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Abstract: Aminoglycoside antibiotics are composed of aminosugars and a unique aminocyclitol aglycon
including 2-deoxystreptamine (DOS), streptidine, actinamine, etc., and nucleotidylyltransferases, sugar
modifying enzymes, and glycosyltransferases appear to be essential for their biosynthesis. However, the
genes encoding those enzymes were unable to be identified by a standard homology search in the butirosin
biosynthetic btr gene cluster, except that the btrM gene appeared to be a glycosyltransfease. Disruption
studies of the btrD gene indicated that BtrD was involved in the supply of a glycosyl donor immediately
prior to the glycosylation of DOS giving paromamine. As anticipated, BtrD expressed in Escherichia coli
was able to catalyze UDP-p-glucosamine formation from p-glucosamine-1-phosphate and UTP. Both dTTP
and UTP were good NTP substrates, and p-glucose-1-phosphate and p-glucosamine-1-phosphate were
good sugar phosphates for the enzyme reaction. This finding is the first to identify an enzyme which activates
a sugar donor in the DOS-containing antibiotics. Interestingly, BtrD homologues have been reported as
functionally unknown open reading frames (ORFs) in the biosynthetic gene clusters for several antibiotics
including teicoplanin, balhimycin, chloroeremomycin, and mitomycin C. It appears therefore that gene clusters
for antibiotic biosynthesis provide their own nucleotidylyltransferases, and the BtrD homologues are among
the secondary metabolism specific enzymes.

Glycosyl transfer reaction by glycosyltransferase (transgly- responsible for the biosynthesis ofrhamnose, a component
cosylase) is among key transformations involved in both primary of both Gram-positive and Gram-negative bactérfaThe same
and secondary metabolic pathways. Particularly, those in theis true in the secondary metabolisms and varieties of glycosy-
latter pathway are significant in providing chemical diversities lated metabolites are produced as beneficial bioactive com-
and biological activities for secondary metabolites including pounds, particularly in microorganisms. In most cases, the
clinically important antibiotics, immunosupressants, and cardiac glycosyl moieties of these secondary metabolites are indispen-
glycosides:? Structurally diverse NDP-sugars (nucleotide diphos- sable for exerting the bioactivities.
phate sugars) serve as glycosyl donors in the glycosyltransferase In the biosynthesis of these bioactive glycosylated secondary
reactions, and the biosynthesis of NDP-sugars starts from metabolites, a specific NDP-sugar is specifically transferred to
ubiquitous primary metabolites, sugar-1-phosphates, and NTPa target aglycon, and such an NDP-sugar in the secondary
(nucleotide triphosphates), by the catalysis of nucleotidylyl- metabolism is usually biosynthesized from NDRjucose
transferase, followed by subsequent structural modifications in through chemical transformations by modifying enzymes to the
the sugar moiety. It appears therefore that the initial formation proper ultimate structures as exemplified in the biosynthesis of
of NDP-sugar starter is a crucial branching point of the classical macrolide antibioti¢8.Indeed, a well-related family
secondary metabolic pathway from the primary. In the primary of the genes for NDP-glucose synthases, mostly TDP-glucose
metabolism, for exampleN-acetylglucosamine-1-phosphate synthases, together with those of the modifying enzymes are
uridyltransferase (UDM-acetylglucosamine pyrophosphoryl- - -
ase) synthesizes UDR-acetylglucosamine frorh-acetylglu- (4) Pompeo. %;hggquzrgg'l\%gaggggﬂgggg”’ J; Fassy, F.; Mengin-Lecreulx,

cosamine-1-phosphate and UTP as a precursor to the bacterial(5) grown li( Eﬁgﬁgeg 1!;,99D|1x2?r11 O%&l\ﬁggm Lecreulx, D.; Cambillau, C.;
3-6 ourne,

cell wall. Glucose-1-phosphate thymidylyltransferase is (6) Mengin-Lecreulx, D.; van Heijenoort, J. Bacteriol. 1994 176, 5788

5795.

(7) Sivaraman, J.; Sauve, V.; Matte, A.; Cygler, MBiol. Chem2002 277,

T Department of Chemistry. 44214-44219.
* Department of Chemistry and Materials Science. (8) Zuccotti, S.; Zanardi, D.; Rosano, C.; Sturla, L.; Tonetti, M.; Bolognesi,
(1) Walsh, C.; Freel Meyers, C. L.; Losey, H. €. Med. Chem2003 46, M. J. Mol. Biol. 2001, 313 831—843.
3425-3436. (9) Blankenfeldt, W.; Asuncion, M.; Lam, J. S.; Naismith, J.EMBO J.2000
(2) Mendez, C.; Salas, J. Arends Biotechnol2001, 19, 449-456. 19, 6652-6663.
(3) Olsen, L. R.; Roderick, S. LBiochemistry2001, 40, 1913-1921. (10) He, X. M.; Liu, H. W.Annu. Re. Biochem.2002 71, 701-754.
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Scheme 1. Proposed Biosynthetic Pathway Leading to Butirosin
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known in the secondary metabolic gene clustéridowever, The genebtrD locates at the next most downstreanbtiC,

the number of biosynthetic gene clusters so far clarified is which encodes the key 2-deosgyllo-inosose synthase in the
limited, and the possibility of other types of sugar activating biosynthesis of DO%3 The deduced protein from the geloeD
nucleotidylyltransferases in the secondary metabolic pathwaysshowed certain homology to several reported genes in the
remains to be addressed. biosynthetic clusters of several glycopeptide antibiotics,

