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ABSTRACT. The protein product of thdlethanococcus jannaschilJ1256 gene has been expressed in
Escherichia colj purified to homogeneity, and shown to be involved in coenzymeliftosynthesis. The
protein catalyzes the transfer of the 2-phospholactate moiety from lactyl (2) diphosjpiaafosine
(LPPG) to 7,8-didemethyl-8-hydroxy-5-deazariboflavin (Fo) with the formation of #laetyl phosphodi-

ester of 7,8-didemethyl-8-hydroxy-5-deazariboflavin,g®) and GMP. On the basis of the reaction
catalyzed, the enzyme is named LPPG:Fo 2-phosplactate transferase. Since the reaction is the fourth
step in the biosynthesis of coenzymgd-the enzyme has been designated as CofD, the product of the
cofD gene. The transferase requiresMdpr activity, and the catalysis does not appear to proceed via a
covalent intermediate. To a lesser extent CofD also catalyzes a number of additional reactions that include
the formation of Fo-P, when the enzyme is incubated with Fo and GDP, GTP, pyrophosphate, or
tripolyphosphate, and the hydrolysis of.§0 to Fo. All of these side reactions can be rationalized as
occurring by a common mechanism. CofD has no recognized sequence similarity to any previously
characterized enzyme.

Coenzyme kg (Figure 1) is a redox-active cofactor that The assembly of /g0 and its polyglutamate derivatives
is presently known to have only a limited distribution among from 7,8-didemethyl-8-hydroxy-5-deazariboflavin (Fo), pyru-
the archaea and high & C Gram-positive bacterial}. vate, and glutamate requires at least six steps which are out-
Although playing a crucial role in methanoarchaeal metabo- lined in Figure 1 10). The fourth step in this sequence of
lism (2), coenzyme ko has also been found in various reactions is the reaction of lactyl (2) diphosphdgGanosine
eubacteria such &treptomycefRhodococcus, Nocardioides,  (LPPG) with Fo to form Exg-0 (Fa20 With no glutamic acid)
Mycobacteriumand their relatives1). The coenzyme, in  and GMP. The fact that the nonnucleotide portion of the
fact, was first isolated as a cofactor involved in the |PPG is transferred to an acceptor places this reaction among
biosynthesis of chlortetracycline iStreptomyces aureo- g3 |imited group of similar reactions found in biochemistry.
faciensin 1960 @). The coenzyme is currently known to be  One of these reactions catalyzed by cobalamin synthase
involved in the biosynthesis of a number of secondary (cobS) (1, 12) is involved in adenosylcobalamin (AdoCbl)
metabolites 4), the degradation of nitroaromatic§)(and  pjosynthesis where adenosylcobalamin guanosine diphos-
activation of nitroimidazofurans6j. Mycobacteriumand phate (AdoCbi-GDP) reacts with the-Bydroxy group of
Nocardia contain an kr-dependent glucose-6-phosphate _rihazole to form AdoCbl and GMP. Another example of
dehydrogenase7( 8), and an kxr-containing photolyase  this type of reaction is the second step of the DNA ligase
functions in DNA-repair mechanisms in a number of (eaction where a pyrophosphate diester of an adenylylated
microorganisms9). DNA reacts with the 3hydroxyl from the same DNA
molecule in the completion of the ligase reacti@B)( Further
T This work was supported by National Science Foundation Grant examples occur in phospholipid biosynthesis, where CMP-
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activated phosphate monoesters react with a series of
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! Abbreviations: Fo, 7,8-didemethyl-8-hydroxy-5-deazariboflavin; present in phospholipids. These include reactions catalyzed
Fazo, the N-(N-L-lactyl-y-L-glutamyl)+-glutamic acid phosphodiester by CDP-choline:1,2-diacylglycerol phosphocholine trans-

of 7,8-didemethyl-8-hydroxy-5-deazariboflaviny k0, Fio with no e .
glutamic acids; bol, Feo with one glutamic acid; ko2, Faxo ferase and CDP ethanolamine:1,2-diacylglycerol phospho-

containing two glutamic acids;s&-3, Fazo With three glutamic acids; ~ €thanolamine transferas@4( 15). Analogously, phospho-
Fa20-4, Fazo With four glutamic acids; BMPT, tetrahydromethanopterin; phatidylinositol synthasel@, 17), glycerophosphate phos-

Fo-P, 7,8-didemethyl-8-hydroxy-5-deazariboflavipghosphate (orig- ; ; ; ;
inally referred to as #); GC-MS, gas chromatograpkynass spec- phatidyltransferasel@), and phosphotidylserine synthase in

trometry; L-P, 2-phosphe-lactate; cL-P, cyclic 2-phosphodactate; yeasts 16, 17) or bacteria 19) catalyze the transfer of the
LPPG, lactyl (2) diphospho-(juanosine; LPPA, lactyl (2) diphospho-  1,2-diacylglycerol phosphate portion of CDP-diacylglycerol

(5")adenosine; CHLPPG, guanosine(gdiphospho:-lactic acid methyl ;
ester; CHLPPA, adenosine(pdiphospho:-lactic acid methyl ester; to the respeciive acceptor. Al of these enzymes have been

