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ABSTRACT

A gluËamaËe-contaíning componenË of coenzyme A-dísulfide prepared

from E. eoLi lnas been isolated and shown to be a co-purífying contaminant.

Physical and chenical techniques were used to characteríze Ëhe conËaminanË

as a mixÈure of p-aninobenzoyL poly(1-L-glutamaÈes) contaíníng 5 1617 and

B glutanyl residues with Ëhe hexa- and heptaglutamyl forms predominatíng.

Símí1ar disËríbutions of these molecules r^rere present ín extracts of both

E. coLi strains 823 and K12 grown eíther in minímal or enríched medium.

A preliminary examinatíon of the cellular pteroyl polyglutamate pool,

from whích the p-aninobenzoyL polyglutamates are derived, has shown a

símilar distribuËíon. These results have casË some doubt on the reporËed

size dístributíons of pteroyl polygluËamates ln E. eoLi.
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HISTORY

InËroductíon

Duríng the study of two CoA-containing disulfíde compounds

found ín E. coLi tt became apparent. Èhat a co-purífyíng contamínant

exísted which contained several glutamyl residues. Several such

polyglutamate compounds have been found in nature. Ubiquitous

are Ëhe pteroyl poly-y-glutamates, folic acíd and it,s conjugates, and

also one of íts catabolites, pABA polyglutamaËe. The polyglutamate

portíon of pËeglurrr which is of variable length (n = L-7 usual-ly)

appears Ëo be of imporËance ín the bínding of the folate cofactors

t.o cert,ain enzynes. One exception to thís rule is Èhe H2-pteg1u6

found stoichíometrÍcally in bacteriophage T4 tail plate. This

molecule is apparently necessary as a structural componenË for the

proper assembly of phage tail plaËes. The presence of pABA glu'

(in yeast) was first reported Ln L946, and it was later establíshed

as a breakdown product of pt.eglurr.

EncapsulaÈed strains of certaín BaeiLLus spp. (notably B. subtiLis,

B. Lì,eheni,foy,rnis and. B, anthracis) have as part of their capsule a

very large homopolymer of glutamíc acid. Like the pteglu' and pABA

glun the molecule contaíns y-amide links buË unlíke them, iË contaíns

D-g1u instead of the naturall-y predominant form L-glu. It ís also

much larger, being polymerized Ëo the degree of up to several thousand

resídues as compared t,o Ëhe short oligopepËídes of ptegluo.



P teroylpolyglutamates

1) Occurrence

The sËrucËure of the pteroyl pol-yglutamaËeìs, shor¿n in Figure 1,

was elucídated by Angier et aL (L946). There has been some confusíon

over nomenclature. as folíc acid is composed of the pterídine-pABA

portíon of the molecule and one gl-utamyl residue and is hence

pteroylglutamate. This ís the reason for the use of the terminology

pËeroylpolyglutamates raÈher Ëhan trfolyl polygluËamates" or "fol-íc

acid conjugatesil as r¡ras used earlíer. The Ëerm conjugates referred

to the fact thaË Ëhe growËh factor folic acid was conjugated to a

chain of several gl-utamyl residues.

The fírst isolation of pteglun úras by Pfiffner et aL (L946), who

isolaÈed the pteroyl heptaglutamate from yeasË. Chemical analysis

along wíth microbiological assay of the folates gave Èhe ratío of

seven y-glutamyl residues per pterídine. The presence of pteglu,, was

established ín several organisms, but studies ürere complícated by

several factors. The presence of folate compounds I¡Ias determined

by microbíologí'cal assay as rnrith ¿. case'L, S. faecaLis and P. eevev¿s¿a,e,

organísms incapable of de no'ûo syrLthesís of folic acid but abl-e to

utilize different forms of the pteroyl monoglutamate (i.e. pyrazine

oxidation sËaËe and N5-, Nl0- substítuenËs), pËeglu2 or pteglu3 for

growth (Schertel et aL L965; Johns and Bertíno 1965). IË is not possible

with bioassay Ëo distinguish all forms of these folaËes without

modífication; for example 5-CH3H4 pteglu and pLeglu3 yield the same

results. Pteroyl polygluËamates rirere assayed by cleavage to pteglu2 by



Figure l. The struct,ure of pteglun.

