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N-Acetylneuraminic acid aldolase (NeuAcA) (EC 4.1.3.3) is a pyruvate-dependent class I aldolase that catalyzes
the reversible aldol cleavage of N-acetylneuraminic acid to form N-acetyl-D-mannosamine and pyruvate. The
synthetic activity of this enzyme has been applied to the preparation of many sialic acid analogues. In this report,
we demonstrate the ability of NeuAcA from Clostridium perfringens to use 2-oxoethyl substituted nucleobases as

unusual acceptor substrates to perform aldol additions. In this way, novel acyclic nucleoside analogues bearing a
further derivatizable 4-hydroxy-2-oxo butyrate skeleton were prepared in good yields.

1. Introduction

Nucleoside analogues are a valuable source of antiviral agents,
acting as enzyme inhibitors or chain terminators in RNA or DNA bio-
synthesis [1]. In particular, those containing alkyl chains that mimic
open sugar moieties, give rise to a wide range of biologically active
molecules. Since the discovery of acyclovir in 1978, acyclic nucleosides
(ANs) have become the target of intense research. As a consequence, a
number of outstanding drugs have been marketed to treat viral diseases
including herpes, hepatitis and AIDS [2]. The chemical synthesis of ANs
often comprises multi-step reactions and toxic reagents [3-5]; instead,
biocatalysis offers an efficient, green, and chemo-, regio- and stereo-
selective alternative [6]. In this sense aldolases, which are car-
bon-carbon lyases (EC 4.1), proved to be useful enzymes for the ste-
reoselective C—C bond formation. These enzymes catalyze the
reversible and stereospecific aldol addition between a carbonyl com-
pound (nucleophilic donor) and an aldehyde (electrophilic acceptor).
All aldolases are strongly dependent on their donor but admit a broad
diversity of aldehydes as acceptor substrates. In addition, two classes of
aldolases can be distinguished depending on the interactions between
the donor and the enzyme [7].

Pyruvate-dependent aldolases are usually Class I aldolases that
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reversibly catalyze the aldol addition of pyruvate to a variety of poly-
hydroxylated aldehydes to produce a-keto-acids. Between others, 2-
keto-3-deoxy-6-phosphogalactonate (KDPGal) aldolase catalyzes the
aldol addition using a broad range of electrophilic substrates containing
polar functionalities at C2, C3, or C4 affording substituted-4-hydroxy-2-
oxobutyrate products [8].

Class II pyruvate-dependent aldolases containing Mg>* have de-
monstrated a broader substrate specificity for both acceptors and do-
nors. Among them, E. coli K-12 2-keto-3-deoxy-L-rhamnonate aldolase
(YfaU) was employed for the synthesis of amino acid derivatives of
proline, 4-hydroxypipecolic acid, and pyrrolizidine-3-carboxylic acid
by addition of pyruvate to a variety of unsubstituted and a-substituted
N-Cbz-amino aldehyde derivatives [9].

In particular, N-acetylneuraminic acid aldolase (NeuAcA, also
known as sialic acid aldolase, EC 4.1.3.3), catalyzes in vivo the re-
versible decondensation of a-N-acetylneuraminic acid to yield pyruvate
and N-acetyl-D-mannosamine in a wide variety of organisms. NeuAcA
has been thoroughly used in the carbohydrate field to synthesize a
range of sugar mimics displaying different biological activities [7].
Among other applications, the preparation of L-sugars, poly-
hydroxylated alkaloids and melanoma antigens can be cited [10,11].
The first studied NeuAcAs did not recognize aldehydes with two or
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three carbons as acceptors and only admitted pyruvate as the donor
[12]. However, NeuAcAs with unusual specificities were later dis-
covered from different sources. Hader and Watts [13] prepared,
through a chemoenzymatic route, four new difluorinated sialic acid
derivatives with potential biological activity using NeuAcA and sodium
fluoropyruvate as donor. NeuAcA from Peptoclostridium difficile not only
accepted a variety of aldoses as acceptors but also aliphatic aldehydes
such as acetaldehyde, propanal and butanal [14]. The enzyme activity
decreased as the number of carbons of the aldehyde acceptor increased.
On the other hand, NeuAcA from Dyadobacter fermentas was used to
synthesize many 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid
(KDN) analogues from different monosaccharides, which proved to be
promising scaffolds for the development of anti-influenza drugs [15].
NeuAcA from Pasteurella multocida P-105 has shown flexible substrate
specificity, using 5-O-methyl ManNAc as substrate to produce the cor-
responding C8-modified sialic acids [16].