Clinically important aminoglycoside antibiotics are basically teicoplanin;’*° balhimycinZ®and chloroeremomyciff,and to
composed of aminosugars and an unique aminocyclitol aglycon,the one in the biosynthesis of mitomycir?€® (Figure 1).
and 2-deoxystreptamine (DOS) is the key aglycon of a major Although all of these genes have not been functionally identified,
class of these antibiotics. For the biosynthesis of DOS-containing @n 0bvious common feature in these antibiotic is the involvement
antibiotics, those enzymes of nucleotidylyl-transferases, sugarof aminohexopyranose. We, therefore, envisioned that BtrD
m0d|fy|ng enzymes, and g|ycosy|transferases appear to bemlght be involved in the am|n0heXOpyranose-rE|ated reaction
essentia]y in addition to those involved in an assemb|y line for in the butirosin biosynthesis and launched the functional analySiS
an aminocyclitol aglycon, to produce an ultimate aminoglyco- ©f BtrD. As a result, BtrD has now been identified as a novel
side. It appears that the biosynthetic machinery for aminogly- class of nucleotidylyltransferase to specifically produce thymi-
cosides should have great potential to be explored toward thedylyl a-p-glucopyranosidel-o-glucosaminide. The function of
extension of biochemical combinatorial glycosylation. We were the above-mentioned homologous genes involved in the anti-
the first to identify the biosynthetic gene cluster of the DOS- biotic biosynthetic gene clusters has also been discussed.

ni i i i i 29D

containing ammoglycosples but|r03|n.(.Sc.hemé 1f Several Results and Discussion
other gene clusters for this class of antibiotics have been reported
very recentlyt4-16 Tetracycline resistance gene (favas inserted into the

It should be pointed out here that, in the biosynthetic gene specificScalsite ofbtrD in tr_leB. circulanschromosome u§ing
cluster of butirosin, most of the open reading frames (ORFs) & Plasmid pHBCTE to disrupt the gene by conventional
could not been functionally identified by means of simple homologous recombination. The resultioigD mutant showed
homology search. The ger#rM was an exception, since its  "© production of any antibiotics under the standard fermentation

corresponding amino acid sequence suggested its function toconditions, while the complementation of this disruption by
be a hexosyltransferase, which appeared to be involved in thetransformatlon with pHBrbsbtrD recovered f[he antibiotic pro-
first glycosylation of DOS. However, the actual chemical species duction (Table 1). These results clearly confirmed thabthe
of glycosyl donor for the first glycosylation and precursor 9€N€ was |nyolved in the butirosin plosynthe3|s. To d_etermlne
thereof as well as the enzymes involved in these key transfor- Which chemical step was blocked in the pathway wbtrD
mations remained unsolved. Information for these events in the disfuption, complementation with biosynthetic intermediates was

biosynthetic pathway of DOS-containing aminoglycosides ap- €xamined. Feeding of paromamine to the culture recovered the
pears to be invaluable for better understanding and application@ntiPiotic production, but neither with 2-deosgylioinosamine

of the glycosylation systems in the microbial secondary (17) Li, T. L.; Huang, F.; Haydock, S. F.; Mironenko, T.; Leadlay, P. F.; Spencer,

metabolism. J. B.Chem. Biol.2004 11, 107-119.
(18) Sosio, M.; Bianchi, A.; Bossi, E.; Donadio, Sntonievan Leeuwenhoek
200Q 78, 379-384.
(11) Murrell, J. M.; Liu, W.; Shen, BJ. Nat. Prod.2004 67, 206-213. (19) Sosio, M.; Kloosterman, H.; Bianchi, A.; de Vreugd, P.; Dijkhuizen, L.;
(12) Ota, Y.; Tamegai, H.; Kudo, F.; Kuriki, H.; Koike-Takeshita, A.; Eguchi, Donadio, S.Microbiology 2004 150, 95-102.
T.; Kakinuma, K.J. Antibiot.200Q 53, 1158-1167. 20) Pelzer, S.; Reichert, W.; Huppert, M.; Heckmann, D.; WohllebenJW.
)

—

(13) Kudo, F.; Tamegai, H.; Fujiwara, T.; Tagami, U.; Hirayama, K.; Kakinuma, Biotechnol.1997, 56, 115-128.

K. J. Antibiot. 1999 52, 559-571. (21) van Wageningen, A. M.; Kirkpatrick, P. N.; Williams, D. H.; Harris, B.
(14) Kharel, M. K.; Basnet, D. B.; Lee, H. C.; Liou, K.; Woo, J. S.; Kim, B. R.; Kershaw, J. K.; Lennard, N. J.; Jones, M.; Jones, S. J.; Solenberg, P.
G.; Sohng, J. KFEMS Microbiol. Lett.2004 230, 185-190. J.Chem. Biol.1998 5, 155-162.
(15) Yanai, K.; Murakami, TJ. Antibiot.2004 57, 351-354. (22) Mao, Y.; Varoglu, M.; Sherman, D. H.. Bacteriol. 1999 181, 2199-
(16) Unwin, J.; Standage, S.; Alexander, D.; Hosted, T., Jr.; Horan, A. C.; 2208.
Wellington, E. M. H.J. Antibiot. 2004 57, 436—445. (23) Mao, Y.; Varoglu, M.; Sherman, D. KChem. Biol.1999 6, 251-263.
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Figure 1. Antibiotics containingbtrD homologue in the biosynthetic gene clusters

Table 1. Complementation of btrD Muant with Biosynthetic
Intermediates

B. circulans strain + additive antibiotic production?

wild type +
AbtrD -
AbtrD with pHBrbsbtrD +
AbtrD + 2-deoxyscylloinosamine -
AbtrD + 2-deoxystreptamine -
AbtrD + paromamine +

a+, production; -, no production.

nor DOS. These results suggested thathitr® gene product
could be involved in the glycosylation pathway between an
activatedp-glucosamine and DOS giving paromamine, or in
the preparation of glycosyl donor immediately prior to the
glycosylation. Since a potential glycosyltransferaseVl was
already proposed in the butirosin gene clustettD was
envisioned to have the latter function.

