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ABSTRACT: Formycin A is a potent purine nucleoside antibiotic
with a C-glycosidic linkage between the ribosyl moiety and the pyra-
zolopyrimidine base. Herein, a cosmid is identified from the Strepto-
myces kaniharaensis genome library that contains the for gene cluster
responsible for the biosynthesis of formycin. Subsequent gene dele-
tion experiments and in vitro characterization of the forBCH gene
products established their catalytic functions in formycin biosynthe-
sis. Results also demonstrated that PurH from de novo purine bio-
synthesis plays a key role in pyrazolopyrimidine formation during bi-
osynthesis of formycin A. The participation of PurH in both path-
ways represents a good example of how primary and secondary me-
tabolism are interlinked.

Formycin A (1), also known as 8-aza-9-deazaadenosine, is a purine
nucleoside antibiotic’ isolated from Nocardia interforma,” Streptomy-
ces kaniharaensis SF-557° and Streptomyces sp. MA406-A-1.* It is an
isomer of adenosine (2); however, it is a C-nucleoside with a pyra-
zolopyrimidine instead of an imidazolopyrimidine nucleobase mak-
ing it distinctly different from typical nucleosides.’ Formycin A is a
potent inhibitor of adenosine-utilizing enzymes such as bacterial pu-
rine nucleoside phosphorylase® and the adenosine kinase involved in
the purine salvage pathway in Mycobacterium tuberculosis. It is cyto-
toxic to Leishmania species due to the incorporation of the phos-
phorylated form of formycin A into RNA.® Formycin A also exhibits
antiviral activity against influenza virus A1° and human immunode-
ficiency virus type 1."° Although the biological functions of formycin
A have been well documented, little is known about how it is assem-

bled in nature.*"!

To investigate the biosynthesis of formycin A, the genome of S.
kaniharaensis was sequenced."” Preliminary analysis revealed the
presence of two sets of purA, purB, purC, and purH genes. The purA,
purB, purC and purH gene products are enzymes responsible for the
conversion of carboxyaminoimidazole ribonucleotide (CAIR, 3a)
to adenosine 5'-phosphate (9a, see Figure 1) during the biosynthesis
of purine nucleosides.” The discovery of two sets of pur homologous
genes in the genome of S. kaniharaensis suggested that the second set

of pur-like genes (i.e., the for-genes) (see Table S4) are likely in-
volved in the biosynthesis of formycin A, since the pyrazolopyrimi-
dine moiety of formycin A may be formed in a similar manner as the
imidazolopyrimidine group in adenosine. This hypothesis was sup-
ported by the in vitro demonstration that the purA-like (forA) and
purB-like (forB) gene products can catalyze the conversion of
formycin B §'-phosphate to formycin A §’-phosphate (7b—8b—>9b,
Figure 1).” In the present work, the full for gene cluster for formycin
A biosynthesis is identified from S. kaniharaensis. Moreover, investi-
gation of the encoded enzymes indicates that the cluster alone is in-
sufficient for the biosynthesis of formycin A and requires involve-
ment of PurH from de novo purine biosynthesis.
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Figure 1. Later steps of the biosynthetic pathway for adenosine (2)
and the proposed pathway for formycin A (1) formation.

To identify the formycin A gene cluster, a cosmid library from the
genome of S. kaniharaensis was constructed and those cosmids har-
boring the pur-like genes were screened by PCR amplification with
primers based on the sequences of the second set of purA-like, purC-
like, and purH-like genes (i.e., forA, forC and forH). This effortled to
the identification of a single cosmid, designated K24C, harboring the