In view of the persistent need to develop new drugs with increased
potency, bioavailability and selectivity, we have recently employed
rabbit muscle aldolase (RAMA) in a novel procedure to prepare acyclic
analogues of arabinonucleosides such as vidarabine, a drug currently
used against herpes simplex and varicella zoster viruses [17]. The
strategy proposed here makes use of NeuAcA to bring an interesting
alternative for the synthesis of new AN analogues due to its relaxed
specificity for the acceptor aldehyde, especially those that contain polar
groups at C3. Having this in mind, in the present work we explored the
preparation of novel nucleoside derivatives bearing a further deriva-
tizable 4-hydroxy-2-oxo butyrate skeleton by means of a commercially
available NeuAcA, employing a cheap donor such as pyruvate and a
variety of nucleobase-substituted acetaldehydes as acceptor substrates.

2. Experimental
2.1. General

N-acetylneuraminic acid aldolase from Clostridium perfringens
(NeuAcA, EC 4.1.3.3) was purchased from MPBio (Solon, OH, USA). All
chemicals were acquired from Sigma Aldrich (Saint Louis, MO, USA) as
reagent grade and used without further purification unless otherwise
stated. Solvents were purchased from Biopack and dried, when neces-
sary, following standard procedures before their use.

'H and '*C NMR experiments were recorded on a Bruker Avance II
500 spectrometer (Madison, WI, USA) at 500 MHz and 125 MHz re-
spectively, using D,O as solvent. TLC analyses were performed using
silica gel 60 F254 aluminum plates from Merck (Darmstadt, Germany)
and CHCl3:MeOH (85:15) as mobile phase. Phenomenex C18 silica gel
cartridges (Torrance, CA, USA) were used for solid phase extraction.

HPLC-UV analyses were carried out with a Gilson chromatograph
(321 Pump, 156UV/VIS detector and 234 Autoinjector Series)
(Middleton, WI, USA), using a Grace Apollo C18 column (5,
150 mm X 4.6 mm) (Deerfield, IL, USA). HPLC-MS analyses were run in
a Thermo Finnigan Surveyor chromatograph coupled to a LCQ
Advantage Max detector (San Jose, CA,USA), using a Merck
LiChroCART 55-2 Purospher START RP-18 e (3, 55mm X 2 mm)
column and an isocratic mixture of ACN: NH,OH 50 mM pH 10.8 (3:97)
with a flow rate of 0.25 mL/min at room temperature. The MS detection
was set to explore a range of 150-400 m/z in positive mode. ESI-MS
spectra were recorded by direct injection (4kV ion spray voltage,
350 °C capillary temperature), in positive mode.

2.2. Aldehydes

Compounds 2a-d were prepared from nucleobases 1a-d according
to our previous report [18]. Briefly, the nucleobases (3 mmol) and
K>CO3 (6 mmol) in anh DMF (30 mL) were stirred at 50 °C during 1 h
and then 2-bromo-1,1-dimethoxyethane (6 mmol) was added at 90 °C.
After 23 h, the reactions were filtered and the solvent removed under
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reduced pressure. The crude mixtures were purified by silica gel column
chromatography with MeOH/CH,Cl, or EtOAc/hexane as mobile
phases to yield the corresponding 9-(2,2-dimethoxyethyl)-purine or 1-
(2,2-dimethoxyethyD)-pyrimidines in 40-60% isolated yields. Alde-
hydes 2a-d were obtained after hydrolysis of the corresponding di-
methylacetals with HCl (1 N) at 90°C and their identities were de-
termined by NMR and ESI-MS analysis [17].

