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As part of our effort to characterize unusual sugar biosynthetic
pathways and to collect genes useful for in vivo glycodiversification
of secondary metabolitésye investigated the biosynthesis of
p-forosamine 1), a key structural component of the spinosyns,
which are produced b$accharopolyspora spino¥aand Saccha-
ropolyspora pogon& Spinosad, a mixture of Spinosyn A and D
(2, 3, Scheme 1A), is a potent yet environmentally benign
insecticide?2 Structure-activity studies have shown thatforos-
amine is essential for the insecticidal properties of the spinosyns.

There is also evidence that spinosad promotes wound healing in

humans!

The spinosyn gpn) biosynthetic gene cluster has been cloned
and sequenced, and the gespsaO, spnN, spnQ, spnBonS.and
spnPwere proposed to be involved in forosamine biosynthesis and
attachmenfa In a recent study, SpnR was shown to be a PLP-
dependent aminotransferase catalyzing the conversiant@8.5
It is thus suggested that forosamine formation is initiated by C-2
deoxygenation, and likely proceeds via a sequencd ef 6 — 6
— 7— 8, Scheme 1A). C-3 deoxygenatio® <> 7) is proposed to

be mediated by SpnQ, which shows modest sequence identity to

pyridoxamine 5monophosphate (PMP)-dependent hexose C-3
dehydrases £ and ColD (49% and 26% identity, respectively).
All three enzymes show moderate sequence identity to PLP-
dependent aminotransferases.

Interestingly, E and ColD have been shown to catalyze C-3
deoxygenation by related, yet distinct catalytic pathwayswhich
has a [2Fe-2S] cluster in addition to PMP, catalyzes C-3 deoxy-
genation ofL0in the biosynthesis af-ascarylosé:2 This reaction
requires a specific [2Fe-2S]-flavoprotein reductase),(Ehich
transfers two NADH-derived electron equivalents, via FAD and
the [2Fe-2S] centers of ;Eand B,° to reduce the PMRA34
glucoseen intermediatd {) formed in the active site of Ho give
12 and regenerate PMP (Scheme 1BLolD, which catalyzes the
C-3 deoxygenation of3in the biosynthesis af-colitose (L4), on
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purified to near homogeneity using DEAE, hydroxy-apatite, and
Sephacryl S-200 chromatograpHyThe as-purified SpnQ is a red-
brown homodimeric protein and exhibits absorption features
characteristic for PMP and an iron-sulfur cluster.

The predicted substrate of Spn§,was prepared from using
SpnO and SpnN in the presence of NADPH 0 test whether SpnQ
catalyzes C-3 deoxygenation in ap-like manner, SpnQ (32M)
was incubated with 1 mMs, 60 uM Esz, 2 mM NADH, and 0.3
mM PMP in 50 mM potassium phosphate buffer (pH 7.5). HPLC
analysis of the reaction mixture gave no indication of turnover of

the other hand, lacks a [2Fe-2S] cluster, and does not require ag ;nqer these conditions. Neither reconstitution of the iron-sulfur

reductase partnérinstead, as shown in Scheme 1C, it behaves in

an “aminotransferase-like” manner, regenerating the PMP cofactor

using L-glutamate instead of employing a two-electron reduction
as seen in the #&; catalyzed deoxygenation. Thus, SpnQ could
catalyze C-3 deoxygenation either in a similar mannertor&o
ColD. Because SpnQ shares higher sequence identity witha&
with ColD, and SpnQ also contains a [2Fe-2S] binding motif, we
thought it would be like E although we were puzzled by the
apparent lack of anggene homologue in thepncluster, normally
seen closely linked to Fhomologue-encoding genes.

To characterize SpnQ and to differentiate between the two
mechanistic possibilities, trepnQgene was cloned and the resulting
construct was expressed in coli BL21(DE3) cells!* SpnQ was
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cluster nor use of the alternate electron-transfer mediators, FAD
and FMN, made SpnQ catalytically active. These observations
suggest that either SpnQ functions analogously to ColD, employing
L-glutamate as a cosubstrate, or SpnQ behaves likéE E is
not a suitable electron donor for SpnQ.

To test the first possibility, we assayed SpnQ (1) in the
presence of 1 mM, 3 mM L-glutamate, and 25@M PLP in 50
mM potassium phosphate buffer (pH 7.5). HPLC analysis of the
incubation mixture revealed the time-dependent formation of a new
product (52% conversion after 16 h at 37), which was identified
by MS and HPLC analysl$ as the C-4 aminosugdi5 (Scheme
1A).5 SpnQ is apparently capable of functioning nominally as a
C-4 aminotransferase, catalyzing the conversiof of 15 under
these conditions. The inability of SpnQ to act as a C-3 dehydrase
usingL-glutamate, as occurs in the ColD reaction, suggests that a

