deliver it
later to a substrate. In order to better apply this methodology to a broader scope of reac-
tions and to better manipulate the working conditions, it is desirable to study the hydrogen
transfer mechanisms between the reductant and the cofactor as well as between the cofac-
tor and the substrate. Though there are already numerous studies on the microbial reduc-
tion mechanism, especially the stereochemistry of the steps involving the cofactor, few
works on the hydride transfer pathways from reductant to the cofactor were reported
to our best knowledge. In fact, in the yeast reduction, the substrate to be reduced is obvi-
ously the oxydant, but what is the reductant (electron donor) is not clear [3,4]. Thus, more
studies on the cofactor regeneration mechanism are necessary in order to understand how
the hydride is transferred from reductant to the cofactor. Isotope labeling is very useful in
this regard [4–7]. The asymmetric saturation of carbon–carbon double bond of a,b-unsat-
urated ketone (enone) is an important baker’s yeast-mediated reaction. The stereochemis-
try of this double bond saturation has been studied by Fronza et al. using isotope labeling
[6,8–10]. In the present work, we studied the hydrogen transfer mechanism of both cofac-
tor reduction and recycling processes of this reaction by using a special technique: quan-
titative isotope tracing close to natural abundance measured by 2H NMR [11,12]. Through
fine quantitative analysis of the results of simple labeling experiments, the technique can
provide more information on deuterium transfer mechanism. The technique has been
applied to the study of hydrogen transfer pathway of several complex biotransformation
systems [11–14]. The mechanism of asymmetric yeast reduction of the carbonyl of aceto-
acetate has also been studied in this way [4] and it was found that the hydride was trans-
ferred to the carbonyl carbon from the cofactor NADPH and the hydrogen was provided
by the added glucose through hexose monophosphate pathway (HMP) or certain uniden-
tified substances stored in the yeast cells if no exogenous electron donor was added. In
order to elucidate the hydride transfer pathway during the carbon–carbon double bond
saturation, we chose the reduction of (E)-3-ethyl-4-(3-pyridyl)-3-buten-2-one (1) as the
model reaction since in the reaction, the further reduction of the carbonyl is negligible
and both the yield and the optical purity of the product, (S)-3-(3-pyridylmethyl)-2-penta-
none (2), are very high [15].
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The parameter measured by 2H NMR [16] is the ratio of the number of deuterium (D)
atoms to that of protium (H) atoms at site i of the sample molecule, (D/H)i in ppm:

ðD=HÞi ¼ NDi
=ðP iN HÞ

where N Di
: number of site i deuterated isotopomers, Pi: the stoichiometric hydrogen num-

ber at site i, (for example, for –CH3, Pi = 3), NH: number of unlabeled (totally protiated)
molecules which is approximately equal to the number of all sample molecules containing
different isotopomers at natural abundance. (D/H)i of all sites of the sample compound
can be determined when their 2H NMR signals are well resolved.

2. Materials and methods

2.1. Baker’s yeast reduction of (E)-3-ethyl-4-(3-pyridyl)-3-buten-2-one

3-Ethyl-4-(3-pyridyl)-3-buten-2-one was synthesized according to the literature [15].
The reference glucose (produced from corn) was obtained from Prolabo. The [1-2H1]glu-
cose were purchased from Aldrich. The [3-2H1]glucose and [4-2H1]glucose were purchased
from Omicron. The isotopic purity of these isotopically substituted glucoses molecules
is at least 97% determined by NMR. D2O (>99.8%) was purchased from Beijing
chemical works. The dried yeast of Saccharomyces cerevisiae was purchased from
Val-Oeno. Number of living cells: 2.4 1010/g, number of wild cells: absent, bacteria num-
ber: 3.9 105/g.

Glucose slightly enriched at specific positions were prepared by adding small quantity
of the specifically deuterium-substituted glucose (�10 mg) to 37.5 g of reference corn
glucose dissolved in 450 mL of tap water in the first set experiment and to 15 g of reference
corn glucose dissolved in 750 mL tap water in the second set experiments. The
D(D/H)j-glucose value in ppm was evaluated with the following equation:

DðD=HÞj-glucoseðppmÞ ¼ ðmass of site j deuterated glucose� f Þ=181

mass of reference glucose=180
� 106

where f is the isotopic purity of the deuterated glucose determined by 1H NMR. The deu-
terium-enriched medium water was prepared by adding small amount of D2O to tap
water. Its (D/H) value was determined by 2H NMR.

