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ABSTRACT A new synthetic method allows in-
corporation of *>C or **N into selected positions
within purine nucleotide bases, starting from
simple labeled precursors. The procedure har-
nesses diverse enzymes to support biosynthe-
sis by the pentose phosphate and de novo pu-
rine pathways. Selective isotope incorporation
should expand the range of RNAs that are ame-
nable to NMR analysis.
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ynthesis is a defining skill for those
S working at the chemistry—biology

interface. The ability to prepare
small or large molecules (better yet, both)
frees an investigator to explore the world be-
yond the Sigma catalogue. However, synthe-
sis on the scale and purity needed for inci-
sive biomolecular experiments is often
daunting. Quick, easy preparative proce-
dures spread rapidly and arguably reach
perfection when the key catalyst is a Web
site password.

On page 499 of this issue (1), Schult-
heisz et al. report another milestone on their
way to a more perfect synthesis of purine
nucleotides (ATP and GTP) containing stable
isotope labels (reviewed in ref 2), which
they incorporate into RNA for NMR studies.
Purines are biosynthesized by either the sal-
vage pathway, an intact-base installation,
or the de novo pathway, which is exploited
here. The latter accretes the base on a foun-
dation of ribose 5-phosphate, consuming a
handful of ATPs and small (@amino) acids in
at least 10 reactions from phosphoribo-
sylpyrophosphate to inosine monophos-
phate (3). The new synthesis supports
ribose and base assembly from compara-
tively cheap, off-the-shelf labeled precur-
sors. While the required investment in mate-
rials and synthesis time appears to be lower
than ever, a whopping 28 enzymes are em-
ployed. More on that later.

Why bother? NMR studies open a win-
dow into the solution structure and dynam-
ics of RNA, but they get tougher as the mol-
ecules get larger (4, 5). Proton (*H) NMR
spectra of most RNAs that are large enough
to be both structured and interesting have
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thickets of overlapping peaks, due to the
awful chemical shift dispersion in ribose,
and other problems. Assigning *H, *3C, *°N,
and >*P resonances within individual resi-
dues is done by any means necessary, in-
cluding multiple multidimensional spectral
methods and multiple samples with differ-
ing isotope compositions. Parallel chal-
lenges for the NMR analysis of larger pro-
teins have been successfully addressed by
a convergence of new spectral methods (5)
and selective in vivo amino acid deuteration
strategies (6, 7). The acme of selective iso-
tope labeling of proteins, a method involv-
ing chemical-enzymatic synthesis of each
residue and protein synthesis by in vitro
translation (8), is not for everyone. In con-
trast, the in vivo deuteration methods devel-
oped by the Kay laboratory are compatible
with most bacterial overexpression proto-
cols and are thus broadly implemented. All
aim to reduce the clutter that is characteris-
tic of large-molecule NMR spectra.

RNA NMR samples are made by in vitro
transcription of NTPs. Pure labeled NTPs are
prepared from degraded rRNAs, which gen-
erally gives uniformly labeled products, or
synthesized with targeted isotope incorpo-
ration using organic or enzymatic reactions
(cited in ref 1). Uniformly labeled RNAs do
not usually solve the spectral overlap prob-
lem. Base synthesis is more laborious but
allows incorporation of *C or **N into the
right places, yielding less complex spectra
and facilitating assignments.

Purines and purine biosynthetic interme-
diates can also be prepared using enzymes
(cited in refs 1 and 9), a route with advan-
tages in selectivity and specificity, but one
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Figure 1. Atom-economical *>C/*°N transfer from serine to adenosine nucleotides in an enzyme-dependent
synthesis of purines (1). Serine hydroxymethyltransferase (GlyA) excises the B-carbon, which is shuttled
by 10-CHO-THF to the de novo purine biosynthesis pathway, which installs this atom at both the adenine
C8 and C2 positions (indicated by the  atom labels). Meanwhile, the remaining non-hydrogen atoms from
the glycine byproduct are incorporated as a unit into the imidazole ring. Dual *>C2,*3C8 labeling can be
used to assign H2 and H8 resonances (indicated by subscripts). Different labeling patterns are accessible
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by switching the labeled precursor(s). R represents ribose 5'-phosphate.

that requires separation of the nucleotide
product(s) from the nucleotide co-
substrates for the enzymes used. The bio-
synthesis of labeled ATP has the additional
challenge that isotope dilution from co-
substrates must be avoided. It would cer-
tainly seem easier to engineer some useful
bug to do all this work for us, as with partial
amino acid deuteration. However, living
cells actively maintain (deoxy)nucleotide
pools of the appropriate size and composi-
tion, so it is difficult to envision how NMP
hyperproduction in an engineered strain
could be achieved. On the other hand, it is
tricky and costly to use and regenerate en-
zyme cofactors in vitro.

A compromise might be to mix chemical
and enzymatic synthesis to complete the
purine base from a synthetic compound in-
corporating the desired labels. However,
this requires synthesis of a de novo purine
metabolite. Synthetic challenges for these
compounds include the acid lability of
imidazole, purine nucleotides, and the
B-anomeric configuration; the chemical la-
bility of the bases of several intermediate
metabolites; and most vexing, the require-
ment for 5’-phosphorylation. Some metabo-
lites are only accessible by enzyme-
mediated syntheses, like the final acyclic
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metabolite in the de novo pathway, formyl-
glycinamidine ribonucleotide.

