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T he expanding field of biocatalysis has emerged
as a viable alternative to the chemical synthesis
of many compounds. Enzymatic synthesis offers

distinct advantages over chemical methods, including
reduced reaction time, increased product yield, in-
creased product specificity, reduced cost, and reduced
environmental impact (1–3). For these reasons, many
basic enzymatic syntheses have been adapted for the
efficient production of a wide variety of compounds. Ex-
amples include vanillin (4), amylose (5), �-lactam anti-
biotics (6), glycopeptides (7), iminocyclitols (8), and
chiral amino acids (9).

Through pathway engineering, it is possible to ex-
pand enzymatic synthesis to include a combination of
biochemical pathways, increasing the complexity of the
accessible targets significantly, yet continuing to main-
tain the same advantages enjoyed by simple enzymatic
syntheses. An elegant example of a complex multistep
enzymatic reaction was the synthesis of vitamin B12
from simple precursors, pioneered by A. Ian Scott, us-
ing cloned enzymes from different organisms (10–12).
A bioactive heparan sulfate pentasaccharide was syn-
thesized in vitro using eight enzymes from its biosyn-
thetic pathway in the Golgi apparatus with a faster reac-
tion time, increased yield, and using 1/10th of the steps
required for total chemical synthesis (13). In addition,
multistep enzymatic synthesis has recently been used
to synthesize enterocin polyketides (14). Multistep enzy-
matic synthesis has also been used for efficient prepara-
tive synthesis of 13C- and 2H-labeled ribonucleotides
for NMR studies of RNA structure (15–17).

Uniformly 13C,15N-labeled nucleotides used in NMR
studies of RNA structure and dynamics are obtained
from bacteria grown on a minimal medium with 15NH4Cl
as the sole nitrogen source and/or 13C6-glucose or 13C-
methanol as the carbon source (18–20). Using this
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ABSTRACT A general method for isotopic labeling of the purine base moiety of
nucleotides and RNA has been developed through biochemical pathway engineer-
ing in vitro. A synthetic scheme was designed and implemented utilizing recombi-
nant enzymes from the pentose phosphate and de novo purine synthesis path-
ways, with regeneration of folate, aspartate, glutamine, ATP, and NADPH cofactors,
in a single-pot reaction. Syntheses proceeded quickly and efficiently in compari-
son to chemical methods with isolated yields up to 66% for 13C-, 15N-enriched ATP
and GTP. The scheme is robust and flexible, requiring only serine, NH4

�, glucose,
and CO2 as stoichiometric precursors in labeled form. Using this approach, U-13C-
GTP, U-13C,15N- GTP, 13C2,8- ATP, and U-15N- GTP were synthesized on a millimole
scale, and the utility of the isotope labeling is illustrated in NMR spectra of HIV-2
transactivation region RNA containing 13C2,8-adenosine and 15N1,3,7,9,2-guanosine.
Pathway engineering in vitro permits complex synthetic cascades to be effected,
expanding the applicability of enzymatic synthesis.
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method, labeled nucleotides can be produced economi-
cally in gram quantities, but specific isotope labeling
patterns are not possible. Specific incorporation of
13C,15N can be used to reduce spectral crowding, as a
spectral filter, or to simplify the dipolar network for relax-
ation studies (16, 21–23).

Selective incorporation of isotope labels into nucleo-
tides can be effected by chemical and/or enzymatic syn-
thesis. Using 13C,2H-labeled glucose and unlabeled
bases, efficient enzymatic synthesis of a variety of spe-
cific ribose-labeled nucleotides was carried out, facilitat-
ing the study of RNA molecules of increasing size (15–
17, 24). Specific labeling of the ribose moiety permits
assignment of sugar�sugar and intermolecular NOE
correlations by reducing ambiguity and crowding of the
spectra. The two most important protons for NMR struc-
tural analysis, H1= and H2=, can be selectively observed,
and the variety of available labeling patterns for the glu-
cose starting material provides a great degree of flexibil-
ity for labeling of the ribose moiety (17).

The next logical step is to expand specific isotope la-
beling to the base. The base moiety of RNA and DNA
molecules contains key structural information in local in-
teractions including hydrogen bonding, protonation, li-
gand interactions, and stacking (22, 23, 25). Chemical
synthesis has been the main source for specific 13C,15N
base labeling to date (26, 27). Several groups have in-
corporated 13C,15N at specific positions in the base of
purine nucleotides using a combination of chemical and
enzymatic synthesis. Starting from 4,5,6-
triaminopyrimidine or 2,4,5,6-tetraaminopyrimidine,
13C8-labeled adenine or 2,6-diaminopurine were chemi-
cally synthesized, followed by combined chemical and
enzymatic conversion to ATP or GTP, with overall yields
of 37% and 29%, respectively (23). Similarly, starting
from imidazole-4,5-dicarboxylic acid, hypoxanthine and
2-methylthio-hypoxanthine were chemically synthe-
sized, followed by a combination of enzymatic and
chemical synthesis to introduce specific labels at 13C2–
15N1,3,amino, giving 35% overall yield for adenosine and

