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• ~STRACT 

Formiminotransferase (EC 2.1.2.5)-cyclodeaminase (EC 4.3.1.4) from 

pig liver catalyzes two sequential tetrahydrofolate-dependent reactions. 

With derivatives of the tetrahydrofolate substrate having 4.5, or 6 

glutamyl residues,. the formiminotetrahydropteroylpolyglutamate formed by 

the transferase activity is preferentially transferred (channeled) to the 

deaminase site rather than released into the solution. This channeling 

is essentially complete with the pentaglutamate derivative. The enzyme 

has highest affinity for the hexaglutamate as measured by Kd and Km, 

but does not show specificity for a given polyglutamate as measured by 

Vm/Km. The results indicate that steric length of the polyglutamate 

chain. not simply affinity, is critical Ifor optimal channe11ng. Binding 

\tudies dernonstrate four sites for th(\ binding of tetrahydropteroylpoly­

glutamates to the native octamer, suggesting the formation of sites 

between subunits. The transferase and deaminase sites are kinetically 

independent, but share a common polyglutamate subsite. The results 

s.Juppor~ the concept that the pOlyglutamate chain ancpors the tetrahydro­

folate molecule during its transfer between active sites. 
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RESUME 

La formfminotransférase CEe 2.1.2.5)-cyclodésaminase (Ee 4.3.1.4) 

isolée du foie de porc catalyse deux réactions séquentienes qui 

utilisent le tétrahydrofolate. Avec les dérivés du substrat tétrahydro­

,folate ayant 4,5, ou 6 résidus glutamyles, le formiminotétrahydroptéroyl­

polyglutamate formé par l'activité transférase est préférentiellement 

transféré au site désaminase plutôt que libéré dans la solution. Ce 

transfert est essentiellement complété aver le dérivé pentaglutamate. 

L'affinité de l'enzyme, telle que mesurée :ar les valeurs de Id et de 

Km' est maximale avec l'hexaglutamate. Par contre, les valeurs du 
-

rapport Vm/Km n'indiquent pas de préférence p~ur un polyglutamate 

partfcul~er. Les résultats indiquent que la longueur même de la chatne 

polyglutamate; et non la simple affinité, est une facteur déterminant de 

l ' effi cacité du transfert. Les résul tats d'études de 1 i ai son montrent 

l'existence de quatre sites liant les tétrahydroptéroylpolyglutamates à 

l'octamère d'origine, suggérant la formation de sites entre les sous­

unités. Les sites transférase et désaminase sont cinétiquement 

indépendants mais partagent un site commun pour la liaison de la chatne 

polyglutamate. Les résultats s'accordent bien avec la notion d1une 

• . -

, 1 

chaine polyglutamate servant d'ancre à la molécule tétrahydrofolate lors "\ 

de son transfert entre les sites actifs • 
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A part of this thesis includes the text of original papers submitted 

for publication. In compliance with the Faculty of Graduâte Studies and 

oResearch "Guidëlines concerning thesis preparation", the text of Section 

7 entitled "Manuscripts and Authorship" is cited below: 

"The candi date has the option subject to the approval of the Depart­

ment, of including a~~ part of the thesis the text of an original paper, 

or papers, suitable for submission to learned journals for publication. 

In this case the thesis must still conform to all other requirements 

explained in this document, and additional material (e.g. experimenta1 

data, details of equipment and experimental design) may need to be 

provided. In any case, abstract, full introduction and conclusion must 

be included, and where more than one manuscript appears, connecting texts 

ane common abstract introduction àlld concl usions are required. A mere 

collection of manuscript~ is not acceptable; nor can reprints of publish-
0' 

ed papers be accepted. While the inclusion of manuscripts co..,authored by .. 
the Candidate and others is not prohibited for a test period, the 

Candidate is warned to make an exp1 icit statement on who contributed to 

such work and to what extent. • Copyri ght cl earance from the co-author or. 

co-authors must be included when the thesis is submitted. Supervisors 

and others wi 11 have to bear witness to the accuracy of such claims 

before the Oral Commi ttee. It shoul d al so be noted that the task of the 

Externa1 Examiner is much more difficult in such cases". 