GPPG, guanosine(liphospho-(3guanosine; APPA, adenosing(t- grouped into a superfamily on the basis of their sequence
phospho-(9adenosine; TCA, trichloroacetic acid. similarities @0). To be added to this list is the recently
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Ficure 1: Pathway for coenzymeyfp biosynthesis.

characterized CDP-archaeol:serine archaeol-P transferaséATERIALS AND METHODS

involved in the biosynthesis of archaeal phospholipRig.(

In each of these reactions the nonnucleotide portion of a 7.8-Didemethyl-8-hydroxy-5-deazariboflavin (Fo) was pre-
nucleotide pyrophosphate diester is transferred to a hydroxylPared from 1-deoxy-1-[(3-hydroxyphenyl)aminojibitol
group in the substrate, as occurs in the reaction described@nd 6-chlorouracil as previously describezB) Guano-
here. In most nucleotide transferases the nucleotide portionsine(3)-diphosphot-lactate (LPPG) and adenosing(8i-

of one substrate is transferred to the acceptor substrate. IfPhospho:-lactate (LPPA) were synthesized as described

some of these reactions the direct transfer of NMP occurs previously (0). [8-*H]Guanosine Striphosphate tetrasodium
while others may involve an enzyme acyl-phosphate inter- salt (10 Ci/mmol) was obtained from American Radiolabeled

mediate 20). Chemicals, Inc., St. Louis, MO. Nucleotide pyrophosphatase

Recently, several geneshifiycobacterium bds have been  type Il from Crotalus adamanteusenom ands,y-methyl-
implicated in the biosynthesis of.% (22). Among the eneguanosine'riphosphate were obtained from Sigma.
identified genes is Rv3261, which has homology to the  Production of Ry IntermediatesF.zg's containing either
Methanococcus jannascljene MJ1256, as well as to genes one (R2g¢1) or no glutamyl residues {k-0) were generated
from other archaea and bacteria known to contain. fn by the treatment of ko with a solution of y-glutamyl-
each case, these genes have been annotated as hypothetidednspeptidase type IV from porcine kidney (50 units/500
proteins, and their alignments with other members of this uL, Sigma) in 0.1 M TES/Naand 10 mM MgC} (pH 9.0)
group are shown in Figure 2. None of these genes have anyat room temperature. Thafused in these incubations was
recognized sequence similarity to any previously character-isolated from extracts oMethanobacterium thermoauto-
ized enzyme. trophicum as previously described for the isolation of

We have now cloned the MJ1256 gene, overexpressed themethanopterin4). For -1 production, an incubation time
protein product of this gene scherichia coli purified the of 3 h was used, while for the,f5-0, an incubation time of
protein, and established that it catalyzes the fourth step in2 days was used. At the completion of each incubation the
the biosynthesis of coenzymepf On the basis of the  proteins were precipitated by the addition of ethanol to 60%.
position of the reaction in theskp biosynthetic pathway, we  After centrifugation (1400¢) the supernatants were evapo-
name this geneofD and the enzyme CofD. We have also rated to dryness under a stream of nitrogen and dissolved in
discovered that the enzyme catalyzes a number of unexpecte@00u«L of 10 mM NH,OH. Concentrations of the solutions
phosphoryl transferase reactions that can be rationalized onwere measured at pH 8.0 usimgy = 51500 Mt cm™.,
the basis of the proposed mechanism of this enzyme. Assignment and purity of samples §5%) were verified by
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M. jannaschii v Al GERTWIGDLYLSEIVEELIT LADLINEETH
M. thermoauto. MAVENGYLS yvnnsnnzmwz
M. barkeri ] 4 LKET A ENLWYS[ENLT CIIILIRHT ML F SDQ ZDRNRW
A. fulgidus X L W4V AENVWYSENKT CIANIMSHTIATAEVIDDEKW
Halobacterium sp. X AETTIYVGLEIGDVALGELLVCIZNLERYLFEGGGVLDRETW
M. tuberculosis R 4 DINAWT HELRVCIINHICMIYT LGGGVD PQRG!
T. fusca s RAEQGESPSSITIGLEGD)T TLF| PDDTV 4T LGGGINEEQG
M. jannaschii 67 VKEDI ang:ﬁxnn -------------------------------- rnxvnnzx.xsnansxn@a SEVV
M. thermoauto. 67 VEG ITHETPRELE-------c-mmmmcm e e e e o CPELLRICMRBRI\FKIQKTLLIAG-EMPIAHRAV
M. barkeri 66 VKDDWFLTYRRMQKLE-----------cccmm e mmmmm e e o VMESMK INTHIIRSNFIRSEISWTDAT
A. fulgidus 63 IKGDYFHTHE bob A G FDEGMR I\THILRSE SMCEAT
Halobacterium sp. 67 IADDGSTTHDYWTDLAAAADIDPDTPRYLPDDAQTAGRDIARWRRFSAASEFMF IEBRMRIWVETLRAGLIDEEHTIFTEVT
M. tuberculosis 81 QRD HAMQEMVRY[E---------c-mcmemmmm e e e VQPDBWFELENRMLIATHLVRTQ YPIASQIT
T fusca 76 RAD%TVRRE IAY ------------------------------- MHPQWFGLGQURRIINTHIVRSO YPiisarT