BtrD was overexpressed iB. coli to elucidate its function
in vitro. The successfully expressed protein was straightfor-
wardly purified to an electrophoretically homogeneous state.
The purified BtrD was analyzed by ESI-MS to confirm the

molecular weight 31 813 Da, which showed good agreement
with the estimated mass 31 822 Da from the deduced amino

acids.

Since it is generally accepted that, in the glycosylation
reactions, a glycosyl donor is a nucleotidylyl-sugar as mentioned
above, NDPs-glucosamine was proposed as the corresponding
donor in the glycosylation yielding to paromamine (Scheme 1).
Because UDMN-acetylb-glucosamine should exist in a wide
varieties of bacterial cells as a building block for their cell walls,
deacetylation of UDMN-acetylo-glucosamine was hypothesized
as one possibility for the supply of UD#*glucosamine. On
the other hand, direct activation ofglucosamine molecule with
NTP should be an alternative, though little has been known for
such p-glucosamine-1-phosphate specific nucleotidylyltrans-
ferase to date. Therefore, we pursued two sets of enzyme assay
with BtrD.

The former possibility was first examined and turned out not
to be the case, since UDR-acetylb-glucosamine was not
hydrolyzed at all with BtrD under various conditions tested (data
not shown). Surprisingly, however, an incubation of UTP and
D-glucosamine-1-phosphate with BtrD clearly afforded a nucleo-
tidylated product, UDR>-glucosamine, which was unambigu-
ously identified by comparison with a chemically synthesized
standaré*2% as shown in Figure 2. Further, BtrD was able to
catalyze thymidylation ab-glucosamine-1-phosphate with dTTP

(24) Maley, F.Methods Enzymoll972 28, 271-274.
(25) Moffatt, J. G.Methods Enzymoll966 8, 136-142.
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Figure 2. BtrD reaction with UTP and glucosamine-1-phosphate. (a) BtrD reaction with UTR-@hacosamine-1-phosphate. (b) Part a plus authentic
UDP-b-glucosamine. (c) Control reaction using heat-treated BtrD.

. -
more efficiently. BtrD was inactive with ATP, GTP, or CTP, '2de2 Effect of Divalent Metal lons on BrD Reaction®

and the observed trend of nucleotide specificity appeared to be metal ion (5.5 mM) activity (%)
similar to the known pyrimidinylyltransferase Ep derived from Mg?* 100
Salmonellz® Most of b-glucose-1-phosphate thymidylyltrans- Co>’ 1;;‘
ferases are known to utilize both uridine and thymidine mi';, 97:?
triphosphate with similar efficiency. It is noteworthy that such Zn2t 17.9
a b-glucosamine-1-phosphate specific nucleotidylyltransferase Caz: 21
was found in the secondary metabolic pathway. Singgu- |(::222+ 8'2
cosamine-1-phosphate appears to be formed by a series of none 0
housekeeping enzymes in the biosynthesis of the bacterial EDTA 0

peptidoglycan monomer urit, BtrD-catalyzed UDRs-glu-
cosamine/dTDR®-glucosamine formation is proposed as a
crucial branching point of the secondary metabolic pathway from
the primary carbohydrate metabolism. nucleotidylyl triphosphate and sugar phosphate substrates to an
In general, nucleotidylyltransferase requires a divalent metal optimal orientation for catalysis.

for activity. Thus, requirement of divalent metal for the BtrD Combinatorial biosynthesis is a field attracting extensive
reaction was examined, and the results were shown in Table 2.efforts. To pursue combinatorial biosynthesis of glycosylated
Interestingly, various transition metals such asMICc*+, and compounds, preparation of varieties of NDP-sugars is important
Ni2* were able to accelerate the enzyme reaction in addition to for the ultimate glycosylation to obtain designed molecules,
Mg?". Requirement of Mg" is just the same as that of well-  since certain glycosyltransferases having broad specificity, such
studied TDPe-glucose synthase. In any case, such a divalent as GtfE?® are known and glycorandomization approach with
metal cation appears to be involved in the coordination of various NDP-sugars may be a method of choice for the

a|nitial velocity relative to M@*. b UTP andbp-glucosamine-1-phosphate
were used as substrates.

(26) Lindquist, L.; Kaiser, R.; Reeves, P. R.; Lindberg, A.RAIr. J. Biochem. (28) Losey, H. C.; Jiang, J.; Biggins, J. B.; Oberthur, M.; Ye, X. Y.; Dong, S.
1993 211, 763-770. D.; Kahne, D.; Thorson, J. S.; Walsh, C. Chem. Biol.2002 9, 1305—
(27) van Heijenoort, JNat. Prod. Rep2001, 18, 503-519. 1314.
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Table 3. BtrD Catalyzed Conversion of Substrates?

Substrate dTTP Conv. (%) UTP Conv. (%)

OH

HO, 72+6 5.9+ 0.6

31e

H2N0P032'

D-glucosamine-1-phosphate

PO
D-glucose-1-phosphate

OH
¢} a
Hﬂ& n.d. 1.6 0.1
AcHN OPOFZ
N-acetyl-D-glucosamine-1-phosphate
OH
7
| a a
HPo n.d. n.d.
OPOz>
D-mannose-1-phosphate
HO _OH
HO 2 n.d.2 n.d.2
HOOPO32'
D-galactose-1-phosphate
HO _OH
e}
HO n.d.2 n.d.2
AcHN OPO?

