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Introduction

Due to the cleanness, simplicity, and efficiency of enzymatic re-
actions, they are often the best route to complex molecules
such as nucleoside analogues,[1] which are drug candidates for
several diseases.[2] For example, pyrimidine nucleoside deriva-
tives show antiviral[3] and antitumor[4] activities. Modifications
of the sugar moiety are important sources of new compounds
with promising chemotherapeutic properties.[5] One example
for sugar modifications is the lipase-catalyzed regioselective
acylation of natural 2’-deoxy- and ribonucleosides with vinyl[6a]

and oxime esters[6b–g] or 3’,5’-diamino-2’,3’,5’-trideoxynucleo-
sides by using nonactivated esters.[7] One of the most useful
lipases, Candida antarctica lipase B (CAL-B), shows high regio-
selectivity for the functional group at the ribose 5’ position.
The molecular basis of this regioselectivity is the focus of this
paper.
Lipases, which normally catalyze hydrolysis of lipids, also cat-

alyze the acylation of alcohols and amines in organic sol-
vents.[8] Their reaction mechanism involves a Ser-His-Asp(Glu)
catalytic triad,[9] in which five or six key hydrogen bonds are
critical to catalysis. X-ray structures of transition-state ana-
logues as well as molecular modeling show that formation of

these hydrogen bonds defines the orientation of the substrate
in the active site.[10] The acyl group binds in a large hydropho-
bic pocket in lipases, while the nucleophile (usually an alcohol
or amine) binds in a smaller pocket, called a medium hydro-
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Candida antarctica lipase B (CAL-B) catalyzes the regioselective
acylation of natural thymidine with oxime esters and also the re-
gioselective acylation of an analogue, 3’,5’-diamino-3’,5’-dideoxy-
thymidine with nonactivated esters. In both cases, acylation
favors the less hindered 5’-position over the 3’-position by upto
80-fold. Computer modeling of phosphonate transition-state ana-
logues for the acylation of thymidine suggests that CAL-B favors
acylation of the 5’-position because this orientation allows the
thymine ring to bind in a hydrophobic pocket and forms stronger
key hydrogen bonds than acylation of the 3’-position. On the
other hand, computer modeling of phosphonamidate analogues
of the transition states for acylation of either the 3’- or 5’-amino
groups in 3’,5’-diamino-3’,5’-dideoxythymidine shows similar ori-
entations and hydrogen bonds and, thus, does not explain the
high regioselectivity. However, computer modeling of inverse
structures, in which the acyl chain binds in the nucleophile
pocket and vice versa, does rationalize the observed regioselectiv-
ity. The inverse structures fit the 5’-, but not the 3’-intermediate

thymine ring, into the hydrophobic pocket, and form a weak new
hydrogen bond between the O-2 carbonyl atom of the thymine
and the nucleophile amine only for the 5’-intermediate. A water
molecule might transfer a proton from the ammonium group to
the active-site histidine. As a test of this inverse orientation, we
compared the acylation of thymidine and 3’,5’-diamino-3’,5’-di-
deoxythymidine with butyryl acyl donors and with isosteric me-
thoxyacetyl acyl donors. Both acyl donors reacted at equal rates
with thymidine, but the methoxyacetyl acyl donor reacted four
times faster than the butyryl acyl donor with 3’,5’-diamino-3’,5’-
dideoxythymidine. This faster rate is consistent with an inverse
orientation for 3’,5’-diamino-3’,5’-dideoxythymidine, in which the
ether oxygen atom of the methoxyacetyl group can form a simi-
lar hydrogen bond to the nucleophilic amine. This combination
of modeling and experiments suggests that such lipase-catalyzed
reactions of apparently close substrate analogues like alcohols
and amines might follow different pathways.
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phobic pocket. Parts of a large nucleophile might extend into
the large hydrophobic pocket or point into the solvent.
However, substantial experimental evidence also suggests

that serine hydrolases can tolerate an inverse orientation, in
which the acyl group binds in the nucleophile site and the nu-
cleophile binds in the acyl-group site. One line of evidence is
the use of “inverse substrates” of proteases. For example, tryp-
sin favors the hydrolysis of peptides with Arg in the acyl por-
tion of the substrate, but also catalyzes the hydrolysis of esters
of p-amidinophenol or 4-guanidinophenol, in which the argi-
nine side-chain mimic is in the alcohol moiety (Scheme 1).[11]

Bordusa and co-workers exploit-
ed this inverse-substrate idea to
overcome the narrow substrate
specificity of trypsin.[12] Instead
of accepting only peptides with
Arg in the acyl portion, trypsin
accepted a wide range of acyl
groups when Bordusa and co-
workers used esters of 4-guani-
dinophenol. They suggest that
the broadened substrate range
stems from the inverse orientation, which places the 4-guanidi-
nophenyl group in the amidino-moiety-requiring acyl-group
site and the diverse acyl groups in the less structurally de-
manding nucleophile-binding site.[13] Recently, this group ex-
tended the same idea to clostripapain,[14] which has a similar
specificity to trypsin, and also to the Glu-specific V8 pro-
tease.[15] Another line of evidence for inverse binding of sub-
strates comes from the inhibition of acetylcholine esterase
with P-chiral methylphosphonates (nerve agents). Both enan-
tiomers inhibit this enzyme, but bind differently because of
their different configuration at the phosphorus atom. The
slow-reacting enantiomer binds in the inverse orientation.[16]