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

forABCH genes. This cluster spans approximately 34 kbp with 29
open reading frames (ORFs) and is flanked by genes likely responsi-
ble for the biosynthesis of the adenosine deaminase inhibitor
coformycin (10, see Figure 2 and Table $4). Co-localization and
overlap of the formycin and coformycin clusters is not unexpected.
The two species are known to be produced together,’ and purine nu-
cleoside antibiotics are in general produced synergistically with an
adenosine deaminase inhibitor'* to inhibit their deactivation.”® To
study the role of the for cluster in formycin A biosynthesis, the forC,
forH, forU, forF, forT and forL genes of S. kaniharaensis SE-557 were
selected for in-frame deletion. Except for the AforC and AforL mu-
tants, formycin A production from all other gene deletion mutants
was either abolished or significantly suppressed (Figure S1). These
results are consistent with the for cluster being responsible for
formycin A biosynthesis.
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Figure 2. Structure of the formycin and coformycin biosynthetic
gene cluster from cosmid K24C generated from S. kaniharaensis.
ForT is homologous to B-ribofuranosyl-aminobenzene S'-phos-
phate (8-RFA-P) synthase, which catalyzes the coupling between p-
aminobenzoic acid and PRPP."

Previous experiments showed that ForA and ForB could catalyze
the conversion of formycin B 5’-phosphate (7b) to formycin A §'-
phosphate {(9b), whereas the de novo purine biosynthetic enzymes
PurA and PurB are unable to do so.”” ForC is expected to operate
together with ForB to catalyze the conversion of 3b to Sb in a similar
fashion to the activity of PurC/PurB."” To examine this hypothesis,
the putative substrate (3b) and product (8b) were synthesized from
11 and 12, which had been prepared in an early work" (Figure 3).

N-NH N-NH N-NH

o) 3 P pyrophos_phoryl 0. i P Pd/C 0. &
HO' CONH;  chloride  pjg CONH; H, PiO CONH,
S —_ S — §
WG on %2 mecresal HS  on NO2 meoH  HG on M2
84%
2 13 5b

20%
1
TT N-NH N-NH
N-NH

NaOMe ) N 4N HCI o. g
N [NaOMe HOWCN AR HO/\W\COOH
AcO/W\CN MeOH 18%

o quant. HO oH NC2 HO  oH NO2
AcO  DAc 2 14

15
1 pyrophosphoryl
chloride m-cresol
8%

N-NH N-NH

o PdiC o
piOW\COOH H, PioW\COOH
HO on N2 MeOH HO on NO2
73%
3b 16
Figure 3. Synthesis of 3b and $b standards. (see Supporting Infor-

mation for details).

Incubation of 3b with ForC along with L-aspartate and ATP led to
the production of ADP and complete consumption of 3b after 4 h
(Figure 4, trace B). The expected product 4b was not observable
likely on account of its prolonged retention time on Dionex anion
exchange HPLC. In contrast, incubation of 3b with a ForC/ForB
mixture (1:1 molar ratio) under the same conditions resulted in a

2

new product peak eluting with a retention time of 7.8 min (Figure 4,
trace C). This new product coeluted with a standard of $b prepared
as shown in Figure 4 and had a molecular weight identical to that of
5b (calculated for CoH14OsN4P~ [M — H|™: 337.0555 m/z, found:
337.0531 m/z). These results indicated that ForC indeed catalyzes
amidation of 3b with L-aspartate and ForB catalyzes the subsequent
elimination of fumarate to produce Sb. Interestingly, since the
ForC/ForB reactions are analogous to those catalyzed by
PurC/PurB during de novo purine biosynthesis, their functions can
be substituted with PurC and PurB (Figure S3).

ADP
5b
A D: 5b standard
5b | \AMP C: 3b + ForC/ForB, 4 h
B:3b +ForC,4 h
_—___JJ\_J\_A: 3b + no enzyme
0 5 10 15 20 2 %

Retention Time (min)

Figure 4. HPLC traces showing the reactions of ForC and ForB.
Trace A: the reaction mixture of 3b, L-aspartate, and ATP before ad-
dition of enzymes. Trace B: trace A mixture incubated with ForC for
4 h. Trace C: trace A mixture incubated with both ForC and ForB
for 4 h. AMP was likely generated via non-enzymatic hydrolysis.
Trace D: synthetic standard of §b.