Figure 1. Scheme for enzymatic synthesis of purine nucleotides. a) Conversion of glucose to PRPP. Glucose and ATP are converted to
glucose-6-phosphate (G6P) by the action of glucokinase (glk) with the production of ADP. G6P and NADP� are converted to 6-phospho-
gluconate (6PG) by glucose-6-phosphate dehydrogenase (zwf) with the production of NADPH. 6PG and NADP� are converted to ribulose-
5-phosphate (Ru5P) by the action of 6-phosphogluconate dehydrogenase (gndA) with the production of NADPH. Phosphoriboisomer-
ase (rpiA) interconverts Ru5P and ribose-5-phosphate (R5P). R5P and ATP are converted to phosphoribose-pyrophosphate (PRPP) by
the action of PRPP synthase (prsA) with the production of AMP. b) Conversion of PRPP to ATP or GTP. PRPP and glutamine are converted
to phosphoribose-amine (PRA) by the action of amidophosphoribosyl-transferase (purF) with the production of glutamine. PRA, gly-
cine, and ATP are converted to phosphoribosyl-glycinamide (GAR) by the action of phosphoribosylamine-glycine ligase (purD) with the
production of ADP. GAR and 10-formyl-tetrahydrofolate are converted to phosphoribosyl-formylglycinamide (FGAR) by the action of
phosphoribosyl-glycine amide formyltransferase (purN) with the production of tetrahydrofolate (THF). FGAR, glutamine, and ATP are
converted to phosphoribosyl-formylglycinamidine (FGAM) by the action of FGAM synthase (purL) with the production of glutamate and
ADP. FGAM and ATP are converted to phosphoribosyl-aminoimidazole (AIR) by phosphoribosyl-formyl glycinamidine cyclo-ligase (purM)
with the production of ADP. AIR, CO2, and ATP (47) are converted to phosphoribosyl-amino-carboxy-imidazole (CAIR) by the action of
phosphoribosyl-amino-imidazole carboxylase (purE, purK) with the production of ADP. CAIR, aspartate, and ATP are converted to
phosphoribosyl-amino-succinocarboxamide-imidazole (SAICAR) by phosphoriobsyl-aminoimidazole-succino-carboxamide synthase
(purC) with the production of ADP. SAICAR is converted to phosphoribosyl-amino-imidazole carboxamide (AICAR) by adenylosuccinate
lyase (purB) with the production of fumarate. AICAR and 10-formyl-THF are converted to phosphoribosyl-formylamido-imidazole carbox-
amide (FAICAR) by the action of phophoribosylamino-imidazole-carboxamide formyltransferase (purH) with the production of THF.
FAICAR is converted to inosine monophosphate (IMP) by IMP cyclohydrolase (purH) with the production of H2O. For ATP: IMP and GTP
are converted to adenylosuccinate (AdS) by adenylosuccinate synthase (purA) with the production of GDP. AdS is converted to AMP by
the action of purB with the production of fumarate. For GTP: IMP and NAD� are converted to xanthosine monophosphate (XMP) by the
action of IMP dehydrogenase (guaB) with the production of NADH. XMP, glutamine, and ATP are converted to GMP by the action of GMP
synthase (guaA) with the production of AMP and glutamate. c) Cofactor regeneration schemes. NTP regeneration (red). AMP and ATP
are converted to ADP by the action of adenylate kinase (plsA). GMP and ATP are converted to GDP by the action of guanylate kinase
(spoR) with the production of ADP. NDPs and creatine phosphate are converted to NTPs by the action of creatine phosphokinase (ckmT)
with the production of creatine. NAD regeneration (green). NAD(P)H, �-ketoglutarate (�-KG), and NH3 are converted to NAD(P)� by the
action of glutamate dehydrogenase (gdhA) with the production of glutamate. Glutamine recycling (purple). Glutamate, ATP, and NH3 are
converted to glutamine by the action of glutamine synthase (glnA) with the production of ADP. Aspartate recycling (orange). Fumarate
and NH3 are converted to aspartate by the action of aspartate ammonia-lyase (aspA). Folate regeneration (blue). THF and serine are con-
verted to 5,10-CH2-THF by the action of glycine hydroxymethyl-transferase (glyA) with the production of glycine. 5,10-CH2-THF and
NADP� are converted to 5,10-CH-THF by the action of methylene-THF dehydrogenase (folD) with the production of NADPH. 5,10-CH-THF
is converted to 10-CHO (formyl) THF by the action of methenyl-THF cyclohydrolase (folD) with the production of H2O.
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40% for guanosine (28). Starting from inosine,
13C2

15N1,amino-guanosine was synthesized in 32% over-
all yield (29). The 2-amino group of GMP has also been
labeled with 15N through enzymatic interconversion of
NMPs (30). These synthetic schemes and starting mate-
rials vary widely in implementation and difficulty de-
pending on the desired nucleotide and labeling pat-
tern. In general, uniformly or specifically labeled purine
bases are not commercially available, and chemical syn-
thesis of labeled purines is complex (22, 26, 27, 31). A
general, flexible, and efficient enzymatic synthesis of
base-labeled purine nucleotides would have many ap-
plications in biochemical and biophysical studies of
nucleic acid structure and function.

In the present work, de novo purine biosynthesis is
coupled with phosphoribosyl-pyrophosphate (PRPP)
synthesis to effect a total enzymatic synthesis of the pu-
rine nucleotides ATP and GTP. The synthesis is carried
out with the precursors glucose, glutamine, serine, am-
monia, and CO2 that are available in a variety of isotopi-
cally labeled forms. A total of 28 biosynthetic enzymes
were used for the efficient synthesis of ATP and GTP with
yields of up to 66% in a single-pot reaction. The reac-
tion design relies heavily on NTP and NAD(P)H cofactor
regeneration schemes (32, 33), and in addition, novel
recycling reactions for folate, fumarate, and glutamine
cofactor pools were implemented. As a result of the flex-
ibility afforded by selection of labeled starting materi-
als, a wide variety of purine isotope labeling patterns are
possible. Using this approach, U-13C- GTP, U-13C,15N-
GTP, 13C2,8- ATP and U-15N- GTP were synthesized on a

millimolar scale, and the utility of these la-
beled nucleotides is illustrated in NMR spec-
tra of an RNA oligomer containing 13C2,8-
adenosine and 15N1,3,7,9,2-guanosine.