This format for thesis preparation has been approved by the Department of 

Biochemistry. Each chapter has its own numeration of.references, figures 

and tab1 es. The references cited in the General Introduction (Chapter 1) 

and General Discussion (Chapter 5) are compiled at the end of the 

thesi s. .' 
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CONTRIBUTIONS TO ORIGINAL KNOVlEDGE 

OEVELOPMENl-OF TECHNIQUES " 

1. H4~teroylpolyglutamate~ were prepared using a malie enzyme dependent 

NADPH-generating system. Th:ls system enabled us to 09tain the 

radiolabeled polyglutamate derivatives of high specifie radio-
~ 

activity required in binQing studies. The addition of a chromato­

graphie step involving the use of immobilized boronate permitted the 

remova1 of NADPH from labeled H4fo1ates. This procedure cou1d also 

be used ta purify unlabeled derivatives. 

2. FormiminoH 4 fol ~te free from other fol ate ~~rivatives was prepared 'i 

using a method that was also applicable to the polyg1utamate 

3. 

~ , 

derivatives. The U,se of plslre and stable substrate permitted the 
. 

accurate measurement of the cyclodeaminase activity, and was also 

necessary to study the kinetic behavior of mixtures of mono- and 

pe~taglutamate deriv~tives in'the ~ansf.erase-deaminase system. 

The Km values of H4pteroylpolyg1utamates with the transferase 

activity w~re very low,and could not be determined with the speetro­

photo~etric assay. The fluorescent properties of 5,lO-methenylH 4-

folate were used to develop a·mueh more sensitive assay of the 

transfe~ase reaetion. The components of the fluorometrie assay were 

carefu 11y contro 11 ed to obta ; n rel i ab 1 e measurements of the fl,uores-
... 

cence of the methenyl product. 

B. FUNCTION OF TRANSFERASE-DEAMINASE 
, e 

1. The results of inhibition and kinetie studies confirm the existence 

of separate catalytic site? on 'the bifunctional polypeptide for the 

transferase and deaminase activities. (6R)-H qFolate is a strong 

1nhibitor, of deaminase but inhibits poorly"the transferase aetiv;ty. 

, 
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It 1s possible to 1ncrease the rate of production of final methenyl~ 

H~folate by adding formimi~oH4folate intermediate to the system 

saturated with substrates of the transferase. This increase is 

apparen~ only with H,.f0late/formiminoH,/olate~ombinations in wh1ch 

at least one of the folate derivatives is a monoglutamate. 

2. Each of the H4pteroy~polyglutamates binds to four sites on the 

native octamer. These sites are likely formed at one type of sub~ 

unit interface. Their high affinity for the polyglutamate 

der1vatives of Hqfolate suggests that these sites bind the polyglut~ 

amate structure of the folate ligands. The number of these sites 

,and the results of kinetic studies using Hqpteroylpentaglutamate/ 

formiminOHqpteroylpentaglutamate pairs support the existence of a 
. 

single polyglutamate subsite per pair of transferase~deaminase 

act1vities. The large decrease in relative free energy on bind1ng 
4 

the fourth glutamate of H4Pteroylpolyglutamates indicates that this 

residue is particularly important in anchoring the folate ,m,olecule 

on the enzyme through';nteraction with a polyglutamate site. The 

calculated length of a H4pteroylpolyglutamate molecule from the 
.~ 

a~carboxyl group of its fourth glutamate residue to position 5 of 

the pteridine ring suggests a distance of 20~25A between a polyglut~ 

amate binding subsite and an active site. The distance between 

transferase and deaminase catalytic sites could be considerable 

within this radius. 

3. Th~ affinity of the enzyme for h4folate ligands fncrease~ wfth the 

number of added glutamy,l residues\to a total of six; addition of a 

seventh residue results in a slight decrease in affinity. Prefer~ 

ence for the hexaglutamate derivative is shown by comparing the 
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"­values of Kd abtained fram the binding of H4pteroy1{glutamate)n~~ 

{n .;, 1,3,4,5,6, 71 li gands ta the enz~me, and the val ues ~f Km -~ " 1 

exhibited by each activity for their respective Hqpteroyl-

(glutamate>n (n = 1,3,4,5,6,7) substrates. Vm of deaminase i5 
~ 

minimal with formiminoH qpteroyl(glutamate)6 substrate suggesting 

that the release of methenylHqpteroyl (glutamate) 6 product is slower 

than that of other polyglutamate derivatives. The catalytic 

efficiency of both activities {Vm/Km} is much greater with­

substrates containing four or more glutamates, but this property 

does not differentiate between 4,5,6 and 7 glutamates. 