Inhibition of lipases by carbamates might also involve such re-
verse binding.[17] Finally, the X-ray crystal structure of CAL-B
containing a phosphonate transition-state analogue unexpect-
edly showed an inverse orientation.[18] Thus, there is a strong

evidence that transition-state analogues can bind in an inverse
orientation and that substrates can both bind and react in an
inverse orientation.
Although the use of enzymes in synthesis is common, the

basis of their selectivity is not well understood. The aim of this
study is to identify the molecular basis of the 5’-regioselectivity
of CAL-B toward nucleosides and their analogues by using
computer modeling. This modeling suggests that the acylation
of natural nucleosides favors the 5’-position because this orien-
tation allows the thymine base to bind in a large hydrophobic
pocket. On the other hand, modeling suggests that acylation
of diaminonucleosides proceeds via an inverted substrate ori-
entation and regioselectivity stems from better binding of the
thymine ring when the 5’-amino group reacts and from a sta-
bilizing interaction between the O-2 carbonyl group of the
base and the 5’-amine nucleophile.

Results

Regioselective CAL-B-catalyzed acylation of thymidine

We previously reported CAL-B-catalyzed acylations of nucleo-
sides with good 5’-selectivity using oxime esters as the acyl
donor and tetrahydrofuran (THF) as the solvent (Scheme 2, X=
O).[6b–g] The selectivity was similar for adenine, thymidine, gua-
nidine, and cytidine,[6] so we focused on the simplest one—
thymidine—in this study. We tested five acetonoxime esters as
acylating agents: three with an aliphatic acyl chain (R=Me, Pr,

Non) and two with acyl chains containing aromatic rings (R=
Ph, CH2Ph; Table 1). We used dry THF because previous work
showed that the regioselectivity was highest in this solvent.[19]

For the oxime esters with aliphatic acyl chains the regio-
selectivities were moderate (2.7:1 for acetyl, 6.4:1 for butanoyl
and 4:1 for decanoyl ; entries 1–3, Table 1). The acylation was
complete in 4–6.5 h for acetyl and butanoyl, respectively, but
required 53.5 h for decanoyl. For the oxime esters with an aro-
matic ring in the acyl chain, the regioselectivity was higher
(>12:1 and >45:1), but the rate was very slow at 30 8C
(12–45% conversion after 37–39 h; entries 4 and 6, Table 1). At
60 8C, the regioselectivity remained high (40:1 and >75:1) and
the conversions increased to 41 and 75% for benzoyl and phe-
nylacetyl, respectively, in shorter reaction times (6–30 h; entries
5 and 7, Table 1).

Scheme 1. Normal (top) and inverse (bottom) ester substrates for trypsin.
Normal ester substrates for trypsin contain a guanidinium or amidino group
in the acyl portion. However, trypsin also accepts esters of 4-guanidinophe-
nol, in which the guanidinium group is in the alcohol moiety. The most
likely explanation is that the ester reacts in an inverse orientation.

Scheme 2. Regioselective CAL-B-catalyzed acylation of thymidine (1) and 3’,5’-diamino-3’,5’-dideoxythymidine (2 ;
T= thymine).
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Molecular modeling of the CAL-B-catalyzed acylation of
thymidine

To explain the regioselectivities of CAL-B for the 5’-OH group
of thymidine, we used computer modeling starting from an X-
ray crystal structure of CAL-B. We modeled phosphonate ana-
logues of the transition state for butanoylation of thymidine at
both the 5’ and 3’ positions. The starting point for modeling
was a simple phosphonate, which mimics the transition state
for butanoylation of ethanol (Scheme 3, R=n-C3H7).

[18] Geome-
try optimization of this simple phosphonate formed all six es-
sential hydrogen bonds for catalysis. To model the nucleoside
substrates, we added the ribose and thymine rings and sys-
tematically searched for catalytically productive conformations
(see Supporting Information). We defined catalytically produc-
tive conformations as those that: a) contained all six key cata-
lytic hydrogen bonds, b) avoided steric clashes between the
phosphonate and the lipase, and c) avoided steric clashes
within the phosphonate.

The active site of CAL-B restricts the possible orientations for
the nucleoside (Figure 1).[20] Viewed with the catalytic triad
Asp-His-Ser oriented from left to right, it contains a large hy-

drophobic pocket above the Asp-His-Ser triad and a medium-
size pocket below it. In the normal orientation, the acyl moiety
of the substrate lies in the large hydrophobic pocket, while the
alcohol (nucleophile) moiety lies in the medium pocket, but
might extend into the solvent and/or into the large hydropho-
bic pocket. The large hydrophobic pocket in CAL-B is lined by
Ile189 and Val190 on the left, Val154 on the far right, as well as
Leu140 and Leu144 at the top. Deep in this pocket, Asp134 is
on the left and Gln157 on the right. The medium pocket is
below the catalytic Ser105 and is crowded by Trp104 below it
and the Leu278–Ala287 helix to the right. It has little room for
substituents larger than propyl; several carbon atoms of the
bound nucleoside lie in this region, but most of the nucleoside

Table 1. Regioselectivity of CAL-B-catalyzed acylation of thymidine (1) with oxime esters.[a]

Acyl group R T [8C] t [h][b] Conversion [%] 3’ [%] 5’ [%] 3’,5’ [%] 5’ Selectivity[c]

1 acetyl Me 30 4 98 17 68 13 2.7:1
2 butanoyl Pr 30 6.5 94 11 81 2 6.4:1
3 decanoyl Non 30 53.5 99 20 79 0 4:1
4 benzoyl Ph 30 39 12 0 12 0 >12:1
5 benzoyl Ph 60 30 41 1 40 0 40:1
6 phenylacetyl Bn 30 37 45 0 45 0 >45:1
7 phenylacetyl Bn 60 6 75 0 75 0 >75:1

[a] Reactions were monitored by gas chromatography, except for the acetylation reaction. In this case, peaks of the acetylation products overlapped on GC
chromatograms, so the reactions were monitored by HPLC. [b] Time refers to either the time to reach high conversions or the time after which no further
reaction was observed. [c] Selectivity was estimated from the ratio of the 3’- and 5’-monoacylated products plus the amount of double acylation added to
each.