Mirroring the PurH reaction (5a to 7a), the amide product 5b
should then be processed by ForH via formylation followed by cy-
clization to yield 7b.”® However, the forH gene from S. kaniharaensis
encodes a much shorter enzyme {196 aa) than PurH (529 aain E.
coli K12 and 502 aain S. kaniharaensis). It is homologous only to the
IMP cyclohydrolase domain of PurH. Due to the absence of other
formyltransferase genes in the for cluster, it was hypothesized that
the de novo purine biosynthetic enzyme PurH may serve a dual role
to formylate not only its natural substrate $a but also Sb.

N'°-formyl-THF
—/713_’4% C: 5b + SkPurH/ForH, 1 h
_N6b B: 5b + SkPurH, 1 h

A Aslb /\
5 10 15 20 25 30 35
Retention Time {min})

A: 5b + no enzyme

Figure 5. HPLC traces showing the reactions catalyzed by
SkPurH and ForH. Trace A: the reaction mixture of §b and N*-
formyl-THF before the addition of enzymes. Trace B: trace A mix-
ture incubated with SkPurH for 1 h. Trace C: trace A mixture incu-
bated with both SkPurH and ForH for 1 h.

As predicted, incubation of §b, N'-formyltetrahydrofolate (N'-
formyl-THF) and ForH did not yield any detectable product (Fig-
ure S4). In contrast, incubation of $b with S. kaniharaensis PurH
(SkPurH) resulted in formylation of the pyrazolic amide to 6b (see
Figure 1) without subsequent cyclization to 7b {Figure S, trace B).
The standard of 6b was enzymatically prepared from Sb using E. coli
PurH as the catalyst (see Supporting Information $2.4). The fact that
SkPurH can convert §b to 6b but not 6b to 7b demonstrates that the
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enzyme is promiscuous with respect to its formylase activity but not
its cyclase activity. PurH from E. coli K12 (EcPurH), displays the
same selectivity toward 6a and 6b, as 6a could be processed to 7a,
while 6b could not be converted to 7b {Figure SS). However, when
SkPurH and ForH were incubated together with $b, complete con-
version of §b to 7b was observed based on both HPLC (Figure S,
trace C) and mass analyses. These results support the hypothesis
that ForH functions as a cyclohydrolase catalyzing the cyclization of
6b to 7b during pyrazolopyrimidine formation. Interestingly, unlike
PurH which only catalyzes cyclization of 6a, ForH demonstrates
cyclase activity towards both 6a and 6b (Figure 6) with a 1.7-2 fold
greater preference for the latter based on substrate competition as-
says (Figure S6B).

The fact that ForH can catalyze the cyclization of both 6a and 6b
prompted us to study the structural basis of the observed substrate
promiscuity. The crystal structure of ForH from S. kaniharaensis was
solved by molecular replacement using the cyclohydrolase domain
of Gallus gallus PurH (GgPurH, residues 4-199 from structure
IM9N in the protein databank) as the search model.” The structure
of ForH alone (2.4 A resolution, Table S5), is characteristic of a clas-
sic Rossman fold containing a central stretch of four B-strands sur-
rounded by a-helices (Figures S7 and S8).

7aj\ F: trace E + 7a, coinjection
AN E: 6a + ForH, 10 min
/\6"‘l D: 6a + no enzyme
6b 7b C: trace B + 7b, coinjection
B: 6b + ForH, 10 min
A A: 6b + no enzyme
5 10 15 20 25

Retention Time (min)

Figure 6. ForH reaction with 6a and 6b. Trace A: reaction mix-
ture containing 6b before addition of enzyme. Trace B: trace A mix-
ture incubated with ForH for 10 min. Trace C: trace B mixture co-
injected with 7b standard. Trace D: reaction mixture containing 6a
before addition of enzyme. Trace E: trace D mixture incubated with
ForH for 10 min. Trace F: trace E mixture coinjected with 7a.