Channel ing of the formimi noH qpteroy1 gl utamate i ntermedi ate between . -..~-
the transferase and deaminase catalytic sites- occurs when Hqpteroyl-, 

(glutamate)n having n = 4,5.6 or 7 is used as substrate. Since 

only these ligands show high affinity for the polyglutamate binding 

site, the results support the hypothesis that the polyglutamate 

chain~acts as an anchor for the transfer of the pteroyl moiety 

between sites. The spec1ficity for channeling among the folylpoly­

glutamates (5) 4=6~7) does not correlate with affinity (6)7,,,5>4) nor 

'with catalytic efficiency (4",5",6",7). This suggests that the steric 

length,' not simply affinity, of the pOlyglutamate chain is critical 

for complete channeling. 
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The potential for the organization of the enzyme activities of 

'various metabolic pathways is greater than has actually been demonstrated 

to date. Organization has been observed for several of the enzymes found 

in folate-mediated metabolism. This thesis deals with the properties of 

one example of such organization. Formiminotransferase-cyclodeaminase is 

a bifunctional enzyme catalyzfng two sequential folate-mediated reactions 

"in mammals~ The coval~nt linkage between the two activities represents 

one type of enzyme-enzyme association êncountered in cells. Although the 

advantages resulting from the different associations of enzymic 
1 

activities in this metabolism are just beginning to be investigated, it 

is thought that the'naturally-occurring polyglutamate forms of folate 

coenzymes may have a special significance with these enzyme 

associations. 

The topics of enzym~ organization and of folate metabolism, 

including the roles of the naturally-occurring polyglutamate derivatives, 

as well as a review of the properties of the bifunctional 

transferase-deaminas~ will be presented to provide the context in which 

the objectives of this thesis· can be outlined. 

1.1 ENZYME OR~ANIZATI.ON • 

Living cells certainly are no longer considered as sacs containing 

di spersed enzymes' catalyzi ng reactions using freely-di ffusing metabol­

ites. Evidence is accumulating which suggests that even the cytoplasm of 

cells 15 highly organized with thefr various enzyme activities associated 

into different types of multienzyme systems. Welc~ (1) has extensive1y 
. 

reviewed the historical development of this concept of an organized 

1 
1 
1 

i 

1 
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cellular metabolism through collection of experimen~aT findings and 

establishment of coherent hypotheses. These. hypotheses ijave çonsidered 

the potenti al advantages of en,zy.me organi zati'on in terms of thermo-

dynamic, kinetic and evolutionary criteria. The relation between these . 
criteria has been further developed in more recent publications (2,3). 

The types and advantages of enzyme organization presented in this section 

have been taken from Welch's treatise (1) and from the very concise 
-':. 

summary written by Gaertner (4). Recently, Wombacher (5) has reviewed " 

current studies on molecular compartmentation delineated by the formation 

of multienzyme systems. The examples cited in this section are not 

intended to eXhaustively cover the literature on the topic of enzyme 

organization but rather to illustrate different features. Examples were 

chosen from the reviews mentione~ or from more recent publications in the 

fi e 1 d~ 

1.1.1 Types of enzyme organization_ , 
Three main types of physical interaction between enzyme activities 

have been r~porte.d. Multifunctional prote-ins result fram the covalent 

linkage between autonornous enzyme activities·(l,4). K multifunctional 

protein is thus formed by a single type of polypeptide capable of 

catalyzing more than one enzyme reaction. Examples and properties of 
" 

this type of association have tieen reviewea by Bisswangër a~d his 

co-workers (6,7). The mammalian fatty acid synthase is composed of two 

identical polypeptide chains, each containi~g.the seven catalytic 

.activities required for palmitate synthesis as well as an acyl carrier. 

site '(8,9). Five enzyme activities càtalyiing sequential steps 1n the 

biosynthesis of the aromatic amirro acids in Neurospora are on a single 

polypeptide (lO,ll). The native ptotein exists as an homodimer. A very· 

l', 
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• simple multifunctional protei n is the monomeri c bifunctional phosphoribo.,. 

syl anthra n 11 ate i somerase.,. i ndo 1 eglycero l phospha te synthase froo I:. co li 

(12). The mul tifunctional enzymes mentioned catalyze consecutive 

metabolic steps, but covalent ass-ociation be-tween non-sequential 
1:) 

attivities has also been reported. Aspartokinase I-homoserine dehydro~ 

genase l consti tutes the cl ass i cal example of this type (6). Three non-
,1 . 

sequential steps in the histidine biosynthetic pathway are catalyzed by a \ 

trifuncti onal protein (13). 
. 