Scheme 3. Tetrahedral intermediates for the acylation of ethanol (X=O) or
ethylamine (X=NH) in the normal orientation and the corresponding phos-
phonate (X=O) or phosphonamidate (X=NH) transition-state analogues.
A) Key hydrogen bonds between CAL-B and the tetrahedral intermediate
are: two from Ne of His224 to the oxygen atom of Ser105 (a) and the XEt
group of the tetrahedral intermediate (b; X=O, NH), and three from the
oxyanion to Gln106 (c) and to Thr40 (d, e). A sixth key hydrogen bond is
from Nd of His224 to the carboxylate of Asp187 (not shown). B) Phosphonate
(X=O) or phosphonamidate (X=NH) analogues mimick these tetrahedral in-
termediates in computer modeling. Further, the XEt groups are replaced by
either the 5’- or 3’-nucleoside in a stepwise fashion as described in the text.

Figure 1. CAL-B active-site structure from X-ray crystallography viewed with
the catalytic triad Asp-His-Ser oriented from left to right (Asp187 is hidden).
The acyl group of the substrate binds first in the large hydrophobic pocket.
This usually situates the substrate with the acyl group above the catalytic
triad and the leaving group, or the nucleophile, below the catalytic triad.
The active site contains a large hydrophobic pocket above the catalytic res-
idues and a medium-sized pocket below. There is very little room for large
substituents below the active site of CAL-B. The above image displays Ile189
in a stick representation to allow a better view of the large pocket of the
lipase.
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extends out into the solvent or the large hydrophobic pocket
(see below).

5’ butanoylation catalyzed by CAL-B (favored): The best model
of the tetrahedral intermediate of the 5’-O-butanoylation (Fig-
ure 2A),[21] orients the thymine in the right side of the large
hydrophobic pocket above Gln157, with all six key hydrogen
bonds and no intra- or intermolecular steric clashes (entry 1,
Table 2).

The hydrophobic side of the thymine ring (C-5–C-7) lies
close to other hydrophobic groups (Figure 2C): the side chains
of Val154, Ile189 and Ile285, and the propyl group of the acyl
portion. Thus, C-6 of the thymine ring is 3.94 M far away from
C-a of the acyl chain, C-5 5.42 M from C-b, and C-7 (methyl
group of thymine) 4.08 M from C-g. The hydrophilic side of the
thymine ring points toward the solvent, but also lies near the
hydrophobic methyl group of Ala282.

3’ butanoylation catalyzed by CAL-B (not favored): The trans ori-
entation of the 3’-alcohol and thymine prevents placing the
thymine ring in the large pocket and extends it beyond the
medium pocket, preventing binding there as well. The best
structure has the thymine ring lying partly on the protein sur-
face having some van der Waals contacts with the enzyme
(entry 2, Table 2; Figure 2B). In this conformation, the thymine
ring lies on the lower right edge of the large hydrophobic
pocket with the hydrophobic side of the thymine ring near the
side chains of Ile189 and Ile285. The 5’-OH group of this struc-
ture rested in the small area below the catalytic Ser105, be-
tween His224, Trp104 and Leu278. In addition to the inability
to bind the thymine ring in the hydrophobic pocket, this struc-
ture contains two destabilizing interactions. First, the hydro-
philic side of thymine lies near the hydrophobic side chains of
Ala282 and Leu278 and O-2 of thymidine is near the carbonyl
oxygen atom of Leu278. Second, it lacks a hydrophobic inter-
action between the propyl acyl chain and the hydrophobic
side of the thymine (C-6 of the thymine ring is 5.19 M away
from the C-a atom of the acyl chain, C-5 7.43 M from C-b, and
C-7 (methyl group of thymine) 6.83 M from C-g). These distan-
ces are 1.3–2.8 M longer than those for the 5’-intermediate.
Thus, binding of the thymine ring in the large pocket during
acylation at the 5’-position is the most likely molecular basis
for the high regioselectivity of CAL-B for the 5’-position.

The interaction of the thymine ring with the acyl chain
might be the origin of the altered regioselectivity with differ-
ent acylating agents. An acetyl group would show a smaller in-
teraction than a butanoyl group and indeed the regioselectivi-
ty is lower for acetylation as compared to butanoylation (2.7:1

Figure 2. The best conformations of A) 5’- and B) 3’-butyrated intermediates
of thymidine in CAL-B and C) hydrophobic and hydrophilic moieties of the
thymine ring. The tetrahedral intermediate for the favored 5’-acylation reac-
tion (A) situates the thymine ring on the right side of the large hydrophobic
pocket, making it the most productive conformation due to better enzyme–
substrate interaction. The tetrahedral intermediate for the 3’-acylation reac-
tion (B) situates the thymine ring outside the hydrophobic pocket. The bind-
ing thymine ring appears to be the key factor to explain the enzyme regio-
selectivity. Darker spheres indicate the amino acids that are the limits of the
medium and large hydrophobic size pockets around the CAL-B active site
(see Figure 1). The above image displays Glu188 and Ile189 in a line repre-
sentation to allow a better view of the large pocket of the lipase.

