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Abstract: Incubanon of [2-2H]-valme with punfled ACV synthetase from both Cephalosporlum 
acremontum and Streptomyces clavulrgerus produced L-&(a-ammoadqoyl)-L-cystemyl-D-vahne (ACV), 

determmed by the essentzilly complete (>95%) loss of deutenum from the a posmon of the Incorporated 
vahne Incubations with deutermm oxide/water as solvent produced ACV Hnth slgmficant mcorporatton of 
deutermm mto the valmyl residue These observations confirm the prior proposal that a single 
mulafuncttonal enzyme IS responsible for both the formatton of the peptlde bonds of ACV and the 
eplmensanon of the valmyl residue 
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Abbrevlahons ACV = L-&(a-ammoadtpoyl)-L-cystemyl-D-valme (l), 

LAAHN = L-&(a-ammoahpoyl) 

The comtmttal step in the blosynthesls of both pemclllm and cephalosporm 

annblotlcs IS the formahon of the mpeptlde L-&(a-ammoadlpoyl)-L-cystemyl-D-valme (ACV, 1) with 
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conconutant mverslon of stereochemistry at the valmyl a-centre This mpeptlde 1s oxldauvely cychzed to 

lsopemclllm N by lsopemclllm N synthase which has an absolute stereochemical reqmrement for the D- 
stereochenustry of the valmyl residue 

By contrast to the other enzymes of the p-lactam hosynthehc pathway, elucldanon of the mechamsm 

of ACV synthesis has been hampered by the difficulty m developmg a rehable assay for ACV synthesis and 

the lab&y of the enzyme(s) concerned The converslon of the mhvldual ammo acids to ACV 1s much faster 

than the conversion of the L-&(a-ammo&poyl)-L-cysteme dlpeptlde plus L-valme to the mpepadel This, 

along with several other lines of evidence 2*3v4 led to the proposal1 that ACV 1s synthesized by a smgle 

mulnfuncnonal enzyme similar to other anhblouc peptlde synthetases ACV synthetase was first isolated 

from Aspergdlus nuiulans 5 m an acuve form stablhzed by the addmon of high concentraoons of glycerol to 

the extraction and column buffers This enzyme (molecular weight approx 220 kDa) catalysed the formauon 

of ACV from the L-enanuomers of the substrate ammo acids m the presence of MgA@ It also catalysed 

MgATP pyrophosphate exchange m the presence of each of the three ammo acid substrates This 

observanon 1s consistent with an enzyme mechamsm m which the reversible fonnauon of an enzyme-bound 

ammoacyladenylate 1s the mmal step m the reaction pathway The presence of pantothenate covalently bound 

to ACV synthetaseb and detection of [ 14C]-valmoylated ACV synthetase m which the label was lahle to 

perfomc acid oxldatlon5 suggest a multi-enzyme “thlol-template” mechanism for the synthetase The 

exchange of one and both valme oxygen atoms when a C acremonuun mutant was fed exogenous L- 

[1802] valme ~lt vtvo7 and exchange of only one valme oxygen ~lt vtrro m the formatlon of ACV 

catalysed by punfied C acremonuun ACV synthetaseg are consistent with the ureverslble formation of the 

putative enzyme/substrate thloester intermediate Significant sequence identity of the deduced ammo aad 

sequence of ACV synthetase from several sources with other “thlol template” peptlde synthetasesg-14 

further supports the conclusion that a single multlfunctlonal enzyme 1s responsible for ACV synthesis 

Here we demonstrate both the essentially complete loss of 2H from the substrate L-[2-2H]-valme 

durmg the formation of ACV and slgmficant mcorporatlon of 2H from solvent 2H20 mto the product 

vahnyl residue catalysed by punfied ACV synthetase from both C acremonwn and S clavuhgerus We 

also report mmed procedures for lsolatmg ACV synthetase from these sources 

Results and Dmcusslon 

Elucidation of the mechamsm of ACV synthetase has been hampered by the dlfflculty m punfymg 

sufficient amounts of stable, acme enzyme We have modified our previous protocol to improve routme 

isolation of ACV synthetase (Table 1) Determmatlons of ACV synthetase acuvltles m crude extracts and m 

the presence of high concentrations of ammonium sulphate were vanable but ACV synthetase specific 

actlvlues from C acremonuun consistently of approx 15 nkat/g for pooled matenal from the Superdex S- 

200 column have been routmely achieved This corresponds to relative specific achvlties of approx 350 

pkat/g at the final concentration of valrne used previously in this laboratory (1 5 PM) Subsequent 

chromatography on a MonoQ Ion-exchange column results in apparently essentially (>95%) homogeneous 

enzyme on SDS-polyacrylamlde gel electrophoreqls The enzyme showed no loss of peptlde synthetase 
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acnvlty after 6 weeks at -80 oC Smular punflcatlons have been achieved for S clavullgerus but our 

recovenes of totaI acuvlty have been consistently much lower for the enzyme from this source6 The 

preparations from both S clavuhgerus and C acremonuun were highly acnve m the ATP pyrophosphate 

exchange assay5 m the presence of each of the ammo acid substrates The routme avrulahhty of acnve, 

stable enzyme has made more detied mechanistic studies of ACV synthetase feasible 