RESULTS AND DISCUSSION
Design of the Enzymatic Synthesis. The

well-established metabolic pathway for de
novo purine biosynthesis is outlined in
Figure 1, panels a and b. Enzymes of the pen-
tose phosphate pathway convert glucose to
PRPP, which enters into the linear cascade of
reactions that assemble the purine ring to pro-
duce IMP, which is the precursor for both ATP
and GTP. The net reaction for biosynthesis of
ATP and GTP is shown in Figure 2, panels a and
b, including the precursor molecules as well

as the numerous cofactors that are consumed in the re-
action cascade. The atoms in the purine ring are meta-
bolically derived from glycine, CO2, aspartate, glu-
tamine, and 10-formyl THF as shown in Figure 2, pan-
els c and d, and this set of precursors defines the pos-
sible isotope labeling patterns that can be achieved us-
ing in vitro biosynthesis. The goal of the present work
is to recapitulate the de novo purine biosynthesis cas-
cade in vitro, using purified recombinant enzymes and
a defined set of labeled precursors to generate specifi-
cally isotopically labeled nucleotides.

For efficient enzymatic synthesis in vitro, there are
three major considerations. First, isotopically labeled
amino acids are expensive starting materials. 13C-
labeled 10-formyl THF is not commercially available,
and it is necessary to generate these labeled precursor
components in situ. Second, the numerous ATP and GTP
equivalents required cannot be supplied in stoichiomet-
ric amounts to avoid isotopic dilution of the desired
nucleotide products, and it is essential to employ enzy-
matic cofactor regeneration schemes. Third, it is impor-
tant to provide a driving force for the overall reaction to
ensure high yields of the desired labeled ATP and GTP.
All of these considerations can be taken into account to
design and effect an efficient and cost-effective enzy-
matic synthesis scheme.

The overall strategy for de novo purine nucleotide syn-
thesis builds on the previously implemented syntheses
of nucleotides from glucose and bases, via the PRPP in-
termediate, as shown in Figure 1, panel a (15–17). The
cofactor recycling schemes for regeneration of NTPs
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from NMPs or NDPs and regeneration of NAD(P)� from
NAD(P)H are well-established (34, 35), as shown in
Figure 1, panel c. Creatine phosphate is a suitable phos-
phate source for rephosphorylation of NDPs by the ac-
tion of creatine kinase. NAD(P)� regeneration is accom-
plished by the action of glutamate dehydrogenase on
�-ketoglutarate and ammonia, to produce glutamate.
Because neither glutamate nor creatine directly supply
labeled atoms to the final product, these reagents may
be used in excess to provide a driving force for the over-
all reaction.

During the ATP synthesis, the enzymes continue to
utilize and regenerate labeled ATP as it is produced. To
initiate the reaction, it is necessary to add a catalytic
amount of unlabeled ATP (1%). In addition, a catalytic
amount of unlabeled GTP (1%) is added as a required
cofactor for conversion of IMP to adenylosuccinate by
adenylosuccinate synthase (purA). The labeled ATP that
is synthesized will unavoidably contain 1% unlabeled
ATP and 1% unlabeled GTP, but for preparation of la-
beled RNAs for NMR studies, this has a negligible ef-
fect on the overall labeling.

GTP synthesis is equally dependent on ATP, but addi-
tion of 1% catalytic ATP is not sufficient to initiate the re-
action. Although increasing the ATP concentration is ef-
fective, the subsequent separation of labeled GTP from
unlabeled ATP involves a difficult chromatography step.
Fortunately, the ATP requirement for the GTP synthesis
reaction can be met by the addition of 10% dATP, which
is readily separated from the final product GTP during
the boronate affinity chromatography step. Several en-
zymes including hexokinase, PRPP synthase (prsA),
both monophosphate kinases (plsA, spoR), and glu-
tamine synthase (glnA) utilize dATP with slightly lower
efficiency than ATP. However, GMP synthase (guaA) will
not accept dATP as a substrate, and it is still necessary
to add a catalytic amount of ATP (1%) during GTP syn-
thesis in the presence of dATP. Both ATP and dATP are
regenerated by creatine phosphokinase, efficiently fuel-
ing the GTP reaction. In this way, dATP provides the criti-
cal phosphate source in the GTP synthesis reaction with-
out contributing to isotopic dilution or mixing of the
nucleotide pool.

To implement the purine biosynthesis cascade,
shown in Figure 1, panel b, several additional cofactor
recycling schemes needed to be developed. Four of the
nitrogen atoms in ATP or GTP are derived from the
�-amino group of aspartate or the �-amino group of glu-

tamine, and both of these positions can be enzymati-
cally labeled, in situ from 15N-ammonium ions, as
shown in Figure 1 c. Generation of �-15N-glutamine can
be accomplished in situ from glutamate using glutamine
synthase, while generation of �-15N-aspartate can be
accomplished in situ from fumarate using aspartate-
ammonia lyase (aspA). Glutamine is used in three reac-
tions for the incorporation of the purine N3 and N9 at-
oms and the guanine N2 atom, releasing glutamate,
which can be recycled to form �-15N-glutamine by the
action of glnA, as shown in Figure 1, panels b and c. As-
partate is used in two similar two-step reaction se-
quences for incorporation of the purine N1 atom and
the adenine N6 atom, both reactions releasing fumar-
ate, which can be recycled to form �-15N-aspartate by
the action of aspA, as shown in Figure 1, panels b and
c. In this reaction scheme, glutamate is generated in situ
from recycling of NAD(P)H, and only catalytic amounts
of fumarate must be added. The action of glnA and aspA
effectively recycles the pools of glutamine and aspar-
tate cofactors.