M. jannaschii DMEKVALGIKAKVIEUTDDRVERKILAKVDGKVDL--LKHD RKGDVEVLDVIYENSLYAKPCEKAVEEMIKNSDL
M. thermoauto. EIQSRALGVESRV J2USNEDSDIVIVTDEGD - - -~~~ MEPQHEFLIYERRSEPGVLDVRFSR---VKPAPGVLDLIESAD
M. barkeri £ P M YIEAPEAI~~~--- LHYODFEIIGKHGEPEVLGVDITGISEASISPKVLEJMLENDDN
A. fulgidus TYVTDEGE------ MH|JOE LRRGEPEVKDVYFRGIEKARIPDEVKERLRKEKE
Halobacterium sp. RRLADAFDLSVDL IND IVQTPDGE--~~-~ QHIIOT EHGDPTVEDVEFRGGERATAAQPATERIRDGP -
M. tuberculosis EALCDRWQPGARLLJZATDD HYVITDPVDESRKATH|JOES YRAQVPTHSFAFVGAEKSSAATEAI DADIZX
T. fusca 1 EALCDRWKPGVRLL ¥VVAD - -EKGRRATH|JOEW YRAQIPAESFVSVGADSAKPAPGVLSLMIDEADF[j
M. jannaschii AGKLMKA KGIYEFEKDIVDVLVIR-NV
M. thermoauto. ‘GKF!(EAK SL EIMADFLDRLVI-ET
M. barkeri AGKLMKAC SMGIJAE Y)ODFLDIFVFB-ER
A. fulgidus AGKLMRAK R{

Halobacterium sp. KLMAAV[EHD PRITAC

M. tuberculosis TCLSVI s A

T. fusca ACERTI{GVETHAR]

M. jannaschii 270 DKEIAKEIP---CEVLITNTI LEA i — - =
M ‘thermoauto. 262 DSDLKGEIEKLIKEVTITKTN| R--ILLGEIL=-=-~~—
M. barkeri 265 DQADEFAFEKLGCRASRADTL 1INE

A. fulgidus 262 DKGuw====== VMERSVATNTI 1P \EFVVKLFDGL - -~~~
Halobacterium sp. 296 DSTD==-=--- LDRPVVRTDTSLDTEADAERVI\RACRDALVAASGEVT
M. tuberculosis © 290 VEDGD-HAEIDGVTVRSVPLLTDPNATAEMVRAGCDLAGVVA----
T. fusca 277 VDEADADTVVAGVEVRAMPLYJISDPERTAAIQIGAAVDLALELKERS-

Ficure 2: Alignment of M. jannaschiiCofD with homologous proteins from archaea and bacteria that prodigePFotein sequences

deposited in public databases have the following accession numbérgannaschii (ghl/AAB99260), M. thermoautotrophicunAH
(gblAAB85514),Archaeoglobus fulgidugC-16 (ggAAB90320),Halobacteriumsp. NRC-1 (ghAAG19743), andVlycobacterium tuberculosis

H37Rv (emBhCAB07094). Sequences fdethanosarcina barkerand Thermobifida fuscaroteins were obtained from partial genome
sequences (http://www.jgi.doe.gov/). The dark areas indicate invariant residues in all or all but one of the sequences. Shaded areas represent
conservatively substituted residues.