The associ ati on/of di fferent enzyme act i vities by non-covalent 

forces results in the formation of multienzyme complexes (1,4). The 

activities which are found on different polypeptides can usually copurify 

'"" if"the interactions between subunits are strong. This is the case for 

the bacterial (14) and mammalian (14,15) pyruvate dehydrogenase complexes 

which are formed by the aggregation of several 'Copies of three catalytic 

protein components in non-stoichiometric amounts. The mammalian complex 
~ 

contains,also two regulatory components (14,16). The pyruvate dehydro-

genase component of the mamma 1 i an compl ex was found to bi nd to si tes of 

two dffferent affinities on the transacetylase core: Kd values of 1O~1l 

and lü-sM are reported for the high- and low-affinity sites respectively 

(17). The ~coli tryptophan synthase complex catalyzes two activities 

which reside on separate poly-peptides. It has an a2 f3 2 quaternary 

structure, and the upper limit for the dissociation constant of this 

compl ex has been estimated ta be lü-sM (18). Copuri fi cati on of weakly 

assocfatèd enzyme activities is more difffcult to achfeve. Such inter-

actions have been reported to exist between glycolytic enzymes (19,20), 

and among the Krebs· cycle enzymes in mitochondria._(~~.22) •. The strength 

of non-covalent i nteracti-ons-1llay be affected by the type of ligand, 
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ei ther coenzyme or effector, bound to the comp 1 ex (23,24), the protei n 

concentration (23), ionic strength and pH (25,26). The di<&sociation 

constant of complex formed ~ vitro by the pig muscle glyceraldehyde.,.3 .. 

phosphate dehydrogenase and al dol ase has been determi ned, and a val ue of 1 

1O~6M 1s rep'orted (25). Non-covalent aggregation of different enzyme 

ictivities can also occur transiently during the cell cycle. A c'lear 

example is the association into a 'multienzyme complex of several 

activities responsible for the synthesis of DNA in mammalian cells dur1ng 

the S-phase (27) of the cell cycle. It is possible that sorne spe~ific 

enzyme.,.enzyme i nteracti ons that occur in vi vo may not be i sol atab 1 e as 
\ 

such ~ vitro. Demonstration of physiologically relevant interactions ot 

this type is currently very difficult to achieve. 

Enzymes can al so be associ ated vii th structural el ements in the cell 

(l,4,5). Certain proteins are structura11y integrated in the membrane 

(e.g. electron transport system of, the respiratory Chain), but other 
, ' 

soluble enzymes can possibly fonn a reversible, specifi-c association wfth 

the membrane. The bi ndi n9 of several enzymes of the citri c aci d cycl e to 

the inner mitochondrial membrane has been investigated (28-3Ô). ir} 
! ' 

addition, sorne enzymes of fatty acid ~~oxictation werè also 'found' to 

interact. with this membrane (31). Srere and his co-workers' suggested 

that, in mitochondria, the enzymes of the Krebs 1 cycle~ the activities of 

the ~ ... oxidat;on of fatty acids, and the components of the electron 

carrier system can form large multienzyJl)e systems in ~ (29,32). Their 

hypot~esis was based on the results of kinetic and binding studies 

obtained in their laboratory as well as the results of electron 

microscopy studies reported by other investigators. Association of 

certa~ glycolyti c enzymes with the erythroéyte membrane ,has been 

" 
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reported (5,33,34). as 1e11 as with structural proteins in muscle 

The sequencè IIseparate prote; ns-+mul t1enzyme compl exes..mul ti ... 

functional proteins ll was first postulated to explain the appearance of 

multifunctional polypeptides in the Course of evolution (6). The finding 

of more examples of these types of multienzyme systems combined with the 

characterization of these systems, and sorne genetic considerations 

suggest that ,sepa,rate activities can evolve either tnto multienzyme 

complexes or into multifunctional proteins 1n response to various 

biological requirements (7,38). 'It is also proposed thJt enzyJœ organ-

ization is an intermediate step in the process of evolution from uniform 

9'toplasm with separate enzyme activities to a system that i-s physically 

and funct i ona lly structured by the presence of membrane-del i neated 

organelles (1,5). The mechanisms resu~ting in the formation of multi­

functional proteins comprise gene duplication, gene translocation, gene 

fu~ion, and direct covalent linkage of polypeptides (6,7). Mutational 

modification of substrate or effector binding sites has also been 

proposed as a possible mechanism for the acquisition of additional 

activities by bacterjal enzymes (39). Wh en the components of a multi ... 