Table 2. Key hydrogen-bond angles and distances in the CAL-B-catalyzed
acylation of thymidine and 3’,5’-diaminothymidine.

Figure[a] H-bond distance [M] (angle)[b]

a b c d e

1 2A 3.05 (1248) 3.08 (1648) 2.92 (1578) 2.75 (1668) 2.87 (1728)
2 2B 3.17 (1318) 2.87 (1598) 3.11 (1638) 2.78 (1598) 2.74 (1648)
3 S2 2.91 (1538) 3.25 (1258) 3.27 (1608) 2.77 (1638) 2.88 (1578)
4 S3 3.23 (1418) 3.14 (1448) 3.14 (1608) 2.75 (1648) 2.74 (1598)
5 3A[c] –[d] –[d] 3.14 (1608) 2.76 (1528) 2.73 (1488)
6 S4 –[d] –[d] 3.22 (1618) 2.78 (1518) 2.77 (1128)
7 4[e] –[d] –[d] 3.11 (1598) 2.75 (1528) 2.75 (1508)
8 S5[c] –[d] –[d] 3.06 (1638) 2.79 (1528) 2.70 (1458)
9 3C[f] –[d] –[d] 3.09 (1638) 2.77 (1528) 2.71 (1478)

[a] See the text. [b] Scheme 3 defines the hydrogen bonds. Distances are
between nonhydrogen atoms (N�N, N�O, O�O), and angles refer to the
N�H�O or similar. [c] In this Figure a new short distance between the O-2
carbonyl atom of the thymine and the 5’-N nucleophile appears. Fig-
ure 3A: 3.36 M (1268) ; Figure S5 in the Supporting Information: 3.13 M
(1118). [d] Not relevant because of inverse orientation of substrate, since
distances are more than 4 M. [e] Distance between the O-2 carbonyl atom
of the thymine and the 5’-N nucleophile: 3.41 M (1278) ; distance between
the water oxygen atom and the 5’-N nucleophile: 4.13 M (1118) ; distance
between the water oxygen atom and the Ne-histidine: 5.28 M. [f] Distance
between the O-2 carbonyl atom of the thymine and the 5’-N nucleophile:
3.14 M (1188) ; distance between the methoxyacetyl oxygen atom and the
N-5’ nucleophile: 2.54 M (1008) ; distance between the methoxyacetyl
oxygen atom and the Ne-histidine: 3.21 M.
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vs. 6.4:1; entries 1 and 2, Table 1). For decanoylation the regio-
selectivity was lower than for butanoylation (4.0:1 vs. 6.4:1; en-
tries 3 and 2, Table 1), but the hydrophobic side of thymine is
much smaller than a decanoyl group and cannot interact with
the entire chain. In addition, the larger decanoyl group might
crowd the large hydrophobic pocket. The phenyl or benzyl
acyl group might make additional p-stacking interactions with
thymidine and thereby show higher regioselectivity (40:1 or
>75:1; entries 5 and 7, Table 1).

Regioselective CAL-B-catalyzed acylation of 3’,5’-diamino-
thymidine

CAL-B shows even higher regioselectivity in the acylation of
the thymidine analogue, 3’,5’-diamino-3’,5’-dideoxythymidine
(2, Scheme 2; X=NH).[7b] For example, acetylation of thymidine
showed only a 2.7:1 regioselectivity for the 5’-position (entry 1,
Table 1) compared to a 17:1 regioselectivity for the 5’-position
for acetylation of the amino analogue (entry 1, Table 3). Similar-

ly, the regioselectivity for butanoylation increased from 6.4:1
to >68:1 (compare entry 2, Table 1 and entry 3, Table 3). To
avoid chemical acylation, we used unactivated esters as acyl
donors and added molecular sieves (4 M), which accelerated
these acylations (Table 3).[22] Varying the concentration of acy-
lating agent did not change the regioselectivity. For the buta-
noyl, crotonoyl and phenyl moieties, regioselectivity remained
high for the 5’-position. For the formylation and acetylation re-
actions, we always observed mixtures between 5’-acylated and
3’,5’-diacylated compounds in ratios depending on the reac-
tion time.

Molecular modeling of the CAL-B-catalyzed acylation of
3’,5’-diaminothymidine

Molecular modeling of the normal orientation : Modeling of the
CAL-B-catalyzed acetylation of 3’,5’-diamino-3’,5’-dideoxythymi-
dine (2, Scheme 2) started with a geometry optimization of the
corresponding phosphonamidates,[23] (Scheme 3B, X=NH, R=
CH3; Figures S2 and S3 in the Supporting Information). Howev-

er, in spite of the similarity of phosphonates and phosphona-
midates, the phosphonamidate structures showed longer dis-
tances for the key hydrogen bonds a–c (entries 3 and 4,
Table 2).[24] In the 5’-intermediate, the longer hydrogen bonds
were those between the catalytic His and the nucleophile
(3.25 M) and between the oxyanion and Gln106 (3.27 M). In the
3’-intermediate, the longer hydrogen bond was between
His224 and Ser105 (3.23 M). Thus, modeling cannot explain the
experimentally observed strong preference for the 5’-position.
The origin of these differences in the phosphonate and

phosphonamidate structures is likely the lower electronegativi-
ty of NH versus O as well as subtle differences in the bond
lengths and bond angles in the two structures (P�O bond
lengths (1.62 M) vs. P�N (1.54 M)). Due to the rigidity of the
intermediates, these small differences in bond lengths and
angles can make larger differences in the orientation of the
substrate (an “arc effect”). Furthermore, the lower electronega-
tivity of the nitrogen atom weakens the hydrogen bond be-
tween His224 and the NH group of the nucleoside, and the
hydrogen atom of the nucleophile is placed close to His224,
the catalytic histidine (Scheme 4).