2.3. Analytical-scale standard biotransformation

Mixtures containing aldehydes 2a-d (40 mM) and sodium pyruvate
(20 mM) were incubated with NeuAcA (10 U) in potassium phosphate
buffer (30 mM pH 7.5, 2 mL) and shaken at 37 °C and 200 rpm. Samples
were withdrawn during a 48-h period and analyzed by HPLC-UV using
as mobile phase isocratic triethylammonium acetate (TEAA): ACN
(97:3) with a flow rate of 0.9 mL/min at room temperature. The UV
detector was set at 254 nm (tg (min): 2a 5.7, 3a 9.3, 2b 2.0, 3b 2.9, 2¢
4.6,3c7.7,2d 4.3, 3d 7.0).The identity of products 3a-d was confirmed
by HPLC-MS. Reactions without the addition of enzymes were per-
formed as chemical controls following the same procedure.

2.4. Synthesis of 4-hydroxy-2-oxo-5-thyminylpentanoic acid (3c)

A solution of compound 2¢ (40 mM), sodium pyruvate (80 mM) and
NeuAcA (10U) in potassium phosphate buffer (20 mM pH 7.5, 1 mL)
was stirred at 37 °C and 200 rpm. After 3h the reaction afforded the
maximum conversion (78%), calculated by HPLC using isocratic 99:1
trifluoroacetic acid (TFA)(0.1% aq. v/v) pH 3:ACN as mobile phase (tg
(min): 2¢ 8.0, 3c 13.1). After centrifugation, the supernatant was ap-
plied onto a C18 reverse phase silica column and eluted with TFA (1%
aq. v/v). Fractions containing 3¢ were collected and lyophilized, af-
fording a pure white powder (37.2% yield). H NMR (500 MHz, D»0) §
(ppm): 7.39 (d, J = 1.2 Hz, 1H Hy4); § 4.38-4.31 (m, 1H, H,), 3.85 (dd,
J =14.3, 3.7 Hz, 1H, Hs,); 3.69 (dd, J = 14.3, 8.4 Hz, 1H, Hs); 2.97
(dd, J = 17.4, 4.7 Hz, 1H, Has,); 2.90 (dd, J = 17.4, 8.0Hz, 1H, Hs);
1.80 (d, J = 1.2 Hz, 3H, Hy5). **C NMR (126 MHz, D;0) § (ppm) 202.63
(C2); 172.3 (C9); 169.04 (C7); 167.07 (C1); 143.76 (C11); 110.37
(C10); 64.97 (C4); 53.21 (C5); 30.22 (C3); 11.24 (C12).

2.5. Theoretical calculations

Theoretical calculations were carried out following several steps.
The molecules under study were first subjected to geometry optimiza-
tions using the DFT [19,20]. To this end, the B3LYP hybrid exchange-
correlation functional [21,22] together with the 6-31G(d,p) basis set as
implemented in the Gaussian 03 package were used [23]. All geome-
trical parameters were optimized without constraints. The minimum
energy structures obtained from this first optimization were re-
optimized using 6-31G+ +(d,p) basis. Isotropic chemical shifts for
carbon and hydrogen atoms were calculated. In this case, the isotropic
magnetic shielding tensor was obtained at the B3LYP/6-31G + +(d,p)
level of theory. The reported shifts are relative to tetramethylsilane
(TMS). The absolute isotropic shieldings of TMS were also calculated
using the B3LYP/6-31G + + (d,p) model.

3. Results and discussion

It is well known that the chirality of the side chain plays an im-
portant role in ANs activity. Among the chiral ANs approved as anti-
virals, cidofovir is a representative example; only the S-enantiomer
shows antiviral activity [24]. Different asymmetric synthetic strategies
can be used for the preparation of chiral ANs and among them, the
alkylation of nucleobases by chiral electrophilic alkylating agents is the
most employed [25]. As an alternative, we developed a chemoenzy-
matic strategy consisting of a first alkylation step to introduce an al-
dehyde moiety in a nucleobase and a second step where the chiral
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linear chain is constructed. Aldol addition is the most used and versatile
reaction for C—C bond formation and particularly, organocatalysis and
biocatalysis provide efficient strategies to perform it in an asymmetric
manner. Following this direction, we have previously explored the
synthesis of different AN analogues using pyrrolidine as organocatalyst
[18] or RAMA (a dihydroxyacetone phosphate, DHAP, dependent al-
dolase) as biocatalyst [17] and a range of 2-oxoethyl purinic and pyr-
imidinic compounds as aldehyde acceptors.