N-acetyl-D-galactosamine-1-phosphate

aNo product was detectefThe values are the conversion ratiod h reaction period.

construction of a library of bioactive glycosid&s3! In their group attached to the sugar is essential for the enzyme reaction.
pioneering work, Thorson et al. explored TDP-glucose synthase Interestingly, BtrD was able to take-glucose-1-phosphate as
derived fromSalmonella enterica T2 (Ep), showing its broad  a better substrate rather tharglucosamine-1-phosphate. On
substrate specificity toward different kinds afp-hexose-1- the other hand\l-acetylb-glucosamine-1-phosphate was nucleo-
phosphate# 34 In addition, subsequent structure-based protein tidylated to a lesser extent by BtrD. Any other tested hexose-
engineering has allowed the enzyme to acquire altered substratel -phosphates were not nucleotidylated under the same conditions
specificity 2235361t appears, therefore, different kinds of sugar at all. Thus, it is clear that only-p-glucohexopyranosyl
activating enzymes are highly desirable for the extension of phosphates are a good substrate for BtrD. The best catalytic
glycorandomization and for the ultimate development of useful activity of BtrD was found as-glucose-1-phosphate thymi-

bioactive compounds. dylyltransferase (40 nmol of TDB-glucose production/min/
~ Thus, specificity of BtrD toward sugar-1-phosphate was next mg). Apparently, the stereochemistry of hexose is crucial for
investigated (Table 3). Free forms ofglucose andp-glu- the BtrD recognition. On the other hand, the C-2 functionality

cosamine were absolutely inactive. Therefore, the 1-phosphateis not much recognized, since a hydroxy, amind\eacetamide
group at C-2 of the hexose-1-phosphate precursor was accepted

(29) Thorson, J. S.; Barton, W. A.; Hoffmeister, D.; Albermann, C.; Nikolov,

D. B. Chembiochen2004 5, 16-25. A by BtrD. These results suggest that the functional group at C-2
(30) gﬁgr% ;d:ozaf;mfg;jlg&l“u’ L. Fu, X.; Thorson, J. Bioorg. Med. may be recognized by putative carboxylate functions of acidic
(31) Fu, X.; Albermann, C.; Jiang, J.; Liao, J.; Zhang, C.; Thorson, Bla8. residues through hydrogen bonding. It may thus be envisioned
Biotechnol.2003 21, 1467-1469. that precise structural studies of BtrD are helpful to open a new

(32) Jiang, J.; Biggins, J. B.; Thorson, JJSAm. Chem. So200Q 122 6803~ . i . i
6804 way of engineering the protein to be more promiscuous to a

(33) .1]i5%n2%l.]5;058.iggins, J. B.; Thorson, J.Agew. Chem., Int. EQ001, 40, wide variety of sugar phosphates.

(34) Jiang, J.; Albermann, C.; Thorson, JChembiochen2003 4, 443-446. iali i i

(35) Barton, W. A Lesniak. J. Biggins. J. B Jeffrey, P. D Jiang, J.: Multialignment of' BtrD homologues is shown in Table 4.
Rajashankar, K. R.; Thorson, J. S.; Nikolov, D.Nat. Struct. Biol2001, All of them are functionally unknown and were mostly reported
8, 545-551. i ; ; ; i

(36) Barton, W. A.; Biggins, J. B.; Jiang, J.; Thorson, J. S.; Nikolov, D. B. as agenein the Plosynthetlc g_ene clusters InC|Ud_mg those of
Proc. Natl. Acad. Sci. U.S./2002 99, 13397-13402. several glycopeptides, mitomycin C, and kanamycin. It should

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1715
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Table 4. Amino Acid Sequence Alignment of BtrD Homologs?