Two additional destabilizing interactions in the 5’-acetylation
intermediate might decrease the difference between the 5’-
and 3’-acetylation intermediates. The 5’-acetylation intermedi-
ate lacks the hydrophobic interaction between the hydropho-
bic side of the thymine and the acyl group because this ring
does not bind as deeply into the large hydrophobic pocket.
Second, the 5’-acetylation intermediate places the polar 3’-NH2

group near the hydrophobic side chains of Ala281, Leu278 and
Trp104 in the medium-size pocket.

Inverse mechanism, overall fit : Since normal orientation models
did not explain the increased regioselectivity with the same
acylating agents, we considered an inverse orientation in
which the acyl chain fits in the medium hydrophobic pocket,
and the diaminonucleoside nucleophile fits in the acyl-binding
region of the large pocket (Scheme 5). Initially, we focused on
the transition state for acylation of the aminonucleoside to
test the overall fit of the inverse orientation. This acylation
could proceed for the aminolysis reaction without assistance

Table 3. Regioselectivity of CAL-B-catalyzed acylation of 3’,5’-diamino-
thymidine (2) with nonactivated esters.[a]

Acyl group R[b] R1 [b] T t 5’ 3’, 5’ 5’ Selec-
[8C] [h][c] [%] [%] tivity[d]

1 acetyl Me Et 40 6 80 5 17:1
2 formyl H Et 40 8 55 20 3.8:1
3 butanoyl Pr Et 40 32 68 0 >68:1
4 crotonoyl MeCH=CH Me 60 31 83 0 >83:1
5 benzoyl Ph Me 60 75 67 0 >67:1

[a] See ref. [7b]. [b] See Scheme 2. [c] Time refers to either the time to
reach high conversions or the time after which no further reaction was
observed. [d] Selectivity was estimated from the ratio of the 3’ and 5’
monoacylated products plus the amount of double acylation added to
each.

Scheme 4. Comparison of bond angles and lengths in phosphonate and
phosphonamidate transition-state analogues. A) The structure for 5’-acyla-
tion of thymidine (Figure 2A) shows a symmetrical structure while; B) the
intermediate for 5’-acetylation of 3’,5’-diaminothymidine (Figure S2) shows
longer P�O than P�N bond lengths. The lower electronegativity of nitrogen
weakens the hydrogen bond between His224 and the NH group of the nu-
cleoside (3.25 M). Furthermore, the hydrogen atom of the nucleophile is
placed close to His224, the catalytic histidine.
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of the catalytic histidine because amines are much more nucle-
ophilic than alcohols. Furthermore, the minor steric hindrance
of the diaminonucleoside in the large hydrophobic pocket
could favor these structures. Thus, for example, in the inverse
structure (Figure 3A) there are several destabilizing interactions
between the nucleoside and three amino acids (Gln157, Ile189
and Ile285) around 4 M from nucleoside; meanwhile, with the
normal orientation (Figure S2 in the Supporting Information),
seven amino acids destabilize the intermediate at that distance
(Thr40, Trp104, His224, Leu278, Ala281, Ala282, and Ile285).

5’ acetylation catalyzed by CAL-B (favored): The best model of
the tetrahedral intermediate for the 5’-N-acylation (Figure 3A)
shows the sugar and the thymine moieties in the large hydro-
phobic pocket with C-4 and N-3 pointing out to the solvent.

Four of the six key hydrogen bonds were present while avoid-
ing inter- and intramolecular steric interactions (entry 5,
Table 2). The methyl group of the acetate bound in the
medium pocket. An interaction between the O-2 carbonyl
group of the base and the 5’-amine nucleophile (3.36 M) might
also stabilize this structure (Figure 3B).
3’ acetylation catalyzed by CAL-B (not favored): In this inter-

mediate, the sugar was placed in the large hydrophobic
pocket but the thymine ring did not bind into this subsite and
pointed out to the solvent (Figure S4 in the Supporting Infor-
mation). No structures were found to fit the thymine ring in a
hydrophobic region of the catalytic site.
These models for acetylation of the nucleoside could explain

the high regioselectivity of CAL-B for acylation of the 5’-amino
group. The loss of one of the key hydrogen bonds, in the 3’-
phosphonamidate, between the oxyanion and Thr40 (angle
<1208, entry 6, bond e, Table 2), and better binding of the thy-
mine ring in the 5’-intermediate appear to be a key determi-
nant of the lipase selectivity. Also, the 3’-acylation intermediate
lacks an interaction between the O-2 carbonyl group and the
nucleophile amine because of its trans orientation.

Inverse mechanism, proton transfers : The modeling above
showed that the shape of the active site allows an inverse ori-
entation. However, these structures contained only four of the
six key hydrogen bonds for catalysis. The role of the missing
hydrogen bonds is to transfer a proton from the nucleophile
(amine) to the serine. To be plausible as catalytically productive
structures, the inverse orientation must provide an alternate
path for these proton transfers. Thus, initial attack of the

amino nucleoside on the acyl–
enzyme intermediate leads to a
protonated species, which we
mimic as a phosphonamidate
(P�NH2

+�R). In the normal
mechanism, the catalytic histi-
dine transfers the proton from
the initially protonated species
to serine, but this histidine is
too far away from the nucleo-
phile in the inverse orientation
to allow a direct proton transfer
(3.71 M to Ne of His224). Direct
transfer of the proton from the
ammonium group to the
oxygen atom of the serine is
also unlikely because of an
acute angle (N�H�O=688).[24]

Modeling suggests that a water
molecule might aid a stepwise
proton transfer.