HPLC and TLC using the solvent system acetonitrile 8 min; AMP, 12.9 min; 2-phospholactate, 14 min; GMP, 15.0
water—formic acid (88%) 40:10:5 v/v/v. Fo-P, the mono- min; ADP, 19.4 min; GDP, 21.2 min; LPPA, 22.0 min; ATP,
phosphate ester of Fo, was obtained by acid hydrolysis of 24.5 min; LPPG, 25.9 min; GTP, 26.8 min. Guanosine,
F420 as previously describe@¥). adenosine, andsk-containing materials were detected by
HPLC Method for the Analysis of 4k Biosynthetic absorbance recorded with an UV detector at 254 nm.
IntermediatesAnalyses of Fo derivatives were performed Cloning and Recombinant Expression of the MJ1256
on a Shimadzu SCL-6B HPLC using a C-18 reversed-phaseGene in E. coli. The MJ1256 gene (encoding protein
column (AXXI Chrom ODS, 5um, 25 cm) eluted with a  ghb|AAB99260.1) was amplified by PCR froiM. jannaschii
linear methanol gradient as previously describ&@d).(The genomic DNA using oligodeoxynucleotide primers synthe-
eluent was monitored by fluorescence (excitation wavelength sized by Gibco BRL. The MJ1256-Fwd {6GTGGTCA-
420 nm, emission wavelength 480 nm) and by absorbanceTATGATATTTGTGATTAC-3') primer introduced aNdd
at 280 nm. Using this HPLC method the different,d= restriction site at the'send of the amplified DNA whereas
derivatives showed the following retention timesygH, 22.5 MJ1256-Rev (5GATCGGATCCTTATAAAGACCCACAG-
min; Fi0-3, 23.2 min; k02, 24.4 min; ko1, 25.8 min; 3) introduced &8BanHI site at the 3end. PCR amplifications
Fs200, 26.5 min; Fo-P, 27.8 min; Fo, 30.4. were performed as described previously using a°g5
Analysis and Separation of Reaction Intermediates on a annealing temperatur@®). PCR product DNA was purified
Mono Q ColumnSeparations of the biochemical intermedi- using a QIAquick spin column (QIAGEN) and then digested
ates based on total charge were effected on a Mono Q HRwith Ndd and BanHl restriction enzymes (Gibco BRL).
5/5 column (Pharmacia) attached to a BioLogic HR chro- DNA fragments were ligated into compatible sites in plasmid
matographic system (Bio-Rad). The compounds were elutedPET17b (Novagen) using bacteriophage T4 DNA ligase
using a linear sodium chloride gradient or a linear ammonium (Gibco BRL). Recombinant plasmids were transformed
bicarbonate gradient as previously describi®.(Using the ~ into E. coli NovaBlue (Novagen) ancE. coli BL21-
NaCl gradient the following compounds eluted at the CodonPlus(DE3)-RIL (Stratagene).
indicated times: lactate, 7.5 min; AMP, 10.4 min; GMP, TransformedE. coli cells were grown in LuriaBertani
11.5 min; CH-LPPA, 11.6 min; CHLPPG, 12.5 min; medium (Difco) (200 mL) supplemented with 100 mg/L
2-phospholactate, 13 min; ADP, 18.8 min; GDP, 19.1 min; ampicillin. Cultures were shaken at 3Z until they reached
LPPA, 20.7 min; LPPG, 23.0 min; ATP, 24.5 min; GTP, an absorbance at 600 nm of 1.0. Recombinant protein
25.4 min; R2¢0, 32 min; Rael, 38 min; kae2 and higher production was then induced with 28 mM lactose. After an
F420 analogues, 42 min. Using the NHICO; gradient the additiond 4 h incubation with shaking at 37C the cells
following compounds eluted at the indicated times: lactate, were harvested by centrifugation (4@)® min) and frozen
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at —20 °C. Induction of the desired protein was confirmed 50 uL of the same volume of buffer but were incubated for
by SDS-PAGE analysis of total cellular protein. 30 min at 50°C. Substrates tested for their ability to

Purification of CofD Cell-free extracts were prepared by phosphorylate Fo included GTP, GDP, cyclic trimetaphos-
sonication of theE. coli cell pellets (300 mg wet weight)  phate, tripolyphosphate, and pyrophosphate and were each
suspended in 3 mL of buffer (50 mM TES/NgpH 7.0, 10 tested at a concentration of 10 mM.

mM MgCl;, and 20 mM mercaptoethanol) followed by  potential effectors added to the above-described incubation
centrifugation (14008, 10 min). SDS-PAGE analysis of mixtures included 5 mM EDTA, 10 mM MgGl 10 mM

the intact cells, the pellet resulting from the above sonication, MnCl,, 10 mM zZnCh, 10 mM j8,y-methyleneguanosing-5
and the cell-free extract showed that the CofD protein triphosphate, and/or 0.1 M hydroxylamine.

represented-80% of the total cellular protein. Most of the

overexpressed protein was in the insoluble pellet. A clear a ;
; pparentK,, for Fo was measured in the presence of 100
band for CofD, representing about 10% of the total soluble 4M LPPG, and the apparef,s for LPPG and LPPA were

protein, was observed in the cell-free extract. The crude cell- determined in the presence of 8% Fo. Incubations with

free eXtTaCtS were then heatgd for 30 min al°80‘ollqued the enzyme and substrates were conducted &36 reduce
by centrifugation (1400§) 10 min) to remove the precipitated oo resulting from the chemical hydrolysis of the LPPG

E. coli proteins. This heating resulted in only a slight drop and LPPA. LPPG had a measured half-life2oh at room
in the total enzymatic activity. Portions of the supernatant temperatuée and 10 min at 5C

diluted with 25 mM Tris-HCI, pH 7.0, buffer were loaded bility of CofDrh bil
onto a Uno Q column (1.3 mL bed volume, Bio-Rad) and Temperature Stability of CofDrhe temperature stability

eluted with a linear gradient of-61 M NaClin 20 mM Tris-  ©f the CofD enzyme was established by incubating the
HCI (pH 7.5). Elution of CofD was detected by activity, Uy €NZyme at different temperatures for fixed periods of time

absorbance at 280 nm, and SBIBAGE analysis. Active and then measuring the remaining activity at’87 The use
fractions showing a single band, as established by SDS of the 37°C assay temperature was necessitated because of

PAGE analysis, were pooled and used for the work reported the increased stability of the LPPG and LPPA substrates at

here. The protein concentrations were determined using thell'e Iower temperatures. The samples heated aboveé@00

Bio-Rad Protein Assay using BSA as standard. Solutions of Wereé sealed in small glass tubes during the heating.