The purine C2 and C8 positions are derived from 10-
formyl-THF; however, 13C-labeled folates are not com-
mercially available. It is possible to generate 13C-10-
formyl-THF in situ and recycle catalytic amounts of
tetrahydrofolate (THF) as a cofactor, using the scheme
shown in Figure 1, panel c. The �-carbon of serine is in-
corporated into 10-formyl-THF by the sequential action
of serine hydroxymethyl transferase (glyA) and the mul-
tifunctional enzyme folD, which provides for efficient re-
cycling of the folate cofactor pool during nucleotide
synthesis.

The recycling schemes shown in Figure 1, panel c for
the NTP, NAD(P)H, glutamate, fumarate, and folate pools
make the overall synthesis of ATP and GTP, shown in
Figure 1, panels a and b, streamlined and efficient. Al-
most every step of the linear sequence from glucose to
ATP/GTP is facilitated by recycling of one of these cofac-
tor pools. The net reaction for the enzymatic scheme
shown in Figure 1, panels a and b, including the effects
of cofactor recycling, is given in Figure 3, panels a and b
for ATP and GTP synthesis, respectively. The set of start-
ing materials for the overall reaction shown in Figure 2,
panels a and b is simplified to a small number of re-
agents that fall into three classes. First, there is a set of
stoichiometric reagents that are ultimately incorporated
into the nucleotide, which includes glucose, CO2, am-
monia, and serine. Second, the large number of phos-
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phate and reducing equivalents are supplied with crea-
tine phosphate and �-ketoglutarate, respectively. These
two reagents are supplied in excess to provide a driv-
ing force that fuels the overall reactions. Third, a set of
cofactors is supplied in catalytic amounts. The complex
cascade of reactions in Figure 1, panels a and b is effec-
tively reduced to a net transformation of glucose, CO2,
ammonia, and serine into ATP/GTP, with one byproduct
molecule of glycine in addition to the creatine and gluta-
mate byproducts from cofactor regeneration.

In the net reaction, carbons of the purine ring origi-
nate from only serine (C2,C4,C5,C8) and CO2 (C6), while
the nitrogens of the purine ring are derived from serine
(N7) and NH4

� ions (N1,N2,N3,N6,N9). There is a tre-
mendous flexibility available generating specific label-
ing patterns by the suitable choice of labeled starting
materials. As a result of the availability of specifically la-
beled serine, all of the purine base carbons can be sepa-
rately labeled except for C2 and C8. For nitrogen, it is
possible to separate the N3, N9 from N1 by using la-
beled aspartate directly, and N7 is separately labeled
from serine.

There is one restriction placed on possible labeling
patterns due to the production of CO2 by decarboxyla-

tion of 6-phosphogluconate to ribulose-5-
phosphate during PRPP generation. This step effec-
tively couples the isotope composition of the C1
of glucose to C6 in the purine base via the CO2

pool, and care must be taken to avoid isotopic
scrambling or isotopic dilution due to atmospheric
CO2 in certain cases. If 13C-ribose and 13C6-purine
labeling are both desired, then degassing and inert
atmosphere are sufficient to prevent isotopic dilu-
tion (see Supplementary Figure 9). If 13C6 purine la-
beling is desired without ribose labeling, then
PRPP can be generated enzymatically directly from
unlabeled ribose (15). If 13C-ribose labeling from

13C-glucose is desired without 13C6-purine labeling,
then an excess of 12CO2 can be supplied. For synthesis
of two different labeled nucleotides, 13C labeling of the
base and the ribose moieties was successfully
combined.

Implementation of the Enzymatic Synthesis. There
are 28 enzymes required to implement the de novo en-
zymatic synthesis of GTP and ATP shown in Figure 1, and
few of these are commercially available. Given our pre-
vious success with E. coli phosphoribosyltransferases
(15, 16, 36, 37) and the extensive characterization of
the purine biosynthesis pathway (38), the entire set of
E. coli enzymes for the reactions in Figure 1 was cloned,
expressed, and purified. Many of the intermediates in
Figure 1 are not commercially available, and it was not
possible to perform activity assays on many of the ex-
pressed enzymes. In these cases, the value for the spe-
cific activity was assumed to be 1 U mg�1. Fortunately,
all of the selected enzymes were catalytically active, and
de novo synthesis of ATP was observed in the first model
reaction. The reactions described below were not exten-
sively optimized, and it appears that this enzymatic syn-
thesis scheme is very stable and robust. To illustrate
the flexibility and utility of the pathway engineered
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TABLE 1. Complete list of enzymes for de novo enzymatic synthesis of ATP and GTPa

Enzyme Gene EC Sourceb 1 2 3 4

Hexokinase hxk1/2 2.7.1.1 BY 5.6 U 5.6 U
Glucokinase glk 2.7.1.2 RE 2.4 U 2.4 U
Glucose-6-phosphate dehydrogenase zwf1 1.1.1.49 BY 6.2 U 6.35 U
Glucose-6-phosphate dehydrogenase zwf 1.1.1.49 RE 2.6 U 2.6 U
Phosphogluconate dehydrogenase gndA 1.1.1.44 RE 6.8 U 6.85 U 2.9 U 2.9 U
Ribose-5-phosphate isomerase rpiA 5.3.1.6 RE 7.5 U 7.5 U 3.2 U 3.2 U
Ribose-phosphate diphosphate kinase prsA 2.7.6.1 RE 8.2 U 8.2 U 3.5 U 3.5 U
Amidophosphoribosyl-transferase purF 2.4.2.14 RE 10.5 mg 15.2 mg 4.0 mg 4.0 mg
Phosphoribosylamine-glycine ligase purD 6.3.4.13 RE 14.4 mg 12.5 mg 4.3 mg 4.3 mg
Phosphoribosylglycinamide formyltransferase purN 2.1.2.2 RE 4.6 mg 7.5 mg 4.7 mg 4.7 mg
Phosphoribosylformylglycinamidine synthase purL 6.3.5.3 RE 25.6 mg 25.2 mg 5.4 mg 5.4 mg
Phosphoribosylformylglycinamidine cyclo-