In the first set experiment, the composition of the fermentation medium in each 500 mL
flask was: substrate (1) (0.5 g), reference glucose or its mixture with labeled glucose
(12.5 g), baker’s yeast (25.0 g) and tap or enriched water (150 mL). Three or four flasks
containing the reaction mixture plugged with cotton were shaken for 24 h in the shaking
box at 25 �C. The reaction was monitored by gas chromatography and continued until the
conversion rate of the reaction was above 95%. The fermentation medium in the flasks was
combined and then centrifuged to remove the biomass. The solution was extracted by
dichloromethane. The extract was dried over anhydrous magnesium sulfate and the sol-
vent was removed under reduced pressure. The residue was purified by column chroma-
tography on silica gel. The purified product (2) was obtained as a yellow oil. Yield
>90%. The spectral and physical data of the final product of one sample were listed as fol-
lowing: (S)-enantiomer; 1H NMR (C6D6, TMS) d 0.65 (3H, t, J = 6.3 Hz), 1.10–1.47 (2H,
m), 1.60 (3H, s), 2.08–2.40 (2H, m), 2.55–2.68 (1H, m), 6.72–6.77 (1H, m), 7.02–7.12 (1H,
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m), 8.42–8.49 (2H, m); ½a�23
D þ 11:1 (c 5.39, EtOH). Found: C, 74.36%; H, 8.61%; N,

7.75%. Calculated for C11H15NO: C, 74.54%; H, 8.53%; N, 7.90%.
In the second set of experiments, the composition of the fermentation medium in each

500 mL flask was: substrate (1) (0.5 g), reference glucose or its mixture with labeled glu-
cose (3.0 g), baker’s yeast (3.0 g), and water (150 mL). For each reduction, five flasks were
used. The procedure was the same as described above.

2.2. 2H NMR measurement

For 2H NMR measurement [4,16] of 2, about 1.5 g of sample was mixed with 0.1 mL of
dioxane (external reference) and 0.065 mL of C6F6 (lock material) and then dissolved in
1.5 mL of benzene. The sample solution was filtered into a 10 mm diameter NMR
tube. The deuterium NMR spectra were recorded at 76.77 MHz under broad-band
proton decoupling using a Bruker DRX 500 spectrometer equipped with a 19F lock device.
Other conditions were: temperature 315 K, O1 400 Hz, O2 2200 Hz, frequency window
1497 Hz, memory size 16K, acquisition time 3.4 s, scan number 6000, and an exponential
multiplication corresponding to a line broadening of 0.5 Hz. Three spectra were
recorded for each sample and an average (D/H)i value was calculated from the three
measurements.

The (D/H)i values were determined using the external reference dioxane of which the
isotopic ratio (D/H)R was precisely determined by 2H NMR. (D/H)i was calculated from
the following equation:

ðD=HÞi ¼ ðD=HÞRP RmRMSSi=ðP ifmSMRSRÞ
where Pi and PR are the stoichiometric hydrogen numbers in site i and in the reference.
MS, mS, MR and mR are the molecular weight and mass of the sample and the reference,
respectively. f is the purity of the sample in mole fraction determined by GC; Si and SR

are, respectively, surface area of the signals of the site i monodeuterated molecule and
the reference in the 2H NMR spectrum. The quantitative evaluation of the surface areas
was performed by using a curve-fitting program (PERCH solutions Ltd., FIN-70211,
Kuopio, Finland).