CofD could be stored at 2C for 2 weeks without significant %2P-Labeling and Phosphoamino Acid AnalysifD (660

loss of activity. 1g) was incubated withyf-*?P]guanosine "striphosphate (5.8
Measurement of the Na# Molecular Weight of CofDA uCi), 23uM GTP, and 2.3«:M MgCl, contained in 10Q.L

Superose 12 HR 10/30 column (Pharmacia), eluted with a ©f 25 mM TES buffer, pH 7.0, for 30 min at 37C. The

buffer containing 50 mM TES/Naand 150 mM NaCl (pH reaction was terminated by addition of SDS loading buffer

7.0), was used to determine the molecular weight of CofD. and heating for 5 min at 95C. A SDS-PAGE separation

Apoferritin, alcohol dehydrogenase, bovine serum albumin, Was preformed on the sample and the resulting gel analyzed

carbonic anhydrase, and cytochromwere used as molec-  for *P using an electronic autoradiography system (Instant

For the determination of the kinetic parameters the

ular weight markers. Purified CofD (156, 0.8 mg/mL of Imager from Packard). The radioactive protein band corre-
protein) was applied to the column and eluted at a flow rate sponding to the CofD protein was transferred to a PDVF
of 0.5 mL/min. membrane, cut into three equal pieces, and washed w@h H

Measurement of the Enzymatic Adties of CofD.Ina 1 M KOH, and 0.1 M HCI as previously described7],
typical assay, CofD (kg) was preincubated with Fo in 25 and_ the remaining rad|oact|V|ty was obtained by auto_-
ulL of 50 mM TES/Na buffer, pH 7.0, for 5 min at 37C. radiography. In a second experiment the SDS gel protein
Because of the hydrolytic instability of the LPPG substrate band was subjected to both tryptic digest and acid hydrolysis
it had to be prepared fresh at the start of each incubationin an attempt to isolaté’P-containing fragments. The
(10). The reaction was initiated by adding LPPG, adjusting Presence of possible phosphoamino acids (phosphoserine,

the volume to 5QuL, and incubating for 5 min at 37C phosphothr_eonine,_or phosphotyrosine) was determined by
unless otherwise indicated. The calculated final concentra-two-dimensional thin-layer chromatograpt).
tions in the incubation mixture were 100 LPPG and 8 [*HIGMP Exchange Reactiorf8-*H]GMP was prepared

uM Fo. The reaction was stopped by addition of EDTA to from [8-*H]GTP by hydrolysis with nucleotide pyrophos-
a final concentration of 10 mM, and any precipitate present phatase. The resulting [4]GMP was purified by prepara-
was removed by centrifugation (1 min, 14@)0 The tive TLC (cellulose plates) using the solvent system com-
resulting solution could be quickly analyzed for the presence posed of 1-butanetacetone-acetic acid-ammonia (5%
of products by TLC analysis [acetonitritevater—formic acid water (45:15:10:10:20 v/viviviv). After elution of the
(88%) 80/20/10 v/viv] of a portion of the reaction mixture. [8-3H]GMP from the plate with water, a radiochemical purity
Both Fo and ko0 were easily detected as blue-green of >97% was confirmed by radiochromatography on the
fluorescent spots by exposing the TLC plates to UV light. Mono Q HR 5/5 column (Pharmacia). The resulting® (8-
With this solvent Fo had aR: of 0.46 and k¢0 anRs of GMP (80uM) contained in 5Q:L of 50 mM TES/Na, pH
0.33. Quantitative analysis of products was conducted by 7.0, buffer was incubated with CofD (2:&) and LPPG (80
HPLC with a reverse-phased column. One unit of enzyme uM). After incubation fo 1 h at 37°C the proteins were
activity is equivalent to lumol of Fi¢-0 produced per  removed with a centricon concentrator 10 (Amicon). The
minute. resulting filtrate was then chromatographed on a Mono Q
Incubations to study the other reactions catalyzed by CofD, column to separate the GMP from the LPPG. Fractions (0.5
including the hydrolysis of -0, were conducted with 25  mL) were collected, 1 mL of ScintiSafe (Fisher) was added,
ug of enzyme and Fo (8M) or F4,0-0 (8 uM) contained in and the solutions were counted for radioactivity.
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Table 1: Purification of CofD from an Extract &. coli Containing
the Overexpressed Enzyme

Table 3: Formation of GMP andsfz-0 from LPPG by CofD in the
Presence of Fo

total  total units specific products detected:M)
protein of activity — activity purification yield : . ;
(mg) (umolimin) (unitmg) fold %) |ncubét|on ml.xturé Fi20-0 GMP :
crude extract 69 1.3 0.019 1 100 LPPG (no incubation) rid 64+5
LPPG (15 min incubation) nd 86 6
heat treatment 8.4 0.87 0.10 5.3 65
U | 2.0 0.72 0.36 19 54 o+ LPPG nd 8as 7
no Q column : : : CofD + LPPG+ Fo+ EDTA nd 88+ 6
CofD + LPPG+ Fo 50+ 5 104+ 9
Table 2: Kinetic Parameters for CofD aLPPG (50uM, which already contained 21 GMP as determined
Ky 2P v Kead Kyy2PP from the nonhydrolyzed LPPG methyl ester) was incubated as indicated
max al - .
) It 1 et 3 with CofD (2.5u9), 50uM Fo, and 5 mM EDTA in 5QuL of 50 mM
substrate (M) (umol min™* mg ™) (M™'s™) < 100 TES/Nd, pH 7.0, for 15 min at 37°C. Incubation mixtures not
Fo 32+5 containing EDTA were stopped by addition of EDTA (5 mM) and
LPP@ 1742 1.4+04 47.0 immediately applied to the Mono Q column for analy$i§his GMP
LPPAb 515+ 50 0.1+ 0.03 0.10

2LPPG concentration was 100 in the incubation? Fo concentra-
tion was 34uM in the incubation.