The overall fold of ForH and the cyclohydrolase domain of
GgPurH (38% sequence identity) are highly similar with a RMSD of
1.39 A for C. residues (Figure $9). Although the thin-plate morphol-
ogy of the crystals made the effective incorporation of ligand in the
active site challenging, the high conservation of the active site resi-
dues between PurH and ForH suggests a similar binding mode of
nucleotide ligand (XMP, xanthosine-5"-monophosphate) between
the homologues (Figure $10). The putative active site of ForH was
identified by overlaying the ForH structure with that of GgPurH
bound with XMP (Figure 7A). The residues interacting with XMP
in PurH are almost all conserved in both identity and backbone po-
sition in ForH (Figures 7A, S9, $10). However, there is structural
variation between the two binding pockets adjacent to where the ri-
bose moiety of 6a/6b is predicted to bind (Figures 7B and 7C). Spe-
cifically, Ser11 in PurH is in close proximity to the nucleotide ring for
potential hydrogen bond formation. However, this residue is replaced
by Ala$ in ForH. Furthermore, substitution of Ser3s in PurH by Thr29
in ForH also increases the hydrophobicity of the binding pocket (Fig-
ure 7D). The more hydrophobic nature of this region in ForH may
account of the reduced substrate specificity of ForH versus PurH.

3

Figure 7. Structural comparison of ForH to the cyclohydrolase do-
main of GgPurH. (A) Surface representation of the active site of ForH
with conserved residues shown in orange and non-conserved residues
shown in yellow. Residues are numbered according to the ForH se-
quence, and residues not conserved with PurH are denoted with a
prime in parentheses. XMP (sticks) was modeled in the ForH active
site via overlay with a previously solved PurH-XMP complex structure
(pdb code:1M9N). (B-C) Electrostatic surface representation of the
active site of PurH (B) and ForH (C) calculated using APBS, scaled
from -10 (red for negative charge) to 10 (blue for positive charge) with
white representing neutral. A surface loop (residues 62-67 (PurH) and
56-61 (ForH)) has been removed for visualization of the active site.
(D) Superposition of PurH with XMP {sticks) and ForH active site.

In summary, the gene cluster responsible for the biosynthesis of
formycin A in S. kaniharaensis has been identified. This represents
only the second reported identification of a gene cluster for C-nucle-
oside biosynthesis.” Interestingly, the for gene cluster appears to be
incomplete and lacks a complete formylase-cyclohydrolase. In fact,
ForH only exhibits cyclohydrolase activity with reduced substrate
specificity. However, its counterpart from de novo purine biosynthe-
sis, PurH, is able to compensate for the missing formylase activity
but not the cyclohydrolase activity. The involvement of PurH in de
novo purine biosynthesis as well as its participation in the construc-
tion of pyrazolopyrimidine nucleosides illustrates just how deeply
primary and secondary metabolic pathways are intertwined. While
this work establishes the later steps in the biosynthesis of formycin
A, the early steps involving formation of the pyrazole ring and the C-
glycosidic linkage remain open to speculation based on gene se-
quence information and the pathway intermediates identified herein.
Of particular note is a recent report by Matsuda et al.'® that suggests
For]J, ForK and ForL could constitute a hydrazine forming system
for introduction of the pyrazole ring (see Scheme 1 in Supporting
Information). Consequently, this work lays the foundation for the
future investigation of formycin A biosynthesis as a structurally
unique C-nucleoside. Unraveling the hidden workings underlying
the assembly of C-nucleoside antibiotics, an area that remains under-
explored, could also facilitate metagenomic mining efforts and offer
new avenues for engineering pathways to produce next-generation
antibiotics with improved biomedical properties.
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Supporting Information

Atomic coordinates and structure factors for the reported crystal structure
in this work have been deposited to the Protein Data Bank (PDB) under
accession number 6NKO. The Supporting Information is available free of
charge on the ACS Publications website at DOI: xoomx

Experimental details including synthesis of compounds, genomic analy-
sis, gene deletion, complementation, and expression, protein isolation,
and analytic methodologies (PDF).
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