functional protein are found in autonomously fol ded domai ns of the poly .. -

peptide chain, and wh'en the molecular we{ght of ~the multifunctional poly-

-
peptide is consistent with the conservation of the individual molecular 

weight of the separate components during evolution, it is generally 

thought that multifunction!lity arose by gene fusion. 
1 

1.1.2' Advantages of enzyme organization 

The physical association of enzymt= activjties may confer two main 

functionàl advantages to the multienzyme ,systems: the compartmentation of 
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metabolic 1ntermed1ates and the possibflity of coordfnate effects (1,4). 
. c, 

Compartmentat1on or metabolic channel ing describes the phenomenon by 

whi ch the product of the fi rs t react ion 1 n a metabo lie sequence does not 

ettuil ibr:'ate in the medium but is preferentially transferred ta the next 

active site. The mol~cular mechanisms responsible for the confinement of 

intermediates in the vicinity of active sites are not understood in most 

instances. Some examples for which a rœchanism has been proposed will be 

reported in the following section. Such a compartmentation which main­

tains high local concentration of intermediates at the active sites . 

reduces the concentration of free metabolites in the cell (1,4). This 

feature' preserves the solvent capacity of the cell and prevents wasteful 

. accumulation of intermediates. It protects labile intermediates and 

prevents interference with coexist,ing and competing pathways (1,4). 

l 

Compartmentation may increase the catalytic efficiency of a given , 

pathway through a reduction of the transit and/or the transient times 

0,4). The transit time is the t1me required for the diffusion of a 

metabol He from one active site to the next. Although the diffusion of 

intermediates ;s not considered as a potential rate-limiting step in the 

function of a metabol ie pathway. it is s!1ggested that the transit tirne. ; . . 

could be reduced by decreasi n9 the di stance between active sites (1,4). '4 

Whether a srnaller distance facilitates the diffusion process has been 

recently questioned (40). However, in sorne membrane-bound systèms, 

.-eompartmentation has the potential ta r~duce the transit time 0,4). For 

example,' the long chain acyl-CoA intermediates of the fatt} acid 

~-oxi dation pathway woul d hardly diffuse in the conçentrated prote;n 

solution of the mitochondrial matrix (31). If the intermediate sub~ 

strates are confined to associated enzyme activities in a given pathway, 
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they,accumulate within smaller pQols. This may reduce the·transient t1me 

(1,4), that 1s the time required by the system ta readjust to a new 

steady state~ The Neurospora-arom comp1ex has been shown ta ~isplay this 

property .!!!. vitro (41). 
o 

Gompartmentation of intermediates has been shown to occur in several 

systems O.4,6,7l using both..!E.~ (27.42) and.i!!. vitro studies (41,43 ... -

li 41). An e1egant in vfvo study has been done by Davi s in 1967. (42) using \ 

mutant strains of Neurospora. He demonstrated that -the carbamy1 phos~ 

phate intermediates produced by two f?rms of carbamy1 phosphate ~ynthe~ .. 
, 

tase, one which participates in pyrimidine synthesi<Sy311d the other in the 

arg; ni ne synthet i c pathway, do not mi x a~ a common pool.' They are 
-
" 

channeled within their respective pathway through as'sociation of the 

carbamyl phosphate synthetase yr ~ith aspartate transcarbamylase in the p , 

pyrimidine pathway, and through association of the carbamyl' phosphate 

synthetasearg with ornithine transcarbamylase in the arginine pathway 
ro 

t (42). His work is often cited as a classical e~ample of c~anne1fng. and 

a1so historically as the first.important co'ntt:'ibuti~n to the development 

of the concept of channeling • .!.!! vitro. evidence for ch~nneling can be 

obtained by comparing the time courses of appearance of products in the 

coupled assays to the time courses expected' for ~on-interacting prot.eins 
. , 
(41,44~49)~ Channeling can a1so be examined by the approach involving 

exchange between labelled and un'abel'ed intermediates (50,51). These 

approaches have been used to demonstrate channeling of indole in the 

mul tifuncti ona 1 tryptop,han synthase of Neurospora (43). 