ligase
purM 6.3.3.1 RE 11.7 mg 7.8 mg 5.7 mg 5.7 mg

Phosphoribosylamino-imidazole carboxylase
(catalytic subunit)

purE 4.1.1.21 RE 18.7 mg 35.4 mg 6.5 mg 6.5 mg

Phosphoribosylamino-imidazole carboxylase
(ATPase subunit)

purK 4.1.1.21 RE 6.0 mg 8.5 mg 6.2 mg 6.2 mg

Phosphoribosylamino-imidazole-
succinocarboxamide synthase

purC 6.3.2.6 RE 3.4 mg 6.9 mg 7.0 mg 7.0 mg

Adenylosuccinate lyase purB 4.3.2.2 RE 56 U 28 U 10 U 10 U
Phosphoribosylamino-imidazole-carboxamide

formyltransferase
purH 2.1.2.3 RE

14 mg 31 mg 18 mg 18 mg
Inosine-monophosphate cyclohydrolase purH 3.5.4.10 RE
Adenylosuccinate synthase purA 6.3.4.4 RE 10 U
Inosine-monophosphate dehydrogenase guaB 1.1.1.205 RE 25.4 U 15 U 15 U
Guanosine-monophosphate synthase guaA 6.3.5.2 RE 25.8 U 16.5 U 16.5 U
Adenylate kinase ak5 2.7.4.3 CM 200 U
Adenylate kinase plsA 2.7.4.3 RE 47 U 9 U 9 U
Creatine phosphokinase ckmT 2.7.3.2 RM 250 U 118 U
Creatine phosphokinase ckmT 2.7.3.2 RE 125 U 125 U
Guanylate kinase spoR 2.7.4.8 RE 1 U 55 U 18 U 18 U
Glycine hydroxymethyltransferase glyA 2.1.2.1 RE 22.5 mg 25 mg 20.2 mg 20.2 mg
Methylene-tetrahydrofolate dehydrogenase folD 1.5.1.5 RE

10.5 mg 23.4 mg 20.2 mg 20.2 mg
Methenyl-tetrahydrofolate cyclohydrolase folD 3.5.4.9 RE
Aspartate ammonia-lyase aspA 4.3.1.1 RE 92 U 32 U 20 U 20 U
Glutamate dehydrogenase glud1 1.4.1.3 BL 94 U 141 U
Glutamate dehydrogenase gdhA 1.4.1.4 RE 39 U 39 U
Glutamine synthase glnA 6.3.1.2 RE 38 U
Inorganic diphosphatase ppa 3.6.1.1 RE 23.4 U 24 U 26 U 26 U

aAmounts of each enzyme used for synthesis of compounds 1�4 in Figure 4 is provided as either Units of enzyme or mg of enzyme. bRE � recombi-
nant from E. coli, BY � baker’s yeast, CM � chicken muscle, RM � rabbit muscle, BL � bovine liver.
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nucleotide synthesis, four different labeled nucleotides
were synthesized, as shown in Figure 4.

Synthesis of 13C2,8-ATP. A 1.2 mmol scale ATP syn-
thesis was performed with labeling of the C8 and C2 of
adenine using �-13C-serine. The labeled serine was
combined with stoichiometric substrates (glucose,
NH4Cl, glutamine, KHCO3), fuel reagents (�-keto-
glutarate, creatine phosphate), catalytic cofactors (ATP,
GTP, NADP�, fumarate, THF), and the 23 enzymes listed
in Table 1 (1) in a 120-mL buffered reaction incubated
at 37 °C. ATP formation was monitored by HPLC over
the course of 2 days, when the reaction ceased to
progress. Affinity purification afforded a 57% isolated
yield of 13C2,8-ATP, based on input glucose, which com-
pares favorably to yields for ATP synthesis from ad-
enine and glucose (16, 17).

Synthesis of U-15N-GTP. A 1.2 mmol scale GTP syn-
thesis was performed to produce uniform 15N-labeling
by combining stoichiometric substrates (glucose,
15NH4Cl, 15N�-glutamine, serine, KHCO3), fuel reagents
(�-ketoglutarate, creatine phosphate), catalytic cofac-
tors (ATP, dATP, NADP�, fumarate, THF), and the 24 en-
zymes listed in Table 1 (2) in a 120-mL buffered reaction
incubated at 37 °C. GTP formation was monitored by
HPLC; after approximately 2 days, the reaction ceased
to progress, and U-15N-GTP was obtained in 24% yield
after purification. The lower yield is likely due to the in-
stability of one or more of the de novo purine biosynthe-
sis enzymes. Without commercially available sub-
strates, it is difficult to determine which enzymes suf-
fered loss of activity over the months that elapsed after
the initial synthesis of 13C2,8-ATP. In earlier pilot-scale
models, the GTP synthesis proceeded similarly to the
ATP synthesis, and subsequent syntheses with fresh en-
zymes were more efficient.