The molecule consists of a pterídine ring (l-B) joined to a

p-aminobenzoyL (1t-6t,10) residue. This ís línked by an amid.e

bond to an olígopepride of (y-L-gluËamic acid) of lengrh n.

co-enz¡rme activiËy ís determined by oxidaËion staËe at c5 - cB,

the one-carbon constiËuenË carried at N5 or Nl 0 and also the

number of glutamyl residues present.
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a y-gluËamyl carboxypeptidase ("conjugase") contaíned ín chícken

pancreas (Bird et aL 1-945, L946). Chromatographic properties of

natural folate derivaËives do not al1ow easy separatíon of pteglu'

by size or charge, probably due to ínteraction of Ëhe pterídine

moiety with chromatography maËrices (Shin et aL L972). Also, chemícal

determinations of gluËanate chain length requíre isolation of the

peptide in pure form. For these reasons determínaÈions of the

dÍstributions of pteglu' chaín lengths in dífferenË organísms was

noË practical. CorynebacterLun excret.ed a pteglu3 into íts growth

medium (ttutching s et a,L 1943) while Streptococeus pneumoniàe:

conËained small amounËs of pteglu and pteglu2, as well as large amounËs

of pteglu3 and higher conjugaËes (Sírotnak et aL L963). The presence

of pteglun r^ras also est.ablíshed ín Ëíssues from rat (Bird et aL

L965), chicken líver (Noronha and Silvexman L962) and human whole blood

(Herbert et aL L962). ScherËeL et aL (L965) ídentified pteglu2 and

pteglu3 in yeast, as well as a polyglut.amate form they assumed Ëo be

ptegluT on the basÍs of the work of Pfiffner et aL (L946).

CharacterizaËion of glutamyl chaín lengËh was símplifÍed by

cleavage of the c9-u10 bond, eíther oxídaËívely using alkaline

permanganate (Houlíhan and ScoËt 1972) or reductively Í¡tith ZI/HCL

(Baugh et aL L974). Cleavage removes the chromaËographically trouble-

some pteridine port.íon, leaving pABA glurr, nhÍch can be separated more

easily on the basis of gluËamyl chain length. The results are not

entirely quant,ít,ative, as discussed aË length by Maruyama et a.L (1978),

Baugh et aL (L979) and Lewis and Rortre (L979), but are much clearer



than those previously obtaíned. As can be seen fron Table 1' Ëhe

distributíon of pteglu' chain length varies from organism t,o organísm,

buË the polyglutamat.e group is apparent in all organísms studied and

one chain length predomínates in each.

There is still much confusion in the liËerature over Ëhe cellular

distributíon and even the predomínanË form of pteglu' in some organisms.

Much of thís is a result of inconsist.ency and inadequacy of techníques,

as discussed above. This is true especially ín manrnalían systems'

where mosË of Ëhe folate pool exists as 5-CH3H+ PteBlurr, due Ëo the

faílure of both oxidatíve and reducËíve cleavage to hydrolyse Ëhis

form (Lewis and Rowe 1979).

In bacterial syst,ens, however, some of the variation appears Ëo be

due to culture condíËíons. There ís, for exampLe L. ease¿, for

which Baugh et aL (L974) reporËed pteglu4 as the predominant folate,

but other authors found mosËly pteglug (Buehríng et aL L974; Brody

et aL L979; Brown et aL L974). Bassett et a,L (L976b) atËríbuted Éhis

shift ín chain length Ëo exogenous folaËe avaílabílity as the only

signifícanË difference beËween the work of Baugh et aL (L974) and the

other groups was the formerts use of almost twice Ëhe medium folate

concentratíon. This thev confirmed.