In order to synthesize these substrates, N-alkylation of nucleobases
was carried out using bromoacetaldehyde dimethyl acetal in presence
of K>COs. 9-(2,2-Dimethoxyethyl)-purine or 1-(2,2-dimethoxyethyl)-
pyrimidines were regioselectively prepared in good yields. The corre-
sponding aldehydes were obtained by acid treatment just before use.

Aldolases are highly specific for their corresponding donors and
consequently, using different aldolases, diverse side chains can be built.
Besides, it is well established that aldolases have a high level of ste-
reocontrol at the formed chiral centres being their configurations highly
predictable. For instance, AN analogues prepared using RAMA [17]
showed the usual (3S,4R) stereochemistry with respect to the carbonyl
group as a consequence of the nucleophilic attack of the enamine in-
termediate formed between DHAP and the enzyme on the si-face of the
acceptor aldehyde. As mentioned before, NeuAcA, a pyruvate depen-
dent aldolase has relaxed specificity for the acceptor, being capable of
using a wide variety of aldehydic substrates, preferentially poly-
hydroxylated, including tetroses, pentoses, hexoses of the D and L
series, amino sugars and disaccharides, among others [26-29].

In order to explore the synthesis of new AN analogues, aldehydes
2a-d were screened as substrates of commercially available NeuAcA
from Clostridium perfringens for the aldol reaction with pyruvate. Due to
its catabolic role in Nature, the equilibrium of the reaction that NeuAcA
catalyzes in vivo favours the decondensation of a-N-acetylneuramic
acid. However, for synthetic purposes, such equilibrium can be shifted
to the opposite direction by using excess substrates. Having in mind this
consideration and that the experiments using ratios close to 1:1 af-
forded low conversions, 2:1 2a-d: pyruvate molar ratio was employed.
Conversion to 4-hydroxy-2-oxo0-5-(N9-purinyl or N1-pyrimidyl)penta-
noic acids, 3a-e (Scheme 1), was followed by HPLC for 48 h. It was
observed that NeuAcA efficiently accepted the unusual substrates 2a-d,
since products were successfully obtained in up to 94% conversions
(Table 1). Maximum conversions were observed between 24 and 30 h. A
slight decrease occurred at longer times, probably due to retroaldol
reactions. Besides, blank reactions without enzyme were carried out
under the same experimental conditions with no evidence of product
formation.

These results are remarkable since, as far as we know, NeuAcA from
Clostridium perfringens was expected to accept only polyhydroxylated
aliphatic aldehydes that are subsequently cyclized. Other NeuAcA
sources or evolved enzymes were used in order to carry out the
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Table 1
3a-d maximal conversions obtained using 2:1 2a-d: pyruvate molar ratio.

Aldehyde acceptor Aldol product Conversion (%)>" Reaction time (h)

2a 3a 94 24
2b 3b 91 24
2¢ 3c 87 30
2d 3d 71 24

@ Conversions are based on the limiting reagent pyruvate.
> Determined by HPLC.

biotransformation employing different substrates [14,30,31]. However,
we propose that the interactions of the heteroatoms present in the
nucleobases might resemble those of the traditional sugar substrates.

For further studies, compound 3c was selected as model. Since the
enzyme is capable of performing the synthetic reaction with excess of
either the heterocyclic aldehydes or pyruvate, we also tested a
2c:pyruvate 1:2molarM ratio. Although a little decrease in 3c conver-
sion was observed applying these conditions (78% in contrast to 87%),
the total amount of product obtained starting from the same amount of
aldehyde was higher (31.2 mM versus 17.4 mM) and the reaction time
was reduced to 3 h. In addition, reaction costs in terms of reagents and
purification steps could be lowered.