BtrD 1 :MNQDKRAFMF ————— ISPHFDDVILSCASTLMELMNQGHTCKVLIVFGGC--PSVRFQPGEIARQYAAE-DLGLFEDEIEG 73

spr0138 1 :MVMSDNTKYIF----LSPHLDDATIFSCGDYISKLTSEGEIVLVITIFSGY--PLSQQLOPSAKQFHKLCNLGK-YPIE--- 71

SP0139 1 :MVMSNNTKYIF----LSPHLDDAIFSCGDYISKLTSEGEIVLVITIFSGY--PLSQQLOPSAKQFHKLCNLGK-YPIE--- 71

Dbv21 1 :MLODADRTRILA---ISPHLDDAVLSVGASLAQAEQDGGKVTVFTVFAGSAAP---P-YSPAAERFHARWGLSPTEDA-—-- 71

orientalis 1 :MSONLGAGRLLA---ISPHLDDAVLSFGAGLARAAQDGAKVTVYTVFAGTATP---P-YSPAAERLHGIWGLSPDODA--- 71

Orf2 1 :MPODLDADRILA---ISPHLDDAVLSFGAGLARAAQAGAKVTVHTVFAGTAAP---P-YSPAAERLHATWELSPDQODA--- 71

plu0451 1:MI-———- H-LF----LSPHLDDAALSAGGLIHKLVSENQKVIILTFFTEYDKDLTSHYSHSAHNDN-IYSFIKLYSK---- 66

mitC 1 :MSGTPATAPYGP-VVLSPHADDAVWSLGGRL—————— ARWA--A--EGP--RPTVVTVFAGPAAGKPE-SW-RSAA-D--- 62

tcpl4d 1 :MPHDPGATRLLA~---ISPHLDDAVLSFGAGLAQAAQDGANVLVYTVFAGAAQP---P-YSPAAQRMHTIWGLAPDDDA--- 71

Orfl5 l:VR-=———— = VLLVSPHPDDIALSFGGWVA-—-AHA-RGLAA--KGW--RFDLLTVFGTTLYAP-HSP--RAVTKE-=- 57

. . * k% . **% . . * . . . . . . . . . .o
Seeccessce
BtrD 74 : DHLSILVARRLOEDQQAFRHLPGVQVEVLSFPDAIYRENK---GQPYYRTEAD-L~-FGI----PDKQDE-DIFLPKI--ET 142
spr0138 72:————- E--RKKEDRLA-CERLQCD-FR-HLSY~-YECLYRKDRNGN==FLYRH===IYS=====~ ELKNE--D--TL-KNDIT 126
SP0139 72:————- E--RKKEDRLA-CERLQCD-FR-HLSY-YECLYRKDRNGN--FLYRH-==IY¥S—=——~ ELKNE--D--TL-KNDII 126
Dbv21 72 : P----L-RRRNEDIAA-LDQLGAGHRHGRFLD-AIY--RRSPDGQWLLHHNEGS--MVRQQS-PANNH--DLVAA-IREDI 137
orientalis 72:S----LHR-RNEDIAA-LDHLGVDYRHGRFLD-AIY--RTLPDGRWLADNVPGRQKLATISRLSPQTDP--DLFAA-VRDDI 140
Orf2 72 :S—----LRR-RDEDIAA-LDHLGVDYRHGRFLD-AIY--RKLPDGRWLADNVPGRQKLAIGRQSPQGDP--ELFSA-VRADI 140
plu0451 67t ———————— RANEDIAF-CNKLSVIPI--HGKI-LDCIYRTDQYGE--PMYKNSAMIYT—~—~~ GQIHKSDDASDM-AQELT 127
mitC 63:P-—--A--VRRAEDRA-ACAELGVRHV-PLGF-TDAALRTASGAY--LYASPRR-LFG--——~— PWHPADLPLLEE-VRAAL 125
tcpl4d 72:V----LYR-RKEDIAA-LDHLRVAHRHGRFLD-SIY--RKLPDGRWLTAHVEGRQKLAVNDHSPDSDH--DLVGE-VADDI 140
Orfl5 58t ————- A--ISTLRERE-DR-DYARRH----GL~-RLTSLRQEDCSC~~LGMDDEEELIA~~—=~ P-EATDPRRA-A-VRQL- 113
BtrD 143:YLOSCDLARKYTWVFPAIS--KHVDHRLLTKAGLRLMSQGY-PVLFYSEFPYWQOHNEFLODGWRQ-LELRN-SVYTPVKR 218
spr0138 127 : KELLMHLDDKCVVYC-PLSLGDHVDHVFVNSIGRALEFMR-YKVIYYEDFPYVSDS-SMVSYMGKTK-EL----KMYQEE- 198
SP0139 127 : KELLMHLDDKCVVYC-PLSLGDHVAHVFVNSIGRALEFMR-YKVIYYEDFPYVSDS-SMVSYMGKTK-EL----KMYQEE- 198
Dbv21l 138:ESMIAECDPTLVLTCVAI--GKHPDHKATRDATLLAARERGIPLRLWODLPYAAYSQD—————~ LAE--LPDGLR-————— 202
orientalis 141:KSVVEECDPTLILTCAAG--NGHIDNEITRDAALLVAHEKDLPVRLWEDLPHAMFGAG-———-— PAE--LPEGFD=-===== 205
Orf2 141:ESIVEEYAPALILTCAAG--NGHVDNEIARDAALFVAYEKGIRVRLWEDLPHAMFAEG-—————. AAE--LPDGFR--———-— 205
plu0451 128 :DKILLNYQPDYI-YA-PLGIGRHVDHIIINNLVPNIKGSRKFKILLYEDFPYVLGEYPIIN-PDSLESALLRNNK-FDKRA 204
mitC 126 : L-P-LCAGASS-VHV-PLAAGRHVDHRLVRGAVEP-LSPARTVF--YEDFPYRLRERDHTNL--RPRTERLPSEAVDRWLT 197
tcpl4d 141 :RSIIDEFDPTLVVTCAAI--GEHPDHEATRDAALFATHEKNVPVRLWEDLPYAVFKSG-———-~ AVE--LPQGFR====== 205
Orfl5 114 :IAAATLA-GA-DLV-VAPLAVGGHVDHRIVRTAVROSLGATPCLW--YEDLPYALESPVEVPSDHRPWLVDIRGHEAAKRAD 189
. . .*.-.o.c. . . .o * . .