Synthesis of U-13C-15N-GTP. A 0.5 mmol scale GTP
synthesis was carried out starting with stoichiometric la-
beled reagents (13C-glucose, 15NH4Cl, 13C/15N-serine,
NaH13CO3), fuel reagents, and catalytic cofactors as de-
scribed above. Fresh preparations of the 27 recombi-
nant enzymes listed in Table 1 (3) were used, and the
enzymatic recycling of glutamine was included to per-
mit use of 15NH4Cl as the primary nitrogen source. In-
creased consumption of creatine phosphate was ob-
served as a result of the addition of (d)ATP-dependent
glnA. The reaction was monitored by HPLC, and after
40 h it was complete. An isolated yield of 42% U-13C-
15N-GTP was obtained after purification.

Synthesis of U-13C-GTP. A 0.5 mmol scale GTP syn-
thesis was performed starting with stoichiometric re-
agents (13C-glucose, NH4Cl, glutamine, 13C-serine,
NaH13CO3), fuel reagents, and recycled cofactors as de-
scribed above. The 26 recombinant enzymes listed in
Table 1 (4) were added, and the time course of the reac-
tion was monitored by HPLC over the course of 40 h,
as shown in Figure 5. An isolated yield of 66% U-13C-
GTP was obtained after purification.

Incorporation of Labeled Nucleotides into RNA. To
demonstrate the utility of the labeled nucleotides, HIV-2
transactivation region (TAR) RNA was transcribed in
vitro using unlabeled CTP and UTP and the U-15N-GTP
and 13C2,8-ATP prepared as described above. The H2
and H8 resonances of adenine can be selectively ob-
served in a 1H,13C HSQC spectrum, shown in Figure 6,
panel b. Similarly, correlations between the guanine H8
and N7 atoms are selectively observed in the 1H,15N-
HSQC spectrum shown in Figure 6, panels c and d.
NOESY spectra were also acquired on the RNA, show-
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Figure 5. HPLC chromatograms showing the timecourse of
the U-13C-GTP-forming reaction. The early eluting peaks are
from the NAD(P)� and THF cofactors.
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ing selection for specific proton interactions edited by
both the 15N and 13C labels shown in Figures 7 and 8, re-
spectively. This labeling pattern imparts the ability to
discern specific base interactions and reduce crowding
and overlap seen with unlabeled or uniformly labeled
samples.

Conclusion. Using simple starting materials that are
readily available in isotopic form, both ATP and GTP can
be synthesized de novo with a variety of isotopic label-
ing patterns in yields comparable to those of syntheses
with a preformed base. Enzymes originating from differ-
ent biochemical pathways combined with several cofac-
tor regeneration schemes, including a portion of the fo-

late cycle, worked together elegantly in one pot. This
approach provides isotopically labeled nucleotides in
efficiency superior to that of both chemical synthesis
and biomass extraction. With all of these factors in-
cluded in our pathway design, we have been success-
ful in implementing de novo purine biosynthesis in vitro
to effect a flexible, robust, and cost-effective synthesis
of isotopically labeled purine nucleotides. It should be
possible to extend this approach to labeled pyrimidine
nucleotide synthesis, as well as synthesis of labeled
amino acids and cofactors.

Through pathway engineering, the efficiency and el-
egance of synthesis in nature can be employed in vitro.
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Figure 6. 1H�15N and 1H�13C HSQC correlation spectra at 10 °C for TAR RNA uniformly labeled with 15N-labeled guanosine and adenosine labeled
with 13C at positions 2 and 8. a) Sequence of the partially labeled TAR-2 construct. b) One-bond correlations between protons and the labeled car-
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The interdependence of biosynthetic pathways, the
complex flux of metabolites, and the cost and limited
availability of biosynthetic precursors provide significant
challenges when excising a pathway from its cellular
context. Selective fusion of metabolic pathways, regen-
eration of expensive cofactors, and in situ labeling can
be accomplished while simultaneously providing a driv-

ing force for the desired synthesis from a simple set of
starting materials. On the basis of all of these factors
and the complexity of the purine nucleotide synthetic
scheme, we suggest that this work expands the limits
of the capabilities for in vitro enzymatic synthesis and
the scope of its applicability for synthesis of high value
biochemicals.

METHODS
Materials. Chemicals were purchased from Sigma. L-Serine

(13C3, 99%), L-serine (13C1,2,3, 98%), L-serine (15N, 98%), L-serine
(15N, 98%; 13C 1,2,3, 98%), L-glutamine (15Namide, �98%), NaH-
CO3 (13C, 99%), D-glucose (13C1,2,3,4,5,6, 99%), and NH4Cl (15N,
99%) were purchased from Cambridge Isotope Laboratories.
Hexokinase from baker’s yeast, glucose-6-phosphate dehydro-
genase from baker’s yeast, creatine phosphokinase from rabbit
muscle, adenylate kinase from chicken muscle, and glutamic de-
hydrogenase from bovine liver were purchased from Sigma.
PrsA prepared as described previously was used for synthesis
of compounds 1 and 2 (39), and the new recombinant prsA was
used for synthesis of compounds 3 and 4.

Enzyme Cloning. The genes for all recombinant E. coli en-
zymes in Table 1 were cloned from the E. coli K12 MRE600 ge-
nome, based on the reported gene sequences in Genbank
using standard procedures. Each gene was amplified from
genomic DNA using PCR with gene-specific primers containing
compatible restriction sites of either BamHI, HindIII, EcoRI, or
XhoI for cloning into pET22-HT (derived from pET22b, Novagen)
encoding a N-terminal hexahistidine tag. E. coli strain DH5� was
used for cloning and plasmid maintenance. All constructs were
verified by DNA sequencing. Rabbit muscle creatine phosphoki-
nase was amplified from pET17b-RMCK, a gift from George
Kenyon, University of Michigan (40). A single point mutation,
Y397F, was introduced to glutamine synthase, enhancing spe-
cific activity as previously shown (41).