RESULTS AND DISCUSSION

Purification of CofD The purification of the recombinantly
generated CofD is summarized in Table 1. SiooéD was
derived from the hyperthermophiM. jannaschij we took
advantage of the expected thermal stability of the CofD
enzyme to facilitate its separation from tlie coli host

represents the GMP produced by the chemical hydrolysis of the LPPG.
¢nd = not detected.

increase this rate of decomposition. But the addition of Fo
resulted in complete conversion of Fo tQ,F0. From
comparison of the conversion of Fo te40 and the increase
in GMP, it is obvious that most of the LPPG is used for the
catalytic process in the presence of Fo.

The CofD-catalyzed reaction also proceeded with LPPA
instead of LPPG but to a much lesser extent (Table 2).
CH;LPPG did not function as a substrate for CofD, indicating

proteins by simply heating the extracts which denatured the that the free carboxyl group of the lactic acid may be

E. coli proteins. Thus the first step used in the purification
was a heat treatment (15 min at 80) of the E. coli cell

involved in substrate binding.
If CofD is present in an incubation mixture in higher

extract, followed by centrifugation to remove the bulk of amounts, the formation of Fo-P from Fo using a series of
theE. coli proteins. This mild heating was unlikely to cause molecules containing condensed polyphosphates such as
deamidation reactions which have been found to proceedGTP, GDP, PPP, and PP as substrates can be observed.
slowly or not at all in conformationally intact enzymesg). Under the incubation conditions used,-116% of the Fo

The resulting heated extract was of sufficient purity that a was converted into Fo-P with these substrates. CofD also

single chromatographic step on an Uno Q column resulted catalyzed the hydrolysis of;fr-0 to Fo. Under the conditions

in electrophoretically (SDSPAGE) pure protein. The CofD
protein showed one band on SBBAGE, which stained
with an apparent molecular weight of 34400. This is in
agreement with the predicted molecular weight value of

described in the Materials and Methods section, 32% of
Fa200 was hydrolyzed to Fo in 30 min at 5TC in the
presence of 2%g of the CofD enzyme. No Fo-P was
observed as a product of this hydrolysis. The replacement

34600 from the gene sequence. The molecular weight of Fo with riboflavin in the CofD reaction did not lead to

measured from the gel filtration column of 66700 indicated
that the native CofD enzyme consisted of a dimer.
Characterization of the Reactions Catalyzed by CofD.
CofD readily catalyzed the condensation of LPPG or LPPA
with Fo to form R0, an established intermediate in
coenzyme Ipobiosynthesis. The other product of the reaction

the formation of the riboflavin analogue of40, indicating
that Fo substrate binding site of CofD is very specific for
Fo.

From the kinetic parameters established for CofD, its
substrate specificity, and distribution, it is clear that the
enzyme catalyzes the fourth reaction in the biosynthesis of

was the respective nucleotide monophosphate. The deterf,,o In this reaction, Fo reacts with LPPG with the formation
mination of the kinetic parameters for this enzymatic reaction of Fi,;-0 and GMP. The conversion of LPPG ta,§0 was

is very difficult due to the simultaneous chemical breakdown

not inhibited by the product, GMP (24fM), or by 10 mM

of the LPPG and LPPA substrates. LPPG had a measuredGTP or GDP (data not shown).

half-life of 2 h atroom temperature and 10 min at 8G

Considering the instability of LPPG, it was considered that

under the assay conditions. By running the reactions at 30CofD might also catalyze the formation of LGGP from L-P

°C, we were able to measure apparps for Fo, LPPG,

and GTP where it would then be used directly fosd0. If

and LPPA (Table 2). The data clearly indicate that LPPG is this were occurring, it should be possible to observe the

the preferred substrate for the enzyme.
The exact quantitation of the moles of GMP produced by

formation of R,0-0 from 2-phospha-lactate, GTP, and Fo
incubated with CofD. This experiment was conducted, and

the enzyme was complicated because of the chemicalno formation of k-0 was observed, indicating that another
degradation of the LPPG to GMP and 2-phospholactate enzyme was responsible for the formation of LPPG. The

during the incubation (Table 3). Even during the short
incubation of LPPG at 37C followed by its analysis on the

Mono Q column, a significant amount of the LPPG would
hydrolyze to GMP. Addition of the CofD enzyme and Fo in
the presence of the inhibitor EDTA did not significantly

enzyme catalyzing this reaction has now been identified as
the product of the MJ1117 gene (unpublished results).
Metal lon Dependency of the CofD Reactidlucleotide-
dependent reactions are very often dependent on divalent
metal ions. The isolated CofD enzyme was not activated by
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Table 4: Effect of Divalent Metal lons and EDTA on the Activity
of the CofD Enzyme

specific activity gmol min~* mg)

experimert EDTA + excess M"
no additions 0.30

EDTA 0.009

Mg?* 0.30 0.36

Mn?*t 0.009 0.026

Zn?t 0.009 0.009

aThe incubations were conducted as described in the text. No
additional Mé&* ions or EDTA were added to the first incubation
mixture. The concentration of Mg, Mn?*, and Zrii* was 10 mM and
that of EDTA was 5 mM. EDTA was added to the preincubation
mixture, and the metal ions were added together with LPPG.