BtrD 219:AAV--LEYKT--QLL-GLFGEEAET----K-INNGGVLSEAE-L--F--WIQETDT--Q---AWRVFRSLSPEPLQT 275
spr0138 199t —————e—n LDEKHYIDR-IS-SILCYKSQILIIWKSVEKLLNNIKELYLRNGAAYSI—====—==—=—=== RFWIKK--- 251
SP0139 199t ———————- LDEKNYIDR-IS-SILCYKSQILIIWKSVEKLLNNIKELYLRNGAAYSI—=====—=—=== RFWIKK=-—- 251
Dbv21 203: LGSPELSFVDEEARTRK--FQOAMKHYATQLSVLDGPNKNLFAKLDE-HARNAAPDGGYNET-TWP-VIRYAAE———— 270
orientalis 206 :LGTGDFGSVTTDMRDRK--FEALRLYPSQMLMLHGPGKDFFAQLDE-HARKNSPQGGYGET-TWP-VVSREDNS--~ 274
Orf2 206 : LGPPDFGSVEPEARARK--FEALRLY SSQMLMLHGPEKDFFAQLDG-HARKSAPGGGYGET-TWP-VVSREDNG-—— 274
plu0451 205 —————— ILVDIDLKEK-AQ-NILFYESQLEPLFDNKSNILISLEK-YHRTINEIKVQE-———————— RFWLIR--—- 259
mitC 198 : AAGHYSSQASAHFGGAA-ALREAL-FARARAHGGPGRPGHADRHWVPVG--QODDRGEARP-~-~-A~—---PVERGP--- 260
tcpl4d 206 : LGSADVSSVKPEMRSQK--FQAVERY SSOMVLLNGSENNLFDRLDE-HARQONAPHGGYGET-TWP-VVRSDDS———— 273
Orfl5 190:LAL-YRSQMTAA~-DTS-~---EVLSY-~--RPDGASV-PC--ERLWSSAGFPQ-DLAERMALATLAAVTP-DKESL~-~ 249

aBtrD: BAC41211Bacillus circulans butirosin producer; spr0138: NP_35773&eptococcus pneumoni&s; SP0139: NP_344683treptococcus
pneumonia€llGR4; Dvb21: CAD91216Nonomuraeasp. ATCC 39727, glycopeptide A40926 producer; orientalis: T30AB8/colatopsis orientaljs
chloroeremomycin producer; Orf2: CAC48385nycolatopsis balhimycindalhimycin producer; plu0451: NP_9278B#otorhabdus luminescessibsp.
Laumondii TTO1; mitC: AAD27813treptomyces k@ndulae mitomycin C producer; tcpl4: CAE533%%&tinoplanes teichomyceticusicoplanin producer.
Orfl5: BAD20763Streptomyces kanamyceticlkanamycin producer. The conserved amino acid residues are marked with an asterisk, and similar amino
acid residues are marked with a period. The putative metal binding motifs are shown as a dotted line. The proposed pyrimidine recognition roatifs are sh
as a solid line.

be pointed out that thetrD homologue exists in the biosynthetic  thesis of vancomyci® information on how an activated
gene cluster of a closely related aminoglycoside kananiycin. glycosyl donor is supplied in the natural biosynthetic system is
Corresponding proteins of these genes have a similar molecularscanty except for the well-characterized TDP-glucose synthase.
size comprising ca. 260 amino acids. It may be emphasized thatAs we have successfully shown in the present study the function
the N-terminus region is well conserved, particularly, a motif of BtrD as a novel nucleotidylyltransferase, the above-mentioned
SPHxDDxxxS is completely conserved in all of these function- BtrD homologues may have a similar function of the activation
ally unknown proteins. A motif of HXDH(N) is also conserved of sugar, probably ab-glucose ob-glucosamine. NDP sugars
in the middle of the polypeptides. Further, a motif (Y/W)X(E/ synthesized by these BtrD homologues may further be modified
D)(L/F)P(Y/H) close to the C-terminus was found to be highly by several enzymes for the ultimate glycosyl donors, and then
conserved in BtrD homologues. the corresponding glycosyltransferases can take over to attach
Despite the fact that much studies have been concentratedeach sugar onto the corresponding aglycon. This scenario can
on glycosyltransferases such as GtfE and GtfD in the biosyn- be reasonable because a certain mechanism for sugar activation
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Figure 3. A model of BtrD by 3D-PSSM”-38 (a) A BtrD model structure was generated by 3D-PSSM based on MshB crystal structure (pdb 1q74). The
image was constructed by WebLab Viewer. Tdeelices and thg-sheets are colored in red and in light blue, respectively. The amino acid residues of
1-4, 183-199, and 242275 are omitted for clarity. Probable active site amino acid residues are labeled. (b) A proposed mechanism of BtrD reaction.

must be involved, and in fact, in the gene clusters containing two motifs are well-conserved in the related hypothetical

the btrD homologues, any possible gene for the well-known proteins. Therefore, we suggest that these motifs could univer-

TDP-glucose synthase does not exist at all. Our finding, sally exist in combination as a divalent metal binding motif

therefore, strongly suggests that the BtrD homologues are which stimulates an attack of an appropriate nucleophile in all

secondary metabolism specific sugar-activating enzymes. Inof these related hypothetical proteins.

other words, functionally unknown hypothetical proteins in the  Further, it should also be pointed out that the C-terminus

secondary metabolic gene clusters could have a similar functionregion motif (Y/W)x(E/D)(L/F)P(Y/H) found in BtrD homo-

to that of well-known primary metabolic enzymes, even with logues is not found in MshB. Thus, this motif may reflect the

little sequence homology. In certain cases, novel function of functional difference between them and may be involved in the

secondary metabolic proteins may be independently acquiredinteraction with the nucleotide moiety of NTP. Further precise

during evolutionally processes. structural studies of BtrD is currently underway in our labora-
Interestingly, the structural search for BtrD by 3D-PSSR tory.

hit a quite similar protein with a loW#-value of 8.78e7, which In conclusion, our detailed studies of the gdsieD in the

is 1-D-myainosityl 2-acetamido-2-deoxy-D-glucopyranoside biosynthetic gene cluster for butirosin have lead to the elucida-

deacetylase (MshB) fromlycobacterium tubeculosi€*°MshB tion of its function as a novel nucleotidyltransferase, although

catalyzes deacetylation of d-myaoinosityl 2-acetamido-2- previous sequence analysis failed to suggest any function.