Previously, modeling suggest-
ed that an alcohol could trans-
port a proton between the sub-
strate and the key histidine in
the CAL-B-catalyzed enantio-
selective ring opening of b-lac-

Scheme 5. Inverse orientation of the phosphonamidate transition-state ana-
logue for acylation of 3’,5’-diaminothymidine from the active site of CAL-B.
The 3’,5’-diaminothymidine (R-NH2

+ moiety) lies in the large hydrophobic
pocket and the methyl group binds in the medium pocket.

Figure 3. A) Best model of phosphonamidate for 5’-N-acetylated intermediate of 2 in the inverse conformation.
This tetrahedral intermediate situates the sugar ring and thymine in the large hydrophobic pocket. A potential
hydrogen-bond stabilization appears between the O-2 carbonyl group of thymine and the nucleophilic 5’-amino
nitrogen atom; B) Detail of the hydrogen bond between the O-2 of the thymine ring and the 5’-NH2 nucleophile;
C) Best model of the amine-protonated intermediate of 2 and the methoxymethyl group with CAL-B in the inverse
conformation. The methoxymethyl chain places the oxygen atom between the ammonium group and the Ne-his-
tidine, making the autocatalyzed transference of the proton possible; D) Possible stabilizing interaction of the
methoxymethylene acyl chain in the protonated amine intermediate for the aminolysis.
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tams.[25] In our case, water could play this role since it remains
bound to the lipase even in organic solvents. We modelled a
water molecule in several positions near the catalytic triad and
found a stable position midway between the protonated
amine and the histidine in these inverse phosphonamidate in-
termediates (Figure 4). The water molecule is about 4 M from

the ammonium group and 5 M from the Ne-histidine. This posi-
tion is still too far to hydrogen bond with either group, but
small movements of this water molecule would allow stepwise
proton transfer from the ammonium moiety to the Ne of
His224 (entry 7, Table 2).
Furthermore, the carbonyl O-2 group was close to the 5’-

amino group nitrogen atom (3.41 M), making the latter more
nucleophilic. This interaction has a potential catalytic role since
it could replace the activation effect on the amino group due
to the Ne of His224 in the serine mechanism and could be a
key reason for the excellent regioselectivity of the lipase. This
interaction might also be involved in the proton transfer from
the ammonium group to histidine or serine.
Kinetic evidence for an inverse mechanism : A key feature of

the proposed inverse mechanism is an interaction between
the 5’-NH2 group and the O-2 carbonyl group of the thymine,
which makes that position more nucleophilic. As further evi-
dence for the importance of the interaction between the 5’-
NH2 group and the O-2 carbonyl group of the thymine, we
note that diaminonucleosides containing this O-2 carbonyl
group (thymidine, 2’-deoxyuridine, (E)-5-(2-bromovinyl)-2’-de-
oxyuridine) undergo N-acylation,[7] while a compound that
lacks this O-2 carbonyl group (N-benzoyl-2’-deoxyadenosine)
does not. However, CAL-B does catalyze the acylation of the
corresponding natural purine nucleoside even though it does
not contain this O-2 carbonyl group.[6c,d] This difference further
suggests that the acylation of alcohols and amines might
follow different pathways.
The faster enzymatic aminolysis reactions with methoxyace-

tate esters as compared to the isosteric butyryl esters[26] are
one key to the successful commercialization of a lipase-cata-
lyzed kinetic resolution of amines.[27] Although the inductive

effect of the b-oxygen atom to the carbonyl group might con-
tribute to the faster reaction, this explanation is inconsistent
with the lack of a similar faster acylation of alcohols.
To the best of our knowledge, there is no explanation for

this effect based on the normal orientation of substrates in the
active site. However, we hypothesized that the b-oxygen atom
could accelerate the reaction of amines if they reacted through
an inverse mechanism (Figure 3D). To test this hypothesis, we
compared the rates of acylation of nucleoside alcohols and
amines using acyl donors with and without b-oxygen atom.
We predicted that acyl donors containing a b-oxygen atom
should react faster in the acylation of amines than those with-
out because they follow the inverse mechanism, but they
should not in the acylation of alcohols because they follow the
normal mechanism.
We first compared the initial rates of the CAL-B-catalyzed

esterification of natural nucleoside 1 (Scheme 6). We used
oximes as acyl donors because they showed the fastest rates

and best yields in previous work.[6b–g] Short reaction times
yielded only 5’- and 3’-acylated products, 3 and 4, but longer
reaction times also yielded 3’,5’-diacylated nucleosides 5. Both
initial rates were similar (slope=7.9 vs. 8.1) indicating no sig-
nificant influence by the b-oxygen atom in the acyl chain (Fig-
ure 5A). Second, we compared the initial rates of the CAL-B-
catalyzed aminolysis of 2 (Scheme 6). We used methyl esters as
acyl donors because the oximes also reacted without lipase
catalysis.[7] These acylations yielded only 5’-monoacylated nu-
cleosides 6. The initial rates differed approximately fourfold
(slope=1.4 vs. 4.9) indicated a faster reaction for the acyl
donor with a b-oxygen atom in the acyl chain (Figure 5B).[28]

This result is consistent with the amine nucleoside 2, but not
natural nucleoside 1, reacting through an inverse mechanism.
Molecular modeling supports the suggestion that the b-

oxygen atom has a catalytic role in the acylation of aminonu-
cleoside 2 through an inverse mechanism. Modeling of the
acylation of 2 with a propyl group via an inverse mechanism
following the same approach outlined above for acetylation
yielded similar structures (Figure S5 in the Supporting Informa-
tion). The diaminonucleoside fits in the large hydrophobic

Figure 4. Best model of the N-5’-inverse intermediate of 2 stabilized with a
water molecule. This molecule is placed almost equidistant from the nucleo-
phile amine and His224. In this structure the water molecule does not form
a hydrogen bond with the protonated amine, but small motions of this
water molecule would allow stepwise transfer from the amino group to the
histidine or serine. Residues Glu188 and Ile189 are shown in lines for clarity.