07

06 -

Specific Activity {(ymol/min/mg)
© © o o
O W = O

o
-
1

o N

37 50 70 80 90 98
Temperature (°C)

110

Ficure 3: Heat stability of the CofD enzyme and activity assays

at elevated temperatures. Solid bars: CofD activities measured at

37 °C after CofD was exposed to the indicated temperature for 30
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involved in the reaction, it should have reacted with the
hydroxylamine, resulting in inactivation of the enzyme by
the formation of the hydroxamic acid. One site-directed
mutant (S121A) was generated and shown to have the same
specific activity as the wild type (data not shown).

Search for Coalent IntermediatesConsidering that CofD
was able to form Fo-P when incubated with Fo and GTP, it
was considered that a covalent phosphoryl intermediate
arising from they-phosphate of the GTP could be involved
in the reaction. Thus a sample of CofD was incubated with
[y-32P]GTP, and the sample was separated by SB&GE
electrophoresis and analyzed for the presence of covalently
bound phosphate. A trace amount of labeD(003%) was
found associated with the CofD protein band that could not
be washed out with water. Washing with 0.1 M HCI and 1
M KOH reduced this remaining radioactivity by 42% and
54%, respectively. Since phosphoserine in proteins is known
to be resistant to acid but labile in bag®), these data are
not consistent with the presence of a phosphoserine. A con-
trol experiment where BSA was incubated with¥¥P]GTP
showed an identical pattern of labeling, indicating that the
observed CofD labeling was nonspecific. Tryptic digest and
acid hydrolysis of the protein failed to produce any phos-
phoserine.

Finally, the incubation of the enzyme witPH|GMP and
LPPG failed to produce’H]LPPG, indicating that no back-
reaction was occurring. In total, these experiments are
consistent with their being no covalent intermediate in the
reaction catalyzed by CofD.

Similarities of CofD to Other Proteing\s can be seen in
Figure 2, proteins with sequences homologous to CofD are
found in the genomes of all organisms currently known to

min. Open bars: CofD activity measured at the indicated temper- produce coenzyme,fp. These include not only the metha-

atures. (For details, see Materials and Methods.)

the addition of -4 mM MgCl,.. However, the activity was
completely eliminated by including EDTA in the incubation
mixtures. This inactivation by EDTA could be completely
reversed by the addition of excess WMgbut not by the
addition of Zr¥™ or Mn?" (Table 4).

Thermostability of CofDSince the LPPG substrate is
labile, one must distinguish between the thermostability of

nogenic archaea liké. jannaschiiand M. thermoauto-
trophicumbut also nonmethanogenic archaea sucHals-
bacteriaandArchaeoglobusas well as some eubacteria, such
as StreptomycesMycobacterium Nocardig and Thermo-
bifida. CofD-related proteins also have homologues in what
are currently considered to be nomxcontaining micro-
organisms. One conserved motif present in the C-terminus
of the proteins from the 4z producers is PSNPXXSI. This
motif is absent among the proteins of the expected ngn-F

the CofD enzyme and the LPPG substrate. The apparentproducers. The lack of this motif may indicate that the

CofD activity is highest when measured at 32 (Figure
3). At 50 °C and higher temperatures the activity drops
significantly. This temperature profile reflects only the

enzymes of the nonproducers catalyze a reaction with a
similar mechanism, which is not involved indbiosynthetic
reaction.

increased instability of the LPPG substrate at elevated The only recognizable motif common to all of these

temperatures, because CofD can be heated for 24 h‘& 80
without significant loss of activity as expected for an enzyme
from an hyperthermophilic organism. Heating at @3 for

proteins is the short N-terminal sequefiGa GTPK, which
is in some ways similar to the GXG(RS) @K motif found
in the recently established pyrophosphorylase superfamily

30 min, however, begins to decrease its activity, and heating (30—32). This suggests that the LPPG might be bound to

at 110°C for 30 min does not leave any residual activity.
Search for Catalytically Important Residuess can be

seen in Figure 2, CofD-related proteins have several con-

the N-terminal end of the protein.
Proposed Reaction Mechanism for CofDn the basis of
analogy with other nucleotidyl and phosphoryl transferase