Another instance of a shifË ín pteglu' size profíle ís in E. coLi

B upon infecËion wíth bacteriophage T4D, which contaíns H2pteglu6 as a

component of íts taíl plate (Kozloff and l,uËe 1965). The H2pteglu6

is a stoíchiometric component of Ëhe wedge-shaped strucLures comprising
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TABLE I

Sfze df8trLbutfons of pteroyl polyglutæteÊ ln varlous organims'

Glutæyl Regldues fD. pteglun (Z of Total)

Orsanlgnf23456789>gReference

Stnep. faecaLis
ATCC 8043

ATCC 8043
Eethotrexate reslst L 5.7 6.9 81.3 5.1

1 10 86 2.6

46L23

16.5 8.5 20 54.5 Ratg}r et aL (1974)

Baugli et aL (L974)

Brody et aL (L979)

Buehrlng et aL (L974)

8043

8043

LactobaaLLLus casei
AT1C 7469 3.2 O 9.3 59.4 23 5.1 Bat9l: et aL (1974)

l-00 Brody et aL (L979)

I 14 42 19 Buehring et aL (L974)

Congnebacteriwt spp. >95 Shane (1980a)

CLostz"ídLwn
aciùi-w"ící curthoys et aL (L972)>95

Escle?ichia colí S >90 wooð. et aL (1968)
Kozloff e LuÈe (1973)

KI2 -20 -20 -50 Posers ad snell (1976)

KIz 13 L4.5 36 L2 16 8 1.5 Be66ett et aL (L976b)

NCIB 8109 13 18 30 13 20 5 1 Basaett et aL (f976b)

BasseÈr et aL (L976a)
S ae cltatottrg ce s c eze yL s í.a,e 16 70 12

Netlrospora ctosaa. 14,5 80 0 5.6 Ctran û Coeelos (1980)

Rat llver >95 Shln eú aL <]-972>
Btody et aL (L979)

Bacterlophage T4 100 Kozloff e LuÈe (1965)



the outer portion of the hexegonal baseplate and ís found in close

associatíon wíËh Ëhe apically located phage gene 11 product (Kozloff

et aL L975, L979). Kozloffts group has further shown Ëhat the

H2pËeg1u6 is requíred as a structural component involved in attach-

menË of the long Ëaíl fíbers at or near the apíces (Kozloff et aL

1979). This üras accomplished usíng the inhibítion of in oitro xall

fíber aËtachment wíth oligo (y-glutamy1) chains, y-glutamyl carboxy-

pepËídase and antísera dírecËed agaínst a polyglutamaËe hapËen. They

proposed that the presence of the seven anionic charges allows strong

tail fíber aËtachment yet allor^rs the necessary rotatíon freedom.

This does noË explain, however, the absolute requirement for H2ptegluO.

Kozloff and Lute (L973) noËed a shifË from predominantly pteglu3 Ëo

pteglu6. This shift was chloramphenicol-sensítive and apparently due

to a late phage gene product. T4D gene 28--ínfected cells accumulaËe

larger conjugaËes (pteglug-pteglui2) buÈ little pteg1u6. Viable phage

are not formed. It appears thaË pteglu6 is formed from a larger

conjugate by cleavage due to a phage gene product. The successful

complemenËaËíon of T4D gene 28--infected bacteríal ext.racts with the

addition of pteglu6 confirmed thís (Kozloff et aL L973). The mechanism

of the shift to larger conjugates is stÍll unclear (Nakamura and

Kozloff L978).

2) SynËhesís

The first report of a folylpolyglutamate synËhetase (FPGS) was

by Griffín and Brown (L964), who described such an activíty in E. eoL¿.
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Subsequent work (Brown et aL L974) described folate synthesis ín the

successíon H2pte, H2pteglu, H4pËeglu and H4pËeg1u2 and reported the

exËraction of an ATP-dependent FPGS cabaLyzing the formaËíon of

10 Ctl0-tt4pteg1u2 only (Masurekar and Brown L975). This led to

the postulation of Ëwo enz)nnes for polyglutamate synËhesis.

Sakami et aL (L973) described Ëwo FPGS acËivítíes in Neuz,ospora.

erq.ssa,, one specifíc for the conversíon of H4pteglu Ëo H4pteglu2 and

one specífic for elongaËion of H4pteglu2 Ëo H4pËeg1u3. These actívítíes

could be chernically fracËionated and were genetícally characterízed.

Two methionine auxot,rophs, met-6 and, mac each were found Èo be lacking

one of these acËívities (Chan and Cossíns 1980).