3. Results and discussion

In this work, two sets of reduction experiments were carried out. In each set, the sub-
strate was added to a medium containing only dry baker’s yeast and glucose in water. The
labeling was performed at the level of water and glucose. The substrate was at first reduced
in tap water with unlabeled glucose (reference), then it was reduced in labeled water pre-
pared by adding very small amount of D2O in tap water and in tap water but successively
with C-1, C-3 and C-4 (only for the first set) labeled glucose (the labeling was realized by
adding very small amount of the specifically labeled glucose to the unlabeled glucose). The
(D/H) ratio of tap and labeled water were determined by 2H NMR. For water labeling, the
solvent (reaction medium) hydrogen isotope ratios (D/H)m were used. They were evaluat-
ed in taking into account the presence of exchangeable hydrogen of the glucose [12,13].
The glucose labeling was quantified by D(D/H)j-glucose (with j = 1, 3, and 4) which is the
increment of the hydrogen isotope ratio of a given site j of the glucose due to addition
of the specifically labeled glucose. The D(D/H)j-glucose values were calculated on the basis



Fig. 1. 2H NMR spectrum in C6D6 of the product (2) obtained in tap water.
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of mass of labeled and unlabeled glucose [11]. The product (2) samples obtained with dif-
ferent labelings, after isolation and purification, were analyzed by 2H NMR (Fig. 1) in
order to determine their (D/H)i. We are particularly interested by the two hydrogen atoms
introduced during the reduction: the pro S hydrogen of the methylene between the pyridyl
and C-3 (pro S and pro R were assigned only on the basis of anti-addition) [8–10,17] and
the C-3 hydrogen.

According to the method of quantitative isotope tracing close to natural abundance,
[4,11,12] for each site i of the product, a linear equation can be established between (D/
H)i and (D/H)m of the medium:

ðD=HÞi ¼ aðD=HÞm þ b

The equations were determined on the basis of (D/H)i and (D/H)m for samples
obtained in tap water and enriched water. The magnitude of slope a reflects the con-
tribution of deuterium of water to (D/H)i of the product and the intercept b represents
the contribution of unexchangeable hydrogen, especially the carbon-bound hydrogen
atoms of the electron donor. In a similar way, on the basis of the values of (D/H)i

and D(D/H)j-glucose obtained for the reference (unlabeled glucose in tap water) and
labeling experiments (unlabeled glucose + site j enriched glucose in tap water), we
obtained

ðD=HÞi ¼ a0DðD=HÞj-glucose þ b0

The slope a 0 reflects the contribution of deuterium of site j of glucose to (D/H)i of the
product.

In the first set of reactions, large amount of yeast and glucose were used. The reduction
was performed under the following conditions: in each flask (with 3 or 4 flasks), substrate
(0.5 g), yeast (25 g), glucose (12.5 g), and solvent (water) (150 mL). The substrate/dry yeast
ratio was very close to that of reference 15, but in their work, no glucose was added. With
the data of Table 1, we obtained the following relations:



Table 1
Isotopic data of samples obtained in the first set of experiments with high amount of yeast and glucose

Labeling e.e. (%) (D/H)w

(ppm)
(D/H)m

(ppm)
D(D/H)j-glucose

(ppm)
(D/H)proR

a

(ppm)b
(D/H)3

(ppm)b
(D/H)proS

a

(ppm)b

Tap waterc (reference) 84 149.5 149.7 0 279.6 (0.7) 91.8(0.6) 87.7(2.2)
2H enriched waterc 94 328.2 324.8 0 291.6 (1.9) 189.2(1.1) 147.7(1.6)
[4-2H]glucosed 79 149.5 149.7 283 281.1 (6.4) 84.7(1.0) 79.7(1.9)
[1-2H]glucosed 85 149.5 149.7 278 283.2 (2.5) 88.0(2.6) 94.4(1.9)
[3-2H]glucosed 96 149.5 149.7 279 278.2 (1.4) 87.5(1.9) 103.8(0.6)

a The hydrogen of the methylene between the pyridyl and C-3 of 2.
b In parentheses are standard deviations of NMR analysis.
c With the corn glucose.
d Mixed with the corn glucose in tap water.
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ðD=HÞ3 ¼ 0:56ðD=HÞm þ 8:5 ð1Þ
ðD=HÞproS ¼ 0:34ðD=HÞm þ 36:4 ð2Þ
ðD=HÞproS ¼ 0:02DðD=HÞ1-glucose þ 87:7 ð3Þ
ðD=HÞproS ¼ 0:06DðD=HÞ3-glucose þ 87:7 ð4Þ