Enzyme Purification. Plasmids were transformed into E. coli
BL21(DE3) cells for protein overexpression. Overnight 5-mL cul-
tures in LB with 100 �g mL�1 ampicillin were diluted 100-fold
and grown at 37 °C with shaking at 280 rpm until the OD600 was
	0.6. Protein expression was induced by addition of 1 mM
IPTG, followed by growth for an additional 4 h. Cells were har-
vested by centrifugation at 10,000g for 30 min. All steps after
cell growth were carried out at 4 °C. The cell pellets from 6 L of
growth were gently resuspended in 250 mL of 50 mM Tris-HCl
(pH 7.5), 250 mM NaCl, and cell lysis was accomplished by soni-
cation with 20 cycles of a 30 s pulse and 2 min rest at 75%
power. The lysates were clarified by centrifugation at 31,000g,
and the supernatants were loaded directly to a Ni-NTA (Qiagen)
column equilibrated with lysis buffer plus 20 mM imidazole. The
column was washed with 6 volumes of the same buffer, and pro-
tein was eluted with 250 mM imidazole. Protein-containing frac-
tions were checked by SDS-PAGE and combined prior to dialysis
against 50 mM potassium phosphate with 5 mM �-mercapto-
ethanol and 50% (v/v) glycerol. Dialyzed enzymes were stored
at �20 °C and were active for at least 3 months. Yields ranged
from 10�150 mg of purified protein per liter of culture depend-
ing on the enzyme, but different preparations of each enzyme
were generally consistent (see Supplementary Table 1 and
Supplementary Figure 1).

Enzymatic Assays. Enzymatic activity is reported in terms of
units (U), where 1 U is the amount of enzyme required to con-
vert 1 �mol min�1 of substrate into product, and the specific ac-
tivity is reported as U mg�1. Enzymatic activities were deter-
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Figure 7. Spectra of TAR RNA. a) 15N-edited and b) homonuclear NOESY (Tmix � 250 ms) spectra of TAR RNA uniformly labeled with
15N-labeled guanosine and adenosine labeled with 13C at positions 2 and 8.
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mined only for guaB, guaA, purB, purA, purF, and purD in
Figure 1, panel b, and for all enzymes in Figure 1, panels a and
c except folD and glyA by coupling the reaction to consumption
of ATP, which is monitored by the change in A340 due to the ac-
tion of lactate dehydrogenase on ADP and NADH (17). To assay
inorganic pyrophosphatase, the phosphate detection method of
Michelson was used (42). When substrates were not available,
the amount of enzyme was estimated empirically, using an as-
sumed specific activity of 1 U mg�1. Table 1 shows the amount
of each enzyme added in units or milligrams for each synthesis.

Nucleotide Synthesis. Synthesis of 2,8-13C-ATP (1). Stoichiomet-
ric substrates: 212 mg (1.2 mmol) glucose, 1 g (18.8 mmol) NH4Cl,
687 mg (4.7 mmol) glutamine, 500 mg (4.7 mmol) 13C3-serine,
235 mg (2.35 mmol) KHCO3. Fuel reagents: 2.12 g (9.4 mmol) �-KG,
7.7 g (23.5 mmol) creatine phosphate. Catalytic cofactors: 6.43
mg (0.012 mmol) ATP, 6.6 mg (0.012 mmol) GTP, 8.8 mg (0.012
mmol) NADP�, 68 mg (0.12 mmol) THF, 38 mg (0.24 mmol) fumar-
ate. Substrates and cofactors were combined in 50 mM KH2PO4/
K2HPO4, pH 7.6, 20 mM MgCl2, 20 mM DTT, 100 �g mL�1 ampicil-
lin, 50 �g mL�1 kanamycin. Enzymes were added according to
Table 1 (1), giving a final volume of 120 mL. HPLC chromatograms
of the reaction timecourse are included in Supplementary Figure 2.

Synthesis of U-15N-GTP (2). Stoichiometric substrates: 212 mg
(1.2 mmol) glucose, 1.27 g (23.5 mmol) 15NH4Cl, 1.0 g (7 mmol)
15Namide-glutamine, 500 mg (4.7 mmol) 15N-serine, 235 mg (2.35
mmol) KHCO3. Fuel reagents: 2.7 g (11.8 mmol) �-KG, 9.6 g
(29 mmol) creatine phosphate. Catalytic cofactors: 6.43 mg (0.012
mmol) ATP, 64.3 mg (0.12 mmol) dATP, 8.8 mg (0.012 mmol)
NADP�, 8.4 mg (0.012 mmol) NAD�, 68 mg (0.12 mmol) THF, 19
mg (0.12 mmol) fumarate. Substrates and cofactors were added to
50 mM KH2PO4/K2HPO4, pH 7.6, 20 mM MgCl2, 20 mM DTT, 100 �g
mL�1 ampicillin, 50 �g mL�1 kanamycin. Enzymes were added ac-
cording to Table 1 (2), giving a final volume of 120 mL.