The most extensive work has been thaÈ of Shane (1980a, 1980b,

1980c) on FPGS from CorynebaeteriLun spp. He characËerízed the

cellular folate conËent as to gluta1nyl chaín length, one-carbon substítu-

ent and oxidat,ion-reducËion staËe (Shane 1980a) and isolaËed an FPGS

enz)rme to greater than 957" purity. Thís enzyme (Shane 1980b) has a

molecular weíght of 53 000 by SDS gel elecËrophoresís a pII optímum

of 9.5 or greaËer, an absolute requirement for L-glutamate and for a

monovalent catíon (K+, 200 mM). The activity was Mg ATP-dependerit,

buË dATP or even UTP would suffice to an exËeriË. Folate requiremenË T^ras

variable but monoglutamates were much more effectíve substrates than

hígher forms, wÍth H4pteglu the most effectíve (I(m = 2 UM). Despíte

Ëhe much lower affíníty of hís er.zyme for dí- and trigluËamates, Shane

showed that there Ìiras no apprecíable dífference in acËiviËies beËween

the purified enzyme and crude extract, ímplyíng Ëhat only one and noË
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tr¡ro enz)rmes ürere present. He speculated that formaËion of longer

glutanyl chains had different opËimum conditions. In support of the

one-enz)rme hypothesis he referred to rrprelíminary studies" indicating

the utílizaLíon of 5r10Cli2H4pteg1u2-4¡ buÈ this reference was

unsupported by daËa.

KineÈic studies (Shane 1980c) indícate the reactíon proceeds by

an Ordered Ter Ter mechanism with substrates joíníng the enz5rure

complex ín the order MgATP, H4pteglu, glutamate, followed by release

of product,s in the ord.er ADP, H4pteglru2, PO,*3-. Two speculative

mechanisms consistent with Ëhis sequence are presented, both ínvolvíng

nucleophilíc attack of the free gluËamyl cr-amíne, whích r^¡ould noË be

ionized at the pH for optímum actíviËy (pH 9.5 or greater). One

mechanism proposes nucleophilíc attack on the mixed anhydride of a

pteroyl (y-g1uÈany1-phosphaÈe) intermedíate (Figure 2a), while the

oÈher proposes a concerted nucleophilic attack of the glutamyl

s-amine on a y-carboxyl carbonium ion of the pteglu coupled wíth a

similar aËËack of one of the y-carboxyl oxygens on the y-phosphorus

of ATP (Figure 2b). Both mechanisms are plausíble but the evídence at

present (Shane 1980c) is at best indírect.

There have been several studies of mammalian FPGS. Gawthorne and

Smíth (1973) showed H4pteglu, 5-CHO-IIapteglu and 5-CH3H4pteglu to be

substrates for enzyme extracts of sheep liver. Taylor and Hanna (1977)

shornred much lornrer actívity for 5-CH3IIapËeglu using enzyme from Chínese

hamster ovary (Ctto)cells. Spronk (L973) and McGuire et aL (L980> found

raË liver FPGS Èo be inactive wíth 5-CHgH+pteglu, as r^rere 10-CHo-H+pteglu

and HæËeglu. Studies wiËh non-mammalian enz)rmes (Sakauri et aL L973,



Eigure 2. Possíble mechanisms of chain elongatíon by folylpoly-

glutamate syntheËase.

Two mechanisms of glutamate additíon to the free y-carboxyl of pteglu'

have been proposed by shane (1980c). one ínvokes a nucleophilic

aËËack on an actÍve intermediate (a) whíle the other involves a concerted

nucleophilic attack wíÈhout príor formation of an active form of pteglu

(b) .
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Shane 1980b) also reported relative inactívity with 5-CH3H4pËeglu.

These data are not riecessarily in conflícË wíth the fact that 5-

CH3llapËeglu' are present as a large proportion of manrmalian folaËe

pools (Lewis and Rowe L979) as they may only índícate that conversíon

to 5-CH3il4pteglur, Èakes place after polygluËamatíon.

McBurney and trühíËnore (L974) isolated several auxotrophíc mutants

of CHO cells showing defects in intracellular folate metabolism. Among

Ëhese were AUX 81 (a glycíne, adenosine and thyrnidine auxot,roph) and AUX

83 (a glycine and adenosine auxotroph). Not only did Ëhese lines have

reduced fol-ate concentrations buË AUX 81 contained only monoglutamåtes

whíle AUX 83 also contaíned some di- and triglutamates as opposed

to the penËagluËamate of the parent 1íne. The authors decided on

geneËic bases that Ëhese muLants had defecÈs ín one single locus.