deoxy«-D-glucopyranoside in the mycothiol biosynthesis. Based
on its crystal structure (pdb code 1q74), a model of BtrD was
constructed also by 3D-PSSM (Figure 3). The resulting BtrD
model implied that the N-terminal His14, Aspl7, and His166
in BtrD could bind a divalent metal ion. The carboxylate of
Aspl6 would interact with the metal ion through a water

Putative functions of homologous genes found in the biosyn-
thetic gene cluster of various antibiotics has also been postulated.
Therefore, the present approach on the protein level is quite
significant to identify the function of metabolic enzymes. We
currently continue to tackle the unknown processes in the
aminoglycoside biosynthesis with a hope of creating combina-

molecule. His163 and Asp165 could function as a catalytic dyad torial methodology for antibiotic production by the use of these
at the active site. These putative catalytic residues are all structurally diverse aminoglycosides biosynthetic machineries.
conserved in other BtrD homologues as well. Thus, these two

motifs could be critical to bind a divalent metal ion in the active

Experimental Section

site and catalyze the nucleophilic attack of a sugar phosphate Materials. Bacillus circulans SANK 72073 was the source of
anion to an a-phosphorus of nucleotidyl triphopsphate. Thesebutirosin biosynthetic genes and was used for the construction of gene

(37) Fischer, D.; Barret, C.; Bryson, K.; Elofsson, A.; Godzik, A.; Jones, D.;
Karplus, K. J.; Kelley, L. A.; MacCallum, R. M.; Pawowski, K.; Rost, B.;
Rychlewski, L.; Sternberg, MProteins1999 Suppl. 3 209-217.

(38) Kelley, L. A.; MacCallum, R.; Sternberg, M. J. E. RECOMB 99,
Proceedings of the Third Annual Conference on Computational Molecular
Biology, Recognition of Remote Protein Homologies Using Three-
Dimensional Information to Generate a Position Specific Scoring Matrix
in the program 3D-PSSM,; Istrail, S., Pevzner, P., Waterman, M., Eds.;
The Association for Computing Machinery: New York, 1999; pp 218
225.

(39) Maynes, J. T.; Garen, C.; Cherney, M. M.; Newton, G.; Arad, D.; Av-
Gay, Y.; Fahey, R. C.; James, M. N. Biol. Chem2003 278 47166~
47170.

(40) MccCarthy, A. A.; Peterson, N. A.; Knijff, R.; Baker, E. N. Mol. Biol.
2004 335 1131-1141.

disruption mutantsk. coli JM 109 was used as a host strain iarD
gene cloning and a test strain for antibiotic activify. coli BL21-
(DE3) was used fobtrD gene expressiorBacillus subtilisPCI219
was used for antibacterial testing. An insertionally modified plasmid
for gene disruption was constructed with Bncoli—Bacillus shuttle
vector pHB201 (Tanaka et al., unpublished). pUC 119 was routinely
used as a vector for subcloning and sequencing. pET30bas used
for btrD overexpressionb-Glucosamine-1-phosphate, UDPglu-
cosamine, dTDR-glucosamine, ADR>-glucosamine, GDP-glu-
cosamine, and CDB-glucosamine were chemically synthesized ac-
cording to literature procedurés?®p-Glucose-1-phosphatdl-acetyl-
p-glucosamine-1-phosphat®-mannose-1-phosphate-galactose-1-
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phosphate,N-acetylb-galactosamine-1-phosphate, UDPacetylo-
glucosamine, and UDB-glucose were purchased from Sigma. Other
chemicals were of the highest grade commercially available.

Disruption of btrD. Standard in vitro techniques were used for DNA
manipulationt! The plasmid pDS2 containinigtrD was digested with
EcoRl and Sacl and an appropriate fragment was inserted into the
corresponding restriction enzyme site of pHB28IThe resulting
modified plasmid pHB201 containingtrD was digested wittScal
and the tetracycline-resistance gene "Tcassette derived from
pBEST309% digested withSmalwas inserted into thé&cal site of
btrD. The reverse direction of TagainsbtrD was confirmed bycoRI
digestion. The resulting plasmid pHBCEcwas introduced intdB.
circulans SANK 72073 by electroporation 1662000 V/0.2 cm
(EasyjecT Optima, EquiBio, UK), and btrD gene disruptant was
constructed by homologous recombination according to the previously
described methott. Disruption ofbtrD was confirmed by PCR with
amplification primers for the wholétrD (btrD-f'5'-GGCGATG-
TATAACCAAACGC-3' and btrD-15-TTTCCATGGAAAGCACTCCT-

3') and by Southern blotting with the DIG labeled Bene as a probe.
PCR conditions were 95C, 5 min for denature, 30 cycles of 9&,
1 min, 40°C, 1 min, 72°C, 3 min for extension of DNA.