Synthesis of U-13C,15N-GTP (3). Stoichiometric substrates: 93
mg (0.5 mmol) 13C6-glucose, 605 mg (1.1 mmol) 15NH4Cl, 165 mg
(1.5 mmol) 13C,15N- serine, 85 mg (1 mmol) NaH13CO3. Fuel re-
agents: 1.13 g (5 mmol) �-KG, 5.25 g (16 mmol) creatine phos-
phate. Catalytic cofactors: 2.68 mg (0.005 mmol) ATP, 26.8 mg
(0.050 mmol) dATP, 3.7 mg (0.005 mmol) NADP�, 3.5 mg (0.005
mmol) NAD�, 5 mg (0.0085 mmol) THF, 8 mg (0.05 mmol) fumar-
ate. Substrates and cofactors were added to 25 mM KH2PO4/
K2HPO4, pH 7.6, 10 mM MgCl2, 10 mM DTT, 50 �g mL�1 ampicil-

lin, and 25 �g mL�1 kanamycin and flushed thoroughly with argon.
Enzymes were added according to Table 1 (3), giving a final vol-
ume of 100 mL. Argon was gently bubbled again, and the glass
flask was sealed. An equal amount of additional creatine phos-
phate was added during this reaction because of increased con-
sumption of (d)ATP by glnA.

Synthesis of U-13C-GTP (4). Stoichiometric substrates: 93 mg
(0.5 mmol) 13C6-glucose, 594 mg (1.1 mmol) NH4Cl, 441 mg
(3 mmol) glutamine, 163.5 mg (1.5 mmol) 13C-serine, 85 mg (1
mmol) NaH13CO3. Fuel reagents: 1.13 g (5 mmol) �-KG, 4.6 g (14
mmol) creatine phosphate. Catalytic cofactors: 2.68 mg (0.005
mmol) ATP, 26.8 mg (0.050 mmol) dATP, 3.7 mg (0.005 mmol)
NADP�, 3.5 mg (0.005 mmol) NAD�, 5 mg (0.0085 mmol) THF, 8
mg (0.05 mmol) fumarate. Substrates and cofactors were added to
25 mM KH2PO4/K2HPO4, pH 7.6, 10 mM MgCl2, 10 mM DTT, 50 �g
mL�1 ampicillin, 25 �g mL�1 kanamycin and flushed thoroughly
with argon. Enzymes were added according to Table 1 (4), giving a
final volume of 100 mL. Argon was gently bubbled again, and the
glass flask was sealed.

ATP/GTP formation was monitored by HPLC using a Vydac nucle-
otide ion exchange column (250 mm 
 4.6 mm), using a linear gra-
dient of Buffer A (25 mM Na2HPO4/NaH2PO4 (1:1) adjusted to pH
2.8 with acetic acid) and Bufffer B (125 mM Na2HPO4/NaH2PO4

(1:1) adjusted to pH 2.9 with acetic acid) over 30 min at a flow rate
of 2 mL/min. ATP/GTP formation was monitored at 260 nm.

Nucleotide Purification. The reaction was sterilized by filtra-
tion through a 0.2 �m filter, ammonium bicarbonate was added
to a final concentration of 0.5 M, and the pH was adjusted to
9.65 with ammonium hydroxide. The solution was filtered again
and loaded to a 15 g column of Affigel 601 (Biorad) boronate af-
finity resin equilibrated with 0.5 M ammonium bicarbonate pH
9.65 at RT. The column was washed with the same buffer, and
nucleotides were eluted with water acidified with CO2. The prod-
ucts were verified by HPLC, NMR and mass spectrometry. Final
HPLC and mass spectrometry data for nucleotides 1�4 are given
in Supporting Information.

RNA Synthesis. HIV-2 TAR RNA (5=GGCCAGAUUGAGCCUGG-
GAGCUCUCUGGCC3=) was synthesized by in vitro transcription
with T7 RNA polymerase using a mixture of unlabeled UTP and
CTP from Sigma and 13C2,8-ATP and U-15N-GTP. RNA was synthe-
sized in a 20-mL reaction under optimized conditions: 21 mM to-
tal NTPs (5.25 mM each), 40 mM Tris HCl (pH 8.1), 0.1 mM sper-
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Figure 8. Spectra of TAR RNA. a) 13C-edited and b) homonuclear NOESY (Tmix � 250 ms) spectra of TAR RNA uniformly labeled with
15N-labeled guanosine and adenosine labeled with 13C at positions 2 and 8.
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midine, 10 mM DTT, 28 mM MgCl2, 0.001% Triton X-100, 80
mg mL-1 poly(ethylene glycol) (8000 MW), 300 nM each DNA
strand (Invitrogen), and 0.65 mg mL-1 T7 RNA polymerase, incu-
bated at 37 °C for 4 h. The RNA was purified on denaturing
20% polyacrylamide gels, electro-eluted and desalted, lyophi-
lized, and diluted in 10 mM sodium phosphate (pH 6.5),
150 mM NaCl, 10% D2O for recording NMR spectra.

NMR Experiments. The spectral benefits of specifically label-
ing the adenosine and guanosine residues with 13C and 15N iso-
topes were assessed with two-dimensional correlation spectros-
copy. One- and two-bond coupled 1H,15N-HSQC correlation
experiments were collected using INEPT transfer delay times
(2�) of 5 and 42 �s, respectively (43). Spectra were recorded
on a 500 MHz Bruker Avance spectrometer equipped with a
5 mm TXI-HCN triple resonance probe with a z-axis gradient.
Homonuclear and isotope-edited NOESY experiments (Tmix �
250 ms) were collected on a 900 MHz Bruker Avance spectrom-
eter equipped with a triple resonance 5 mm TXI-HCN probe
with triple-axis gradients. Water suppression was achieved
through the use of flip-back pulses and the Watergate scheme
(44, 45). 1H,13C-HSQC spectra were collected using echo/anti-
echo gradient selection. Spectra were collected at 10 °C, refer-
enced to 2,2-dimethyl-2-silapentane-5-sulfonate, processed
with NMRPipe, and viewed in NMRDraw (46).
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