10.1021/ja0649670 CCC: $33.50 © 2006 American Chemical Society
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Scheme 2 natural substrat&0 in the presence af-glutamate and a catalytic
. PMP.. . aKG amount of PLP and observed that it catalyzes C-3 deoxygenation
HM;%)W%OTDP H- Nté_/ Lrop QPXL-GIU rather than C-4 aminotransfer under these conditions, although
o0 Mgl 0,60 :N ve 6-fold Ie;s efficiently than with Eand NADH (16% versus 100%
oe . | e o, Moo O e oM e o0 ﬁoﬁﬁmp conversion after 1.5 h at Z&). Thus, in the absence of reductase
Ho&ﬁ = |H-N¥ H‘C?vf“omp H-Nr )t NS e 15 and usingL-glutamate and their natural substrateg,aBd SpnQ
6 OTDP |00 J16 , " . follow different reaction pathways. This is intriguing in that,
NADPH - - FADG~ - [2Fo-2S]" | [oFo25P: / 2% % althoggh E and SpnQ seem to ca_talyze me_chanistically identical
NADF”XFADMX [zFe-st([zFezsrf) oToP reactions in the presence of their respective reductase partners,
feredouin {1240 | 1o reduoton 3 LY SpnQ, and not Eor ColD, has retained an ancestral aminotrans-
'J:Lfﬂoé’r&’ﬁé‘ FMNMD oe o pup | iy N e ferase activity (Scheme 2, path B— 16— 18— J..5), whereas
i 7 doe - E; behaves like ColD, catalyzing the reductase-independent C-3

deoxygenation (Scheme 1C).

two-electron reduction may be a requirement to drive the SpnQ- bi Ovetrsll, 'thes;e tfesults fu_IIy de_monstrati thg role (f)ftipng n trje
catalyzed C-3 deoxygenation. Hence, we examined the second lcislyn dES'S Ct’.D .orolsanlnnde.:];f etfmectharzls][r:h OC IDe prtl.Q
possibility that a second electron donor might be needed. catalyzed reaction Is clearly aifierent from that of the &-01L reaction,

Reasoning that sodium dithionite could likely serve as an electron but ci_oselyt resgmtli]lesb_that ?rf] th_a/ng riﬁcu?rrgggzcg? _geoxy-
source in lieu of a physiological reductase, incubation of a mixture J€"a10N StEPS I the biosynthesis of other “£,3,0-10E0XYySUg-

of 30 «M SpnQ, 0.6 MM8, 250 4M PMP, and 0.6 mM sodium ars, whose gene clusters seem to universally lack giik&
dithionite in 50 ’mM potas’sium‘phospha’te buffer (pH 7.5) under reductase gene, are likely to be catalyzed by SpnQ homologues

anaerobic conditions was performed. To our delight, a new product employing reductases from'the general cellular pool. In addition, .
was detected by HPLC analysis of the incubation mixture (70% SpnQ can act as a transaminase when the electron-transfer path is

yield after 16 h at 25C). This compound was later isolated from blocked. Interestingly, under the same conditions, batarid ColD

a large-scale incubation and was spectroscopically identifigd-as Caiﬂlyze fC'3Sd90Xngnatt;]0n, IpOInan ItOt z’:lj #r;)lguze 6e\(;olutlonary
Observation of dithionite-dependent turnover strongly implicated pathway for SpnQ and other closely relate ~&,0-aeoxysugar

17 as an intermediate formed by-® bond cleavage at C-3 46 3-dehydrases. Future structural studies f@ID, and SpnQ will
in SpnQ catalysis (Scheme 2, path A). Reduction by dithion’ite of b_e invaluable_in deciphering the subtle di_fferences a_mong_the a_ctive
17, likely in a stepwise two electron-transfer, led to the C-3 site geometries of these enzymes which result in their unique

deoxygenated product. The [2Fe-2S] center of SpnQ is an indispens reatlztlton pathw;t]ysbandh rr;1ay prr]owdel fgrther insight into the
able part of the electron-transfer conduit, since SpnQ depleted of EVOIUtionary paths by which each evolve )
the iron-sulfur center was incapable of catalyzing C-3 deoxygenation. Acknowledgment. We thank Charles E. Melaoa Il for his

Demonstration that SpnQ can catalyze C-3 deoxygenatidh of critical comments and valuable help in preparing this manuscript.
using dithionite provided convincing support for its proposed This work is supported in part by the National Institutes of Health
function. However, the identity of the authentic SpnQ reductase Crants GM35906 and GM40541. . -
remained unknown. Examination of a number of gene clusters ~ Supporting Information Available: Details of SpnQ purification,
containing SpnQ homologues failed to yield any gene products with 255y and HPLC conditions, and spectral dat&.ofhis material is
homology to B or other reductases of unknown function. This available free of charge via the Internet at http://pubs.acs.org.
suggests that SpnQ and its homologues, unlikeray not require Rof
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