Usíng extracts of these lines Taylor and llanna (L977) demonstraËed

thaË AUX B1 and AIIX 83 lacked the parenËal folylpolyglutamaËe synËhetase

acËíviËy. InËerestingly, Ëhey also showed that the number of gluËamyl

resídues added Ëo the subsËraËe ís dependent upon the li4pËeglu

concentration. At low levels (1 UM) mosËly H4pteglu3 and some ll4pteglu4

are formed whíle at higher levels (5 uM) mostly H4pteglu2 is made. At

very high levels (100 UM) only H4ptegLu2 results. Taylor and Hanna

(L979) further studied FPGS in exËracËs of revertant lines of AUX 81

and found increased heat sensitiviËy over wild-Ëype ín FPGS acËivíty.

This increased lability r^ras apparent when either H4pËeg1u2 or H4pteglu4

synÈhesis was monítored. This led the authors to conclude that boËh

díglut,amate and tetraglutamate actÍviËíes \^rere on one enzyme.

McGuire et aL (1980) have partíally purífied the rat liver FPGS

L4
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whj-ch shows similarítíes to tlne Cozgnebaeter|um enz)rme (Shane 1980b).

It requires a monovalenË caËion, of which f+ (ZO rU) is opËímal, has

a high pH optímum (8.4), exhibits an absolute requíreuent for L-

gluËamate and a less stringent requirement for MgATP that can be

allevíaËed by other nucleotíde triphosphates. In contrast, Ëhe

substraËe specifity for folaËes ís broader in that H2pteglu and

5,lOClt-H4pteglu are utilized much more easíly (conpared to Ëhe primary

subsËrate Hapteglu) than is the case wíËh the Corynebaeterium enzyme.

Also, Ëhe rat liver enz)¡me catalyses in uitro the formation of

pteglu4 in large amounts and ptegluS (the predominant form in raË líver

Table I) in an almost equal quanËity. As with Taylor and Hannafs

(Ig77) CIIO exËracË the longer products are formed aË low H4pteglu

concenËraËions whíle at hígher concentTations mosÈly pteglu2 is

formed. It was found that pteglu5 was not effecËive as a subsËrate

and also r¡ras a strong inhíbítor of the enz)rme. This led McGuiTe et aL

to propose ËhaË, on bínding of pteglu5 to the enz¡rme, the length of

Ëhe gluËamyl chain places the Ëerminal y-carboxyl out of the active

site. This suggests that, at leasË in rat liver, the predomínanË

length of pteglu' is controlled solely by Ëhe size of the active síte

of FPGS. The binding of the end producË pËeglu5 to the active site

also indicates Ëhat feedback ínhibition of polygluËamation may be

one form of regulation of intracellular folate levels.
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3) Significance