The Williamson group has developed
chemical-enzymatic routes to RNAs with se-
lected *3C labels or partial deuteration that
give improved NMR spectra (2, 10). Their
new route to purine bases with defined *>C/
13N incorporation should further improve
matters. As an example, purines contain
nonexchangeable protons at the opposite
ends of each base: H8 (adenine and gua-
nine) and H2 (adenine). Correlating these
signals is an important step in assigning ad-
enine spin systems (11). Starting from a
single labeled compound, Schultheisz et al.
synthesize adenine with *3C attached only
to H8 and H2. Isotope-edited spectra of
RNAs containing these compounds should
allow a better view of interactions made by
these critical protons.

The new methods produce the desired
output with the minimum input of small
molecules and are perhaps more interest-
ing and instructive than the products ob-
tained. Familiar linear reaction sequences
are framed in generally applicable concepts:
for example, consumable compounds are
categorized as fuels, which drive accessory
cofactor-regenerating “loops”, or sub-
strates, which are incorporated into the
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products. These loops provide
nearly all needed cosubstrates
for pentose phosphate and de
novo purine biosynthesis en-
zymes. Some are straightforward,
like the folate loop (Figure 1),
which supports in situ generation
H,  of »3C-labeled N*°-formyl-tetra-
hydrofolate (10-CHO-THF), a sub-
strate for the PurN and PurH
formyltransferases that is not
commercially available. When
used with GlyA/FolD, a remark-
ably efficient conversion of serine
to labeled purines is achieved
(Figure 1). Other loops are more
networked. By its conversion to
glutamate, the fuel a-ketogluta-
rate supports the recycling of reduced nico-
tinamide coenzymes produced during pro-
duction of GMP and ribulose 5-phosphate
and by the folate-recycling loop. Meanwhile,
the glutamate product is converted into glu-
tamine, incorporating *°N label that is deliv-
ered by three amidotransferase reactions, in
a process that consumes another fuel, crea-
tine phosphate. There are also other pleas-
ing touches, like the use of dATP as an en-
zyme cofactor. dATP is easily separated from
labeled product NTPs using a diol-binding
boronate column, thereby avoiding the iso-
tope dilution problem. Here, Schultheisz
et al. orchestrate small innovations and pre-
viously reported procedures in a masterly
way.

Despite the elegance of its biochemical
logic, the new method is at its heart a
hammer-and-tongs way to get material.
Other routes are just harder to implement,
particularly in laboratories that are not
equipped with research-grade chemical syn-
thesis and analysis facilities. As with partial
protein deuteration, ease of implementation
is a key virtue. There is only one catch, and
it is a doozy: acquiring 28 enzymes, only a
few of which are commercially available.
Schultheisz et al. use His-tagged constructs
and a generic purification method to obtain
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most of the rest, including the entire de
novo purine biosynthetic pathway. Since pu-
rine metabolites are a headache to synthe-
size as substrates for enzyme assays, arbi-
trary specific activities are assigned to most
de novo purine enzymes, saving a great deal
of time but injecting ambiguity into the
troubleshooting of reaction conditions. Little
optimization of reaction conditions is re-
ported. A need for some retooling is clear
from the eventual loss of product formation
as one or more of the reaction cocktail com-
ponents fails over time. If the many new
gene constructs described here are readily
disseminated, communal tweaking and im-
provement of the reaction conditions should
naturally follow. In any case, one hopes stu-
dents everywhere will be spared the soul-
killing task of rebuilding all of those clones!

The new methodology is open and adapt-
able to the synthesis of other labeled pu-
rines or purine precursors for NMR studies
or other tasks like studies of purine, thia-
mine, or cofactor biosynthesis. A simple ex-
ample is a synthesis of purines labeled at
C6, which derives uniquely from bicarbon-
ate. One could also exploit the detours in
the “classical” 10-step de novo pathway.
The discovery of the role of bacterial Purk
and the differentiation of animal and bacte-
rial PurE functions defined the first fork in
the de novo pathway (12, 13). Other path-
way variants are associated with the en-
zymes PurT, PurO, and PurP (14-16). In the
current method, label for C2 and C8 comes
from the same source (Figure 1). Since the
precursor of GTP C8 can be also be installed
using the “variant” formate-dependent PurT
GAR formyltransferase instead of the “classi-
cal” folate-dependent PurN GAR formyl-
transferase, one can place different labels
in C8 and C2 by selection of appropriate for-
mate and serine precursors. Labeled DNA
precursors, which one might want to study
DNA damage, could be made with ribo-
nucleotide reductase.

One suspects most RNA NMR specialists
will be content to make the labeled purines
VOL.3 NO.8
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described in this paper, although some
may tweak the recipe a bit. By their bold
and successful use of a couple dozen en-
zymes, Williamson and co-workers have en-
couraged other natural product cooks to
consider new ways to deploy enzymes in
their recipes.
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