ThebtrD disruptant was cultured in a glycerol-supplemented nutrient
broth mediunt? and an aliquot of the culture was collected everyday
for 5 days. The supernatant of each culture was tested for antibiotic
activity by a paper disk diffusion method agairBacillus subtilis
PCI219%

To complement thetrD mutation, a wholétrD gene was amplified
by PCR with primers btrD-f 5GGCTGTACATATGAACCAG-
GATAAG-3', btrD-r 5-CTCGAATTCTTTGTGTCAGGTTTGA-30n
the template pDS2. PCR conditions were @5 1 min for denature,
30 cycles of 95°C, 30 s, 60°C, 45 s, 72°C, 30 s for extension of
DNA. The amplified DNA fragment was phosphorylated and then
subcloned into &malsite of pUC119. After confirmation of the inserted
sequence (Long Readir 4200, Li-Cor), tddelEcoRIfragment derived
from the PCR fragment was inserted into pET384).(The resulting
plasmid named as pETbtrD was digested withal-EcoR| and the
fragment containing ShireDalgarno sequence derived from the pET
vector was subcloned into pUC119. The resulting plasmid was further
digested withSphtEcoRI and was cloned into the corresponding
restriction enzyme site of pHB201 to yield pHBrbsbtrD. The resulting
expression plasmid pHBrbsbtrD was introduced intwir® disruptant

Expression of BtrD. The btrD expression vector pETbtrD was
introduced intoE. coli BL21(DE3). The transformant precultured at
37°C for 12 h was inoculated to an LB medium containinge@@mL
of kanamycin and was cultured at 28. The expression was induced
at ODs00 0.6 by adding final 0.05 mM IPTG, and the culture continued
for additional 5 h. The cells were collected by centrifugation and were
suspended in a 50 mM phosphate buffer (pH 7.5) and then disrupted
by sonication (Sonifier Type-250, Branson) fob 3 5 times. After
removal of cell debris by centrifugation (13 000 rpm10 min), the
supernatant was loaded onto a column of DEAE Sepharose Fast Flow,
previously equilibrated with a 50 mM phosphate buffer (pH 7.5). BtrD
was eluted with a linear gradient of-@.5 M of NaCl in the same
buffer. The fractions containing BtrD were collected and concentrated
by ultrafiltration (Vivaspin 20, Vivascience, Germany) according to
the manufacturer’'s protocol. The concentrated solution was further
purified with a Superdex 200 gel filtration column using the same buffer
containing 0.1 M NaCl. Purified BtrD was concentrated and stored at
4 °C until use. The molecular weight of the expressed BtrD was
analyzed by SDS-PAGE and LC-ESI-MS (LCQ, Finnigan).

Enzyme Assay.The BtrD reaction was examined in a mixture
containing 2.5 mM NTP, 5.0 mM hexose-1-phosphate, and 5.5 mM
MgCl; in a total 50uL of a 50 mM sodium phosphate buffer (pH 7.5)
and was initiated by the addition of BtrD. The reaction was carried
out with slow agitation at 37C for 1 h and was then quenched by
adding 50 uL of methanol. After removing the precipitates by
centrifugation, a %L aliquot of the supernatant was injected into an
HPLC system (L-7000 series, Hitachi) with a Senshu-Pak SAX-1251-N
column 4.6 gx 250 mm (Senshu Scientific), the eluant being a linear
gradient 6-300 mM phosphate buffer (pH 5.0) for 15 min and a 300
mM phosphate buffer (pH 5.0) for 15 min, flow rate 1.5 mL/min. The
elution was monitored spectrophotometrically at the wavelength 260
nm. The UDPs-glucosamine product was confirmed by comparing
with a synthetic standard. The other products, dTi§ltucosamine,
UDP-D-glucose, and UDMN-acetylb-glucosamine, were also compared
with authentic samples. The unreacted residual NTP in the enzyme
reaction were simultaneously analyzed under the same HPLC condi-
tions. The amounts of NDP-hexose and NTP were estimated from the
absorption afloeo USing €gs20 for normalization.

Divalent metal requirement was examined with supplementation of
a 5.5 mM concentration of MgglCaChk, MnCl,, FeCh, CoCh, NiCl,,

by electroporation for complementation. The complemented strain was cycl, and ZnC}. The control was without metal chloride in the

cultured in a fermentation medium supplemented with 1 mg/mL of
erythromycin. An aliquot of the culture was collected everyday. The
supernatant of each specimen was tested for antibiotic activity by a
paper disk diffusion method agairst coli IM109.

Antibiotic production by thebtrD disruptant was examined by
supplementation (final 10@g/mL) of butirosin biosynthetic intermedi-
ates, DOS, 2-deoxgeylloinosaminé® and paromamine, to the fer-
mentation after 1 day. Each culture was tested for antibiotic production
as described above.

(41) Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular cloning. A laboratory
manual 2nd ed.; Cold Spring Harbor Laboratory: Cold Spring Harbor,
NY, 1989.

(42) ltaya, M.Biosci. Biotechnol. Biocheni.992 56, 685-686.

(43) Kudo, F.; Yamauchi, N.; Suzuki, R.; Kakinuma, K.Antibiot.1997, 50,
424—-428.

(44) Fujiwara, T.; Kondo, EJ. Antibiot. 1981, 34, 13—15.

(45) Tamegai, H.; Nango, E.; Kuwahara, M.; Yamamoto, H.; Ota, Y.; Kuriki,
H.; Eguchi, T.; Kakinuma, KJ. Antibiot.2002 55, 707—-714.
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presence of additional 1.0 mM EDTA.

Specificity for NTP was analyzed with 2.5 mM ATP, CTP, GTP,
UTP, and dTTP, and specificity for sugar phosphate was studied with
5.0 mM glucosamine-1-phopsphate, glucose-1-phospNageetylglu-
cosamine-1-phosphate, mannose-1-phosphate, galactose-1-phosphate,
andN-acetylgalactosamine-1-phosphate in the presence of cosubstrate
UTP and dTTP fo1l h (triplicate). The conversion ratio was calculated
as (NDP-sugar production)/[(remaining NT#)(NDP-sugar produc-
tion)] x 100.
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