Channeli ng has been demonstrated. not to occur withi n t~e monomér1-c 

, b1funct1 on'al phosph~r1 bosyl anthrri l ate isomerase.,.i ndol eglycerol phosphate 
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synthase from E. 'coli (52), or within the dimeric bifunctional chorismate -----
mutase-prephenate dehydratase from the same organi sm (53). The 

tlifunctional aspartokinase I-homoserine dehydrogena~ 1 which catalyzes 

two' non-sequential reac,tians also do es not channel intermediates, and the 

advantage of'this association is-expla1ned rather by coordinate 

regulation (1,4,54). 

The association of functionally-related enzyme activities within a 

multienzyme system offers an efficient means to coordina1e conformat1onal 

and regulatory effects (1,4). Each activity of the system has the 
'U 

potential ta be activated'or inhibited bya single effector-li,gand 

binding at a single site. Thr~onine is a common feedback inhibitor of 

aspartokinase I-homoserine dehydrogenase 1 (1,4). Four of the five 

activities of the arom complex are activated by binding of th~ firs~ 

substrate (4). The binding of a single effector-ligand can' also 

influence the conformation and/or the state. of aggregation of the protein 

, ---,colnponents of a multienzyme system [arom complex '(4); tryptoph~n synthase ' 

, (1); replitase rnultienzyme complex (55)]. The protein-protein inter­

action ~~ can also modify the intrinsic cataly~ic' efficiency of sorne 
\ 

individual cornponents of the multienzyme system (1,4). For example, the 

Jnteraction between the a-ketoglutarate dehydrogenase complex and 
, 

succinate thiokiriase decreases the Km of each activity for one of their 

substrates (22). Changes in Km and Vm values of as'sociated enzyme 

• activities of a given pathwa,y can decrease the transient time of the 

overall sequence, and can effect a compartrnentalization of interm~diates 

because they are efficiently used at lower concentrations (44). 

Other advantages are postulatèd for enzyme-enzyme associations 

a.ccording to the type of association involved. The regulation of 
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synthe~is/turnover and of ~ggregation' is simplified with mult1functiônal 

proteins because ~ smaller number of separate polypeptides 15 handled 
, 

(1,6,7). Covalent and strong non-covalent interactions could result in 

optimal orientation of the active sites for catalytic effiCiency (l,6,7l. 

Weaker o~ransient associations offer the means for a versatile and 
--l_ ~ 

dynamic con~~of metabolic processes (1,21,23,56,57). 

1.1.3 Exampl es of channel ing mechani sms 
, \'. 

Davis (42) has pioposed two models to explain channeling of inter~ 

mediates in mul tienzyme systems. The "surface model" in which an inter-

med; ate i s confi ned or adsorbed at the surface of the enzyme system by 

~ome rneans requires specifie kinetic conditions for efficien~ channeling ,~I 

of intermediates between the first and the second active sites: the 
, , 

second site must exhibit high affinit~ for the intermediate and must not 

be saturated with it (42). This model was suggested ta be applicable to 

enzyme systems in which intermedi ates are ti ghtly or coval ently bC!und to 

the protei n (42). When the capaci ty of the ac't ive sites cannat accorrmo .. 

date all molecules of interm'ediate produced, the intermediate can still 

be trapped within the multienzyme system depending upon the ~rchitecture 

of the assembled protein components. This alternate possibility was 

described as--:the-..r[~mpartment model " • The two possibilities can ap,pear 

indistinguishable and may be group'ed as "compartment" models (42). 

Later, Duggleby et al. (53) conceptualized a general model to describe 

whic~ kinetic features in a pair of coupled enzyme reactions will 

influence the partitioning of the lntermediate between its release in the 

medium or its direct transfer (channeling) to the second site. 

Experimenta 1 l'y, channel1 ng has been observed wi th several di fferent 

types of enzyme systems. The clearest mechani~ms of channeling are those 
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where covalent linkage of intermediates ;s'involved. The transfer of 