Compound 3c was isolated by centrifugation of the reaction
medium and purification of the supernatant by reverse-phase column
chromatography. The identity of the product was verified by NMR
spectrometry. By comparing the 'H NMR data of 3¢ with those of the
corresponding AN analogues previously prepared by us using another
aldolases and also organocatalysts, a similar signal profile of the acyclic
chain was observed. However, chemical shifts (§) appear downfield by
the effect of the carboxylic group at C1. Both 3- and 5-methylene signals
show diasterotopic behaviour. Coupling constants with H4 are con-
sistent with different environments as result of the chirality of C4 and
with a probably hindered chain rotation. '*C NMR spectrum also
matched with the expected profile, with the only exception of the
chemical shift of C7 in thymine, which shifted from 153 to 169 ppm.
Patterson-Elenbaum et al. [32] have demonstrated, by computational
and experimental techniques, that the presence of intramolecular hy-
drogen bonds can deshield carbonyl carbons in *C NMR spectra. Thus,
in order to analyse the existence of such electronic effect and explain
our experimental data, theoretical calculations were performed. As it
can be observed in Fig. 1, the optimized structure of 3c shows the
presence of a hydrogen bond between CO(7) and the OH at C4 of the
acyclic chain. This structure shows a 0.62 Kcal/mol additional stability
in comparison with the other minimum, in which the OH at C4 of the
acyclic chain forms the hydrogen bond with the carboxylic group. The
signal assignment in '*C NMR spectrum of 3¢ was also performed by
theoretical calculations. Using B3LYP at 6-31G + + (d,p) level of theory,

R o) R
RH NeuAc aldolase .
> > -
- 0 HO
|
1a-d o) OH
¥ HO
2a-d 3a-d
0]
NH, NH, o) NH,
NZN-N N7 HN NN
R= )j[ 3 )j | )I 9
Sy N O)\,}l O)\,]l HZN)\\N N
adenine cytosine thymine 2,6-diaminopurine

(@ (b)

(c) (d)

Scheme 1. NeuAcA catalyzed synthesis of AN analogues 3a-d.
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Fig. 1. Optimized structure of 3¢ calculated using B3LYP at 6-31G + + (d,p) level of theory. Atoms involved in a hydrogen bond are indicated.

the calculated § value for C7 were 163.9 and 156.6 ppm with and
without the formation of the proposed hydrogen bond, respectively.

Unlike the strict enzymatic control of the stereochemistry usually
observed for most aldolases, the stereoselectivity of the reaction cata-
lyzed by NeuAcA depends on the structure of the involved acceptor
aldehyde. Fitz et al. [26] proposed that the reaction is under thermo-
dynamic control and that the configuration of the aldehyde substituent
of C3 is critical for the selectivity. For sialic acid type-substrates, the
attack occurs on the si face so that most of the products have S con-
figuration. This was verified by Smith et al. [33] through molecular
modelling of the enaminic intermediate based on X-ray analysis of
NeuAcA co-crystallized with inhibitors. As the aldehydes used in this
work lack a chiral carbon at position 3, according to the above men-
tioned Fitz model, NeuAcA would be unable to distinguish between re
and si faces of the acceptor substrate. For this reason, it is expected that
products 3 are obtained as racemic mixtures. Nevertheless, further
studies to confirm this assumption are in progress.

4. Conclusions

In contrast to previous reports, the results reported herein demon-
strate that NeuAcA from Clostridium perfringens is capable of catalysing
the aldol addition of polyfunctionalized acceptor substrates which are
not polyhydroxylated compounds. Moreover, the stabilization of the
aldol 3¢ by hydrogen bonding between the hydroxyl of the alkyl chain
and the carbonyl group in the position 7 of the base was confirmed by
theoretical and spectroscopic studies.

Novel acyclic nucleosides carrying a 4-hydroxy-2-oxoacid unit were
synthesized through a green and scalable procedure. The obtained
products are structurally related to S-adenosylhomocysteine hydrolase
inhibitors, such as eritadenine and (S)-9-(2,3-dihydroxy-propyl)adenine
which are broad spectrum antiviral agents. In addition, the range of
structural and biological activity diversity could be increased by further
(bio)chemical transformations of the obtained acyclic chain.
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