During the double bond saturation, one of the pyridyl-bound methylene hydrogen of 2 is
delivered by NADPH as hydride and that of C-3 is picked up from water. This view was
supported by the reduction performed using purified yeast extract in D2O in the presence
of NADPH and in H2O in the presence of specifically labeled NADPD, respectively [6].
Our results confirm this conclusion in a different way. The slope of Eq. (1) is large while
its intercept is very small. It should be noted that Eq. (1) was obtained based on the (D/H)3

value of the first line (91.8). However, the measurement of (D/H)i of big molecules is less
precise than small molecule and the results may exhibit some fluctuation. This value is the
highest limit among other similar values since theoretically, the value should be very close
for all samples obtained in tap water even with labeled glucose. If we use the average value
of (D/H)3 of all samples prepared in tap water in the same column of Table 1, the Eq. (1)
can be (D/H)3 = 0.56(D/H)m + 1.5. That means the C-3 hydrogen of 2 come only from
water. The pro S pyridyl-bound methylene hydrogen was transferred by the cofactor since
the slope of Eq. (2) is smaller than that of Eq. (1) and its intercept is not negligible. This is
because the NADPH-transferred deuterium atoms come from both the medium and the
unexchangeable sites of the electron donors [4,14]. In enriched water, the (D/H)proR value
of 2 also increased slightly. This may be due to the formation of a small amount of its R-
isomer. The (D/H)proS value did not change when C-4 hydrogen of glucose was labeled.
This result confirms that the cofactor is NADPH and not NADH because the regeneration
of NADH can be performed through the glycolysis pathway in which it transfers the
hydrogen of medium and that bound to C-4 of glucose [4,12]. In the yeast cell, NADPH
can be regenerated through the HMP pathway and the source of the transferred hydrogen
is the unexchangeable hydrogen of C-1 and C-3 of glucose and, to a lower degree, the
medium, so that when C-1 and C-3 labeled glucose was used, (D/H)proS increased (Table
1, Eqs. (3) and (4)). The slope of Eq. (4) is comparatively higher the that of Eq. (3), in
accordance with our previous observation that more H atoms of C-3 of glucose were
transferred than those of C-1 of glucose[4,14]. But the slopes of both Eq. (3) (0.02) and
Eq. (4) (0.06) are very small. These results show that few hydrogen atoms were provided
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by glucose and that the enzymes used the electron donors stored in the yeast cells rather
than the added glucose. But the cell-stored reductant should not be glucose which is the
main constituent of the carbohydrates stored in yeast cell, because the slope of Eq. (2)
is too high and its intercept is too low. Since the slope value of Eq. (2) (0.34) is quite large,
a considerable part of the cofactor-delivered hydrogen atoms must come from water as
was observed in the yeast reduction of acetoacetate in the absence of glucose [4]. How
the large amount of water hydrogen atoms were transferred to the cofactor in these cases
is not known.

The NAD(P)H can exchange its active hydrogen with water indirectly via flavin cata-
lyzed by diaphorase and this reaction can explain partly the presence of water hydrogen
in the cofactor. But the isotope tracing study on the exchange and alcohol fermentation
performed with baker’s yeast show that this exchange is quite limited [12]. In addition,
in the study of yeast reduction of acetoacetate, [4] two sets of water labeling experiments
were carried out using the same amount of yeast (weight yeast/substrate ratio is 16/5): one
was performed with added glucose and the other without added reductant. The degree of
diaphorase-catalyze exchange should be the same in the two cases. However, it was
observed that when glucose was added, the cofactor-transferred hydrogen come mainly
from glucose (small slope, 0.17 and large intercept, 85.2) while in absence of glucose it
come mainly from water (large slope, 0.45 and small intercept, 7.5). In the latter case,
the slope value (0.45) is higher than that of Eq. (2) (0.34) even though the weight yeast/
substrate ratio in the experiments resulting in Eq. (2) is much higher (25/0.5), because glu-
cose was added. These results show that the large amount of water hydrogen in NADPH
should not be only due to the diaphorase-catalyzed exchange and that the variation of
yeast amount should not modify the degree of the exchange because the NAD(P)H/diaph-
orase/flavin ratio in the yeast is constant. On the basis of the results of the first set of
experiments in the present work, it can be concluded that when the amount of yeast is
in large excess, the use of added glucose as electron donor by the yeast enzymes is not effi-
cient even if the sugar amount is plenty.