covalently-linked-intermediates have been highly investigated with fatty 

aci d synthase, and the pyruvate dehydrogenase and a-ketogl utarate 

dehydrogenase mUl~ienZy,[lle jystems. The anim~l fatty ac;d synthase is an 

homodimer and each subuni t contai ns sevén acti ve si tes and an acyl 

c;arrier site. One cycle through 6 active centers catalyzes the condensa­

tion of acetyl-CoA and malonyl-CoA; subsequent malonyl-CoA molecules are 

added sequentially for each additional cycle until the acyl chain has an 
~\ 

appropriêite length. "I:he seventh activity, a thioesterase, is responsiblé 

for the termination of the growing chain and for the release of the f;a~t~y 

acid. The acyl intermediates' formed during the synthetic process are 

covalently attached to an acyl carrier a,rm which is responsible for their 

tra.nsfer to the different catalytic sites. Thi s arm ;s a phosphopan-

tetheine group attached itself by a phophodiester linkage to a specifie 
r· 

" amino acid of each polypeptide. The dimeric structure is the active form 

for the comp1 ete process si nce the acti vi ty of the ~-ketoacyl synthase 

component requires the juxtapos i ti oni ng of thi 0 l groups from each subunit 
'u ' 

(58). Moreover, the two subunits are arranged in a "head-to-tail" 

fashion, and one fatty acid synthesizing unit is actually formed by the 

interaction of one-half of a subunit with the complementary half of thé . 
other subuni t (.59). Oetai 1 s of the proposed mechani sm of thi 5 enzyme are 

given by Wakil and his co-workers (58-60), and by Hammes' group (61,62), 

\, and some aspects have been r~viewed by Kumar (63). A similar mechanism 

is proposed for the yeast fatty acid synthase which possesses an a6~6 

structure (64). Similarly to the acyl carrier arm mentioned above, a 

biotin-"arm" would serve as a carboxyl-carrier in reactions catalyzed by 

carboxylases (65). The lipoyl moieties of the pyruvate dehydrogenase 
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multienzyme system also of fer sites for covalent attachment of 1nter~ 

med1ates and act as mobile arms for the transfer of intenned1àtes between 
, , 

sites.. Sorne interesting features are exhibited by this system. The 

three activities of the system are on separate polypeptides and the 
,~ 

re~ulting aggregated stru~ture may provide a less rigid ar~angement, o~/_ 

the active sites thàn the covalent linkag~ between the catalytic cent~rs 

of the fatt;y :acid synthase (7). How,ever, the organizëltion of the lipoyl 

groups in this system has presumably been developed to ensure efficient 
1 

coupling between active sites (7). The sites of att~chment of the lipoyl 

moieties are on mobile protruding regions of the acetyltransferase sub~ 

un1ts (66,67) which form the core of the complexe This mobility of the 

l1poyl groups and the capability of ~ given lipoyl group ta interact with 

adjacent lipoyl moieties'(68-70) suggested that the lipoyl moieti~~ form 

a network whi ch serves as a II rel ay system" for the transfer of inter­

mediates from one type of active site to another (68,70). Such a network 

of lipoyl groups 1s also proposed for the mechanism of a-ketoglutarate 
., 

dehydrogenase (68,70,71)., However, the mobility of protein segments 

which attach the lipoyl groups appear more restricted (71). 

For manj years the channeling of indole in the tryptophan synthase , 

catalyied reactions has been known 'to occur, as indole has not been 

detected as a free intermediate (72). Indole is a tightly enzyme bound 
, 

intermediate but fs exch~ngeable with exogenous compound (50). Trypto~ 

, phan synthase from I:.. coli is an a2~2 bienzyrtte camplex catalyzing the 

format}on of indole from indoleglycerolphosphate (by subunit a), and the 

subsequent condensation of serine and indole (by subunit ~2) ta 

tryptophane The assembly of the a2~2 structure is complex as reveale by 

X .. ray scatteri ~g (73) and by f1 uorescence and hydrodynami c 
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The results of-fluorescence studies suggested (74) that the active site 

producing indole and the active site utilizing it form two separate 

active sites. Cross-linking studies also s~p60rt this view of two 
.. 

separate indole binding sites (75). It has been suggested (74) that the 

subunits form an internal cavity through ~hich indole migrates from one 

active _site ta the other. Thë "0: and ~ domains are located on a single 

polypeRtide chain in Neurospora (43). It is proposed that indole is also 

channeled between two distinct indole binding sites in this system 

(43,50,72) • 

The formation of a dimer by the mammalian bifunctional UMP synthase 

appeared ta be required for activation of the decarboxylase reactipn and 

\ for the channel ing of OMP intermediate between the two active sites (76). 