served amino acid residues that could be involved in the reactions, one can envision two general mechanisms on how
formation of a covalent intermediate. These include six the CofD reaction could proceed. The first would involve
conserved aspartic acids and three conserved serines. To teshe direct displacement of the GMP from LPPG by the
the possible involvement of an enzyme-bound phospholactatehydroxyl group of the Fo. The second would involve a double
acyl-phosphate intermediate involving one of these asparticdisplacement mechanism with a protein-bound 2-phospho-
acids, we conducted the enzymatic reaction in the presencea -lactate serving as an intermediate. In chemical terms the
of 0.1 M hydroxylamine and observed no effect on the direct displacement mechanism would be analogous to that
enzymatic reaction. Had an acyl-phosphate intermediate beercatalyzed by the DNA polymerase superfamily of enzymes
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LPPG + Fo —» F4p0-0 + GMP Fo + PPX —» Fo-P F420-0 + H)O —» Fo +L-PorcL-P?
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Ficure 4. Reactions catalyzed by CofD.
(33). In these reactions a nucleophilic hydroxyl group attacks F|°
the a-phosphate of a NTP with direct displacement of cH
. . 2
pyrophosphate and the formation of a phosphodiester. In o
many, and perhaps all, of these enzymes, the reactions are OH; o o f“3
N . . asp [ AN | P
mediated by the so-called two metal ion mechanid3# 85). R T }1 _ ¢H L0
In this mechanism one metal ion coordinates and facilitates o ;Mg alea % ~ G
the formation of the attaching anion, and the second metal o & T=a b e O,
coordinates the phosphate of the leaving monophosphate y o‘ngfi_\o—
ester. asp N
Whether this two metal ion mechanism is a required a;( Q OH OH
feature of all nucleotidyl transferases is not clear since many O /\
of the enzymes have been crystallized in the absence of asp

metals g6) and thqs It is not pOSSIbIe to gstabllsh tha}t two Ficure 5: Possible structure of a two metal ion mechanism for
metals are always involved. It is well established that divalent ihe reaction between LPPG and Fo.

metal ion(s) are essential for all of the enzymes which

proceed via direct displacement mechanisms. The enzymegAdoCbi-GDP) witha-ribazole to form adenosylcobalamin
only provide a scaffold to hold the metals in the correct (AdoCbl) (12). The extent of involvement of metals in this
orientation to be able to stabilize the pentavalent transition reaction is at present unknown. Although we have not
state at thex-phosphate. No enzymatic group is covalently established the exact nature and number of the metal ions
attached to a phosphate during the course of the reaction. Ininvolved in the CofD enzyme, we have established that'Mg
the currently known examples of this type of reaction, is required and that Mg is not replaceable by Zh or Mn?t.
pyrophosphate is the leaving group, whereas in our example,The possible binding of the lactate carboxylate of the LPPG
GMP would be the leaving group. Thus the reaction is most substrate with the Mg may result in a different type of
analogous to the phospholipid synthases, where the non-substrate binding to the Mg than is found in these other
nucleotide portion of the pyrophosphate diester is transferredMg?*-requiring enzymes. Considering the two conserved
to the substrate. Phospholipid synthases are integral mem-DXD motifs in CofD (Figure 2) which are highly conserved
brane proteins; thus little is known about their biochemical in the CofD among the &gproducing microorganisms and
properties and reaction mechanisms, but divalent metal ionstheir possible involvement as likely binding sites for two
are still essential for their catalytic activity. Accordingly, only Mg?" ions, we propose a possible transition state for CofD
limited data are available for another mechanistically similar as shown in Figure 5. The same DXD motif is found in DNA
enzyme, cobalamin synthase (CobS), which catalyzes thepolymerases Il 7), while it is missing in the non-f¢
condensation of adenosylcobalamin guanosine diphosphateroducing CofD homologues.
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The other possible mechanism for CofD would involve

an enzyme-bound covalent L-P intermediate in the reaction.
On the basis of analogy with other phosphoryl enzymes this -

covalent intermediate could involve histidirgs( 39), lysine

(13,
the

40, 41), aspartic acid42), or serine 43) residues of
protein. On the basis of the identity of the conserved

amino acids in the CofD-related proteins, one of the three

serines or, less likely, one of the six conserved aspartic acids 12,

could function as the covalent acceptor in the enzyme.
Attempts to label the enzyme with-3?P-labeled GTP gave

no evidence for the presence of a covalent intermediate.
Although the experiments indicated that some small labeling 14-
of the enzyme had occurred, the same extent of labeling was

observed in control experiments with BSA. In neither case

did acid hydrolysis produce any phosphoserine or phospho-
threonine. Furthermore, site-directed mutagenesis of serine
S212A in the enzyme had no effect on the enzymatic activity 17,

(unpublished results).
Our concern about the involvement of a covalent inter-

mediate in the reaction was generated to help to explain the
side reactions that were found to be catalyzed by CofD 19

(Figure 4). The formation of Fo-P as a result of the incubation
of the enzyme with Fo and several different phosphate

donors, such as pyrophosphate, GTP, GDP, and triphosphate,”™
could be explained by the formation of a phosphorylated ,,
enzyme intermediate which then transfers the phosphate
group to Fo. The specific protein residue that would be 23,
phosphorylated would be the same as that to which the L-P
would have been bound. Since evidence for such a covalent 24.
intermediate cannot be found, we must assume that the 25.
terminal phosphate of each of these compounds binds at the

same site as the 2-phosphdactate phosphate in the LPPG

substrate. This phosphate would then be bound in the correct

position for transfer to Fo to produce Fo-P. As with LPPG,
each of these substrates can bring a singlé'Mgthe active

site

upon binding to the enzyme which contains the other

Mg?* ion. The hydrolysis of l»¢-0 can be explained by the
substitution of water for phosphate in the reaction.
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