The polygluËamate conjugates of folic acíd (with the exception of

bacteríophage T4 as prevíously mentioned) appear Èo be Ëhe active

coenz)rme forms of Ëhe vítamín. Kisfiukand Gaumont (L974) showed Ëhat

Il4pteglu3 and H4pteg1u6 were nuch beËter substrates for -t. case.L

thymidylaËe syntheËase than was H4pteglu. PolyglutamaËe forms of

folate analogs ürere sËrong inhibitors of the enzyme, whil-e pABAglu5

and glu(y-glu) 5 \arere not bound by the eÍLzyme, índicatíng that the

poly(y-glu) portÍ-on of the molecule enhanced bínding but díd not

determíne it. Coward et aL (L974) demonstrated that díhydrofolat,e

reductase from various marmalían sources has a higher affínity for

H2pteglu3 H2pteg1u5 or H2pËeg1u7 Ëhan for H2pteglu. Powers and Snell

(L976) found that E. eoLi kexopantoaËe hydroxymethyl Ëransferase

(ínvolved ín the synthesís of panËotheníc acid) had much lower I(m values

for 5,10-CH2H4pteg1u4 and 5rlO-CH2Hapteglu5 than for other glutamyl

chain leng.ths of the coenzJrme. BaggoËË and Krumdieck (1979) obtaíned

simílar results $rith chícken liver lO-formyltetrahydrofol-ate:5r-phospho-

ribosyl-5-amino-4-ímidazole-carboxamíde formyl transferase, an enz)rme

of purine synthesís. The enz)rme had a specifícity (as defined by

Ëhe ratío vmax/*, for Èhe tetraglutamyr form 250-fo1d of that for the

monoglutamyl form of the coenz)¡me. rn theír esÈímation thís woul-d

make the t,etraglutamate the only active form at Èhe intracellular

folate concent,ratíon found (1-2 UM) .

The work of McBurney and l,rlhítmore (L974) and that of Taylor and
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Hanna (L977, L979) provídes both geneËíc and biochemical evidence

thaË the polygluËanyl forms of folate are necessary for the biosynthesis

of glycíne, purines and pyrítnidínes ín mammalian cells. Irforeover, Ëhe

abílíty of AUX 83 F?GS to make H4pteglu3 buË not H4pteglu4 (Taylor

and llanna L979) indícates the requirement of the larger o1ígo(y-glutanyl)

coenzJrmes.

The work of McBurney and trühitmore (L974) stí1l leaves open Ëhe

possíbílity ËhaË polygl-utanation of folíc acíd is a means of ensuríng

cellular retenËion of the viËamín as Ëhe AUX 81 and AUX 83 FPGS mutants

conËain L0% arrd 40% of the assayable folic acíd of the parental

wíld-Èype. This is supported by the observat,íon (Herbert et aL L962)

thaË serum contains only pteroyl monogluËamate, indícatíng it may be

only a transporË form of the vitamin as suggested by RabÍnowitz (L960).

However, in light of the enz)¡me kinetíc studíes cited above, this must

be regarded as an auxiliary mechanism ín cellular folate meËabolism.

As noted in both Ëhe bacterial (Bassett et aL tglø; Powers and Sne1l

L976) and maamalían (McGuíte et aL L979; Taylor and llanna 1977) systems,

Ëhe degree of polyglutarnatíon is ín ínverse proportion to available

folate levels. This relatíonship nay be a manífesËation of metabolíc

effíciency. Inlhen folaÈe ís f-initíng, boËh retentíon and reactivity

are enhanced aË Ëhe expense of ATP and glutamic acíd. üIíËh excess

folate, enhancemenË of activity and retention are not paramount, and

ATP and gluËamaËe are conserved. Such conËrols are quite feasible in

the cont,rol of so important a metabolite.
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Para-aminobenzoylpo lyglutama te s

AË about Ëhe same time as Ëhe ísolation of pteglun Ratner

et aL (L946) isolated a pABAglu' from autolysed yeast. Thís was

ídentified by the spectral eharacteristícs of the pABA portíon,

especíally the disappearance of the absorption at 273 rlm on exposure

to acid (pH 1) and by the presence of glutamíc acid. The absorptíon

drop ís due t,o íonization of the arylamÍ-ne, whích indicates the

pepÈide link to glutaurate is through the pABA carboxyl. This was

confírmed by diazotízatíon of the free aryl amíne, as opposed to the

unreacËiveness of blocked amines (e.g. N-acetyl pABA). Chernical

analysis yielded a ratío of 10 or 11 glutamates per pÆ4, a1-1 being

the L-isomer (bioassay). On the basis of a dífference between

esËimates of gluËamíc acíd niËrogen and o-amino nitrogen Ëhe presence

of one dícarboxylic amino acid other Ëhan glutamicacid was postulated

but not deËerurined. The sËructural analogy beËween the pABA peptide

and folíc acid was noted by Ëhe authors, but no confirmation was

attempËed.

Stokstad et aL (L947) noted Ëhat pABA glu was a producr of W

photolysís of pteglu. Enzymic degradatíon of pteglu to pABAglu

was demonsËrated by Keresztesy and Sílverman (1953). Futterman and

Silverman (Lg57) showed Ëhe reactíon to be dependent upon NAD* and ATP

and thought ít to be non-enz¡¡rnic oxidatíon of an unst.able reductíon

product, probably ll4pËeglu.