The mverslon of the stereochemistry of the valme a-centre by ACV synthetase IS suggested by the 

observanons that although the D- configuration of the valme residue m ACV IS absolutely reqmred by 

lsopemcllhn N synthasel5, D-valme IS not a substrate for ACV synthetase6 We have not been able to 

detect slgmficant ATP pyrophosphate exchange In response to D-valme, mdlcatmg that this enantlomer 1s 

&scnmmated against m the mmal step of the reactlon pathway (not shown) Although no L,L,L-ACV has 

been detected either rn vzvo or rn vitro, the rcqulred eplmensatlon of valme has not expllcltly been shown 

thus far to be catalysed by ACV synthetase Although the carboxyl group of the valme m ACV 1s free, f.- 

vahne stimulates the ATP pyrophosphate exchange reaction5 and IS probably Irreversibly transferred to an 

enzyme bound thlol5,7$ One rationale for the actlvatlon of the valme carboxylate IS that It IS required to 

dnve the eplmensation reaction and that this step m the blosynthesls 1s also catalysed by the enzyme 

Table 1 

Step 

finficahon of ACV svnthetase from C. acre- 

protein acavity specific 
(mg) (pkat) activity 

(nkatig) 

50% satn (NH4)SO4 

Superdex S-200 

300 

51 

_a 

715 

_a 

14 

MonoQ 515 29 203 70 

aassays of the ammonium sulphate fraction were too vanable to be Included 

Synthesis of ACV by pun&d ACV synthetase rn vzfro with [2-2H]-valme as substrate resulted m 

effectwely complete washout of deutenum from the valme a-centre, as demonstrated by the lsolatlon of a 

mpephde from the mcubahon shown by electrospray mass spectrometxy to have m/z 364, ldenacal to that of 

authentic ACV (Table 2, entry 3) Essentially analogous results were obtnned with ACV synthetase from S 

clavulzgerus (Table 2, entry 4) No such loss of deutenum from L-[2-2H]-vahne was observed when It was 

recovered from incubations with ACV synthetase In the absence of the other ammo acid substrates (not 

shown) Biosynthesis of ACV from unlabelled L-vahne by the C acremomum enzyme m buffer solution 

urlth approximately 1 1 D20 H20 led to lsolatlon of ACV contaming a sigmficant propornon of ACV 

contammg a smgle deutermm atom, presumably resulting from exchange at the a-posmon of valme There 

was no evidence for a slgmficant amount of ACV m which two deutenum atoms were present, suggestmg 

that eplmensanon at the a-posmons of cysteme or a-ammoadlplc acid does not occur freely Thus far, the 

lower yields of activity m the lsolatlon of ACV synthetase from S clavulrgerus have precluded the 
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analogous expenment (Table 2, entry 5) By observmg the exchange of deutenum between the valme a 

centre and solvent m both drechons ZR vztro with punfied enzyme, we have demonstrated expllccltlytiat the 

epunensatton of the valme residue IS catalysed by ACV synthetase 

able 2. Elec suectrometrv of tnne.oudes isolated om ncubanons vnth ACV 
zFthe= (Tnz -analyzed aiter ovinight reducnon frwtth Ib mM duhlothreltol, 
for deta& see expenmental section) 

Enuy Tnpepade source m/z 361 362 363 364 365 366 367 

1 Authenuc ACV (1) %obs 0 1 1 100 23 7 2 
2 Authentic AC-[2-2H]-vahne %obs 0 1 0 17 100 18 7 
3 C acremomum ACVS 

urlth [2-2H] vabne %obs 0 0 0 100 17 7 1 
4 S clavuhgerus ACVS 

urlth [2-2H] vallne %obs 0 0 0 100 25 8 7 
5 C acremonzzm ACVS 

wth D2O/H20 (cu 1 1) %obs 0 0 0 100 84 19 6 

Experimental 

Assay of ACV synthetase activity 

The reported radmchemlcal assay of ACV synthetase has previously measured the mcorporatlon of 

1 - 3 p.M [14C] -valme mto ACV 516 The low specific radloactlvlty of the avrulable [ 14C]-vahne precludes 

usmg saturating concentrations (approx 1 mM) of this substrate, resultmg m both consistent 

underestimation of total enzyme acnvlty and the determination of relative speclflc actlvlnes Using high 

specific actlvlty [3,4-3H]-valme we have routinely assayed V max for the enzyme This method IS useful for 

determmmg the amount of enzyme to use for the synthesis of relatively large amounts of ACV suitable for 

expenments utkmg lsotoplc label m large scale mcubatlons (as below) where the concentration of vahne 1s 

saturating Enzyme assays typically contained Tns-HCl (40 mM), pH 7 5, MgC12 (70 mM), L-a- 

ammoahpate. L-cystane, L-valme (1 3 mM), ATP (70 mM), dlthlothreltol (1 mM), glycerol (4%[v/v] ) 

and 0 75 pC1 L-[3,4-3H3 valme (61 Cl/mmol, NEN) The syntheslsed tntmm labelled tnpeptlde was 

recovered by Porapak Q chromatography as described below, and the incorporated radioacovlty detetmmed 

by hqmd scmtilauon countmg 

Isolation of ACV synthetase 

This was performed with several modlficatlons to the previous protocol6 Routinely, 200 g wet 

weight C ucremonzum mycella were suspended m 200 ml of Tns-HCl( 100 mM), pH 7 5, KC1 (100 r&l), 