In the second set of experiments, we substantially reduced the quantity of yeast and
added less glucose in the medium. The reduction was performed under the following con-
ditions: in each flask (with 5 flasks), substrate (0.5 g), yeast (3 g), glucose (3 g), and solvent
(water) (150 mL). With the data of Table 2, we obtained the following relations:
Table 2
Isotopic data of samples obtained in the second set of experiments with low amount of yeast and glucose

Labeling e.e. (%) (D/H)w

(ppm)
(D/H)m

(ppm)
D(D/H)j-glucose

(ppm)
(D/H)proR

a

(ppm)b
(D/H)3

(ppm)b
(D/H)proS

a

(ppm)b

Tap waterc (reference) 87 149.5 149.7 0 319.6(1.8) 101.7 (1.2) 114.5(1.8)
2H enrichedc water 95 328.2 324.8 0 286.7(1.6) 219.9 (2.4) 137.1(6.3)
[1-2H]glucosed 82 149.5 149.7 644 295.5(7.0) 102.7 (1.1) 154.6(3.1)
[3-2H]glucosed 82 149.5 149.7 661 301.0(8.0) 95.3 (3.4) 213.1(5.7)

a The hydrogen of the methylene between the pyridyl and C-3 of 2.
b In parentheses are standard deviations of NMR analysis.
c With the corn glucose.
d Mixed with the corn glucose in tap water.
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ðD=HÞ3 ¼ 0:68ðD=HÞm þ 0:7 ð5Þ
ðD=HÞproS ¼ 0:13ðD=HÞm þ 95:2 ð6Þ
ðD=HÞproS ¼ 0:06DðD=HÞ1-glucose þ 114:5 ð7Þ
ðD=HÞproS ¼ 0:15DðD=HÞ3-glucose þ 114:5 ð8Þ

Some of the 2H NMR analysis results of this set are less accurate than the first set and
so the uncertainty is greater. Especially, the fluctuation of (D/H)proR value is quite large.
Although this parameter is less interesting, the influence of different e.e. values on this
parameter cannot be analyzed. Eq. (5) confirms the water origin of C-3 hydrogen of 2 since
its slope is high and its intercept is nearly zero. The kinetic isotope effect of the hydrogen
transfer step from water to this site can also be evaluated using the slope of Eq. (5) and is
equal to 0.68�1 = 1.5 [12,18]. Eq. (6) shows that there are less H atoms of water (small
slope: 0.13) and more unexchangeable H atoms (high intercept value: 95 ppm) at the
pro S position. The slopes of Eqs. (7) and (8) confirm this result and indicate that more
H atoms of C-1 and C-3 glucose were transferred by the cofactor to this position than
in the first set. Once again we observed (Eqs. (7) and (8)) that at this position, the deute-
rium atoms of C-3 of glucose are more than those of C-1 [4,14]. In this case, glucose is an
active reductant. Compared with the first set, even though the amounts of both yeast and
glucose were reduced, the efficiency of the use of added glucose was substantially
increased. These results are very useful for the choice of working conditions of this type
of bioreductions.

4. Conclusion

In conclusion, in the saturation of carbon–carbon double bond of enone with baker’s
yeast, the active cofactor is NADPH. The cofactor-transferred hydride attacks the b sp2

carbon of the enone carbonyl while the solvent (water) hydrogen is transferred to the a
position. When the amount of yeast is very large, the enzymes use preferentially certain
substances stored in the yeast cells rather than the added carbohydrate as electron donor.
The cell-stored electron donors cannot be identified at the present stage. In this case, the
hydrogen transferred by NADPH is mainly of water origin. When the yeast amount is low,
the added carbohydrate is more efficiently used by the enzymes as electron donor. The
main hydrogen source transferred by the cofactor NADPH is the hydrogen atoms bound
to C-1 and, especially, C-3 of glucose since the cofactor is regenerated in the oxidative
branch of the hexose monophosphate pathway.
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