Scheme 6. Regioselective enzymatic acylation of 1 with oxime esters and of
2 with methyl esters.
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pocket, while the propyl group fits in the medium subsite.
However, modeling of the acylation with the methoxyacetyl
group following an inverse mechanism revealed a potential
catalytic role of the b-oxygen atom (entry 9, Table 2, Fig-
ure 3C). The oxygen atom of the acyl moiety lies close to both
the ammonium group (2.54 M), stabilizing its positive charge,
and to Ne of His224 (3.21 M). This location is ideal to act as a
proton transporter.[29]

Discussion

CAL-B shows excellent regioselectivity for the acylation of nat-
ural[6] and non-natural[7] nucleosides toward the chemically
more reactive 5’-position. The enzyme’s active-site structure in-
fluences this regioselectivity. For example, CAL-B was the only
biocatalyst that showed high regioselectivity of the 5’-position
in 3’,5’-diaminonucleosides, while the lipase from Pseudomonas
cepacia (PSL-C) favored the 3’-position.[7b] The regioselectivity
in aminolysis was much higher than in transesterification reac-
tions (Tables 1 and 3 and Results Section).
For the natural nucleosides (acylation of an alcohol moiety),

molecular modeling identified a molecular basis for the ob-
served regioselectivity. Acylation of the 5’-OH binds the thy-
mine base in a hydrophobic pocket, while acylation of the 3’-

OH does not. An interaction between the acyl chain and the
thymine ring may explain why regioselectivity varies with dif-
ferent acyl groups.
For the 3’,5’-diaminonucleosides, modeling of a normal ori-

entation did not explain the preference for the 5’-NH2 because
in the 5’-intermediate several stabilizing interactions were lost
and similar orientations and hydrogen bonds are present in
both 3’- and 5’-structures. To explain the observed regioselec-
tivity in 3’,5’-diaminonucleosides, we considered an inverse ori-
entation, which has an opposite binding of the nucleophile
and the acyl chain in the active site of the lipase. Bordusa and
co-workers proposed an inverse orientation in several pro-
tease-catalyzed reactions, but this is the first proposal of an in-
verse disposition in lipase-catalyzed reactions. Modeling this in-
verse orientation easily explained the observed regioselectivity.
First, the structure for acylation at the slower-reacting 3’-posi-
tion showed a poorer fit of the thymine ring in the hydropho-
bic pocket and lacked a key hydrogen bond. On the other
hand, the structure for acylation at the faster reacting 5’-posi-
tion showed a new stabilizing interaction between the carbon-
yl O-2 group of the thymine and the nucleophile amine, which
might have a catalytic role.
In spite of the higher nucleophilicity of amines compared to

alcohols, most hydrolase-catalyzed acylations involve alcohols
not amines. Further, reactions with amines are often slower, re-
quiring larger amounts of hydrolase or longer reaction times.
In this paper, we suggest a possible reason for this difference
for the specific case of CAL-B-catalyzed regioselective acylation
of natural nucleosides and 3’,5’-diaminonucleosides. Scheme 7
summarizes the proposed inverse mechanism for the aminoly-
sis reaction with CAL-B. Although we have no direct evidence
for the proposed mechanism, we have indirect kinetic evi-
dence together with modeling results. We also have no direct
or indirect evidence that would rule out this mechanism. The
key difference occurs in the second tetrahedral intermediate
(TI-2). The amine (nucleophile) attacks directly without histi-
dine activation, creating a zwitterionic structure in which the
ammonium group binds into the large hydrophobic pocket,
placing the ester chain in the medium subsite (inverse TI-2).
Later, a proton transfer (e.g. molecule of water), carries a
proton from the ammonium group to the histidine residue (in-
verse TI-2’), and finally, the subsequent intermediate (inverse
TI-2’’) would evolve as usual transferring the proton to the
oxygen atom of the serine yielding the corresponding amide.
This reaction through an inverse orientation is an example

of catalytic promiscuity.[30] This term means the ability of
enzyme active sites to catalyze distinct chemical transforma-
tions which may differ in the functional groups involved, that
is, the type of bond formed or cleaved during the reaction
and/or in the catalytic mechanism or path of bond making and
breaking. CAL-B has already demonstrated that it is able to cat-
alyze other types of reactions such as aldol[31] or Michael addi-
tions.[32] The inverse substrate orientation proposed in this
paper is an example of a different catalytic mechanism for
CAL-B. Bocola et al.[33] have previously described the X-ray
structure of CAL-B phosphonamidate bound to both enantio-
mers of 1-phenylethylamine showing normal orientation, but

Figure 5. Initial rates of CAL-B catalyzed processes: A) enzymatic transesteri-
fication reactions of 1 with oxime butyrate (c) and oxime methoxyacetate
(a) show similar initial rates for both acylating agents; B) enzymatic ami-
nolysis reactions of 2 with methyl butyrate (c) and methyl methoxyace-
tate (a) show an approximately fourfold faster initial rate for methyl
methoxyacetatate, consistent with a possible catalytic role of this b-oxygen
atom in the acylation of amines. AP=area of products.
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other X-ray structures for phosphonates showed an inverse
orientation.[16,18]