BDTA (1 mM), &tlnothreltol (10 mM), glycerol [45% (v/v)] , MgC12 (ImM), DNase I (4 @/ml), and the 

protease mhtllntors pepstatm, benzamldme, soyabean trypsm inhibitor and leupeptm (2 /@ml each) The 

cells were homogenized by ultrasonlcanon, cenmfuged and the cell-free extract brought to 0 1% (v/v) with 

polyethylemmme-HCl After removal of the precipitated DNA by centnfugatlon, solid ammomum sulphate 

was added to 50% saturation After cenmfugatlon, the precipitate was redissolved m Tns-HCl (50 mM), 
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EDTA (0 lmM), dlthlothreltol (0 1 mM), glycerol [9% (v/v)], pH 7 5 and apphed at 1 5 ml/mm to a 

Superdex 200 Prep Grade 35/600 column (Pharmacla), equilibrated m the same buffer The column was 

eluted at 3 ml/mm Fracuons contammg ACV synthetase actlvlty (elutmg m the void volume of the column) 

were pooled and apphed to a MonoQ S/5 amon exchange column eqmhbrated m the Superdex column buffer 

contammg 150 mM NaCl The column was washed with 20 ml of this buffer and then eluted with a 20 ml 

linear gradlent of 150-200 mM NaCl m the starting buffer The flow rate was 0 5 ml/mm Fractions were 

desalted poor to assay, and those with high specific activity were frozen at -80 oC For S clavufrgerus the 

procedure was smular except the fraction preclpltated by 35-50% saturation ammonium sulphate was 

collected for Superdex S-200 chromatography 

Incubation of [2-2H]-valme with ACV synthetase 

OSDO e ACV svnthetase 

Incubations of [2-2H]-valme with ACV synthetase from C acremonuun were typically camed out m 

a total volume of 1 4ml contammg MgCl2 (72 7 mM), L-a-ammoadlplc acid (5 5 mM), L-cysteme (5 5 

mM), L-[Z-2H]-vahne (5 5 u&i), dlthlothreltol(l0 9 mM), ATP (27 3 mM), and ACV synthetase (approx 

5 5 pmol/s total actlvlty) III Tns-HCl buffer (50 mM), pH 7 5 After mcubatlon at 27 oC for 4h the reacnon 

was termmated by addmon of mchloroacenc acid to a final concentration of 5% (w/v) The preclpltate was 

removed by centnfugation (13 000 rpm, 5 mm) The supematant was loaded onto a Porapak Q column (2 

ml), which had been pre-eqmhbrated with 20 ml of aqueous 8% (v/v) acetlc acid, 2% (v/v) formic acid 

After washing with this solution (10 ml) the column was eluted with methanol (5 ml) The methanol was 

removed UI vacua and the remammg eluate freeze-dned Tnpeptldes were isolated by reverse phase h p 1 c 

as described below When the mcubanon was done m the presence of L-[2-2H] vahne only, the mcubanon 

wasfor 16h 

Stremomvces clavt&gerus ACV svnthetase 

Incubation of [2-2H]-valme with ACV synthetase from S clavulrgerus was typically camed out m a 

total volume of 7ml contarnmg MgC12 (44mM), L-a-ammoadlplc acid (3 2mM), L-cysteme (3 2mM), L- 

[2-2H]-vahne (3 9mM), Qthlothreltol(4 3mM), ATP (16 2mM), and ACV synthetase (approx 0 45 pmo& 

total acavity) m Tns-HCl buffer (5OmM), pH 7 5 After mcubatlon at 27 oC for 16h the mpeptlde product 

was Isolated as above 

Incorporation of 2H from 2820 into ACV 

Incubahons were camed out as above wth ACV synthetase from C acremoruum usmg unlabelled L,- 

vahne and an approx 1 1 (v/v) ratio of deutenum oxide to water Tnpepndes were isolated as before 

Isolation of reaction products by h.p.1.c. 

Product mpeptldes from the Porapak Q column were further punfied by reverse phase h p 1 c on an 

octadecylsdane column (4 6 x 25Omm) employing lsocratlc elution with a rmxture of aq NH4HC03 

(25mM) and methanol (4 l[v/v]) as the mobile phase at 1 ml/mm The mpeptldes Isolated in this way were 

the reduced (thlol) form, which gave a retention time of approx 4 3 mms Valme eluted with a retention 

ame of approx 3 2 mm 
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Mass spectrometry 

ACV samples were analysed as the duo1 form of the mpepude followmg reduction of neutral samples 

of ACV with dltlnothreitol (10 mM) overnight Electrospray ma$s spectra were run usmg 1 1 MeOH/H20 

1% AcOH at typically 50 prnol ml-l on a VG Blotech VG BIO-Q mass spectrometer 
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