Other examples of an altered catalytic mechanism include:
a) reactions after removal of a catalytically essential amino acid
residue, which dramatically slows reactions, but does not elimi-
nate them. The remaining less efficient reaction must follow a
different path;[34] b) reactions that involve substrate-assisted
catalysis, in which the only substrates converted are those that
restore the missing functional group so that it can actively par-
ticipate in catalysis ;[35] and c) reactions catalyzed by binding
proteins from no bond breaking to some bond breaking. For
example, bovine serum albumin catalyzes several types of
transformations,[36] myoglobin performs slow oxidations in the
presence of hydrogen peroxide,[37] and in several cases a cata-
lytic antibody created to catalyze one reaction can also pro-
mote another reaction.[38]

Experimental Section

General : Candida antarctica lipase B (CAL-B, Novozym 435, 7300
PLUg�1) was a gift from Novo Nordisk Co. All other reagents were
purchased from commercial sources. THF was dried over sodium
metal, and pyridine was dried over potasium hydroxyde, they were
then distilled under nitrogen.

Molecular modeling : The program Insight II, version
2000.1, was used for viewing the structures. The geomet-
ric optimizations were performed by using Discover,
version 2.9.7 (Accelrys, San Diego, CA, USA), with the
AMBER[39] force field. The distance-dependent dielectric
constant was set to 4.0 to mimic the electrostatic shield-
ing of the solvent, and the one-to-four van der Waals in-
teractions were scaled to 50%. The crystal structure for
CAL-B (1Lbs[18]) was obtained from the Protein Data Bank
(www.rcsb.org/pdb/) and includes a phosphonate. Protein
structures in Figures 1–4 were generated by using PyMOL
0.97.

Initial rates of esterification reactions : A solution con-
taining the oxime ester (0.5 mmol) and 1 (48 mg,
0.2 mmol) in THF (2 mL) was prepared in an Erlenmeyer
flask. This mixture was transferred to an orbital shaker and
shaken (250 rpm) for at least 30 min at 30 8C. Finally,
CAL-B (50 mg) was added to the solution, and at regular
intervals of 1 min a sample was extracted (100 mL) from
the flask (five samples per reaction), the solvent was
evaporated, and the sample was silylated by treatment
with anhydrous pyridine (50 mL), HMDSA (4 mL), and TMSCl
(2 mL). The reaction was carried out in an Eppendorf PCR
tube. The mixture was shaken vigorously for about 2 min
and was then allowed to stand for 10 min at RT prior to
chromatography. The sample was analyzed by gas chro-
matography on a TRACSIL TRB-5A capillary column
(30 mP0.32 mmP0.50 mm) with nitrogen as carrier gas
and a flame ionization detector. Injector and detector tem-
peratures were set at 300 8C, head column pressure at
14 psi and split 90:1; initial column temperature 220 8C
(3 min), rate 5 8Cmin�1 until 260 8C, then 15 min at 260 8C,
followed by heating rate 5 8Cmin�1 until 300 8C, final
column temperature was 300 8C (10 min). 3’,5’-Di-O-TMS-
2’-deoxyuridine (as internal standard) eluted at 11.8 min;

5’-O-butyryl-3’-O-TMS-thymidine[6f] at 15.9 min; 3’-O-butyryl-5’-O-
TMS-thymidine[6g] at 16.3 min; 3’,5’-di-O-butyrylthymidine[6f] at
23.1 min; 5’-O-methoxyacetyl-3’-O-TMS-thymidine at 16.8 min; 3’-
O-methoxyacetyl-5’-O-TMS-thymidine at 17.3 min; 3’,5’-di-O-
methoxyacetylthymidine at 26.8 min. Standard curves were pro-
duced enabling the concentration of the ester product to be fol-
lowed over time. The spectroscopical data of 5’-O-, 3’-O-, and 3’,5’-di-
O-methoxyacetylthymidine are given in the Supporting Information.

Initial rates of aminolysis reactions : A solution containing the
methyl ester (0.67 mmol), 3’,5’-diamino-3’,5’-dideoxythymidine (2 ;
20 mg, 0.08 mmol) and molecular sieves (4 M, 20 mg) in THF
(4.5 mL) was prepared in an Erlenmeyer flask. This mixture was
transferred to an orbital shaker and shaken (250 rpm) for at least
30 min at 40 8C. Finally, CAL-B (10 mg) was added to the solution,
and at regular intervals of 1 min, a sample was extracted (100 mL)
from the flask (five samples per reaction) and the solvent evaporat-
ed. The samples were then analyzed by HPLC on a Kromasil 100
C18 column (150P4.6 mm, 5 mm). HPLC conditions: constant flow:
0.5 mLmin�1; temperature: 25 8C; eluent gradient: A/B 1:99 (6 min),
then polarity was changed linealy until A/B 20:80 at 15 min, and
finally was changed linealy until A/B 100:0 at 25 min, with A=
CH3CN and B=ammonium acetate (0.02m) in water with 1%
CH3CN. 3’,5’-Diamino-3’,5’-dideoxythymidine

[7b,40] elutes at 4.2 and
7.0 min; 3’-amino-5’-butyrylamino-3’,5’-dideoxythymidine[7b] at
18.7 min; 3’-amino-5’-methoxyacetylamino-3’,5’-dideoxythymidine
(spectroscopical data is given in the Supporting Information) at
16.6 min.

Scheme 7. Inverse mechanism for enzymatic aminolysis reaction with CAL-B.
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