Ta account for-this observatiqn and for the results of sedimentation 

studies, Traut has suggested a role for the quaternary structure of the 

protein (76). According to the model he proposed, the'~imeric protein 

sequesters the OMP-intermediate within a cleft formed by the juxta­

position of the first active site of one subunit and the second active '" 
\ 

site <>f the other subunit (76). \ 
\ 

\ 

Association of physically separate enzymes can exist potenttally 
\ 

~ \ 
under certain conditions, and result in metabolic advantages. The\ 

\ 

structural change in phosphogl~cerate kinase caused by the bin~ing of the 
\ 

intermediate 1,3-diphosphoglycerate is suggested ta be involved in the 

binding of kinase to glyceraldehyde-3-P dehydrogenase (77). The forma­

tion of a IIheterologous dimer" permits the transfer of the intermediate 

between the two activities via an enzyme-substrate-enzyme complex (77). 

The mechan1sm of this transfer 1s still hypothetical. The binding of 

3-phosphoglycerate, the substrate of the ~inase activity, increases the 

, 
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transfer of the intermediate ta the dehydrogenase site by possible 

conformational change of the protein(s) (77). 

The channeling models presented above invblve the transfer of inter­

mediate between separate active site~. Examples of two reactions at â 

single site are known. The prephenate intermediate is partially 

channeled in the bifunctional protein chorismate mutase-prephenate 

dehydrogenase from Aerobacter aerogenes (78). The results of kinetic and 

inactivation studies were consistent with the occurrence of both 

reactions at a single active site (78). The existence of a common active 

site thus allows the second reaction to process the intermediate as it is 

produced by the f1rst reaction. A common active site model was proposed -fo~he mutase-dehydrogenase enzyme on the basis of the experimental data 

and theoretical considerations for the structures of the transition 

states (79). In the transition states, the substrates interact with the 

enzyme through two ionic bonds involving their carboxyl groups, and with 
,If' 

the nucleotide coenzyme through a hydrophobic bond. In the ground state, 

the hydrophobie bond and only one ionic bond are maintained. In this 

model, the transitional structures could thus be stabili~ed by means of 

àn additional bond (79). Sorne degree of overlapping between active sites 

was also observed with the bifunctional enzyme from l.:.. coli .(80). A 

similar overlap has been postulated for two ,folate-dependent activities 

of a mammalian trifunctional protein (s,ection 1.2.2). 

In summary, enzyme systems can thus provi de arfferent mole~ul ar 

strategies for the compartmentation of intermediates. In sorne i~stances, 

the channel ing of an intermedi ate has been suggested to have a speci al 

physiological or metabolic significance (section 5.2). 
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1.2 FOLATE METABOlISM 

1.2.1 Ove-rview of folate-mediated reactions 
. 

Folate and its derivatfves are essential coenzymes ln severa1 
'. > 

metabolic areas: for example, biosynthesis of purine nucleotides, 

methionine, and thymidylate; degradation of serine, glycine, histidine, 

and purines. It is not within the sc ope of this presentation to 

undertake a detailed aml1ysis of the folate-dependent pathways, but a 

very general overvi ew wi 11 be given. Fol ate metaboli sm is compTex anct-
1 

the reader is referred to (81) for an excellent and up-to-date review of 

d1fferent aspects of this metabolism. 

Many of the fol ate:'dependent react i ons are cOlll1lon to nloS t ce 11 s, but 

some of the se reactions are species and/or tissue specifie. Figure 1 

presents a composite picture of fo1ate-mediated reactions that occur in 

procaryotes ana eucaryotes. No single species carries a11 these 

reactions. For examp1e, on1y higher species uti1ize folate derivatives 
\ 

in the degradation of histidine; çertain bacteria but not mammals can 

generate one-carbon units from the degradation of purines. The central 

theme of the diagram is th~ interconversion of a pool of one-carbon 

tetrahydrofolate derivatives between different oxidation states of the 

one-carbon su~stituent. These interconversions occur in a11 ce11s. The 

degra.dati v~pathways wh; ch provi de the one-carbon uni ts are drawn as 

feeding downward iRto this pool. In general, serine and glycine are ~he 

most important sources of one-carbon units (82). The biosynthetic .routes 

uti1izing one-carbon ùnits are indicated from be10w the central pool. 
o 

The active carrier of the one-carbon units is tetrahydrofo1ate, the 

structure of which is shown on Figure 2. Hydrogenation of fo1ate at 
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FIGURE 1 

PathwayS of folate-med,iated one-carbon transfer reactfons. TtJ.is 

figure has been kfndly provided by R. E. MacKenzie and taken from his 

recent revi ew of the generation and i ntereonversi on of substi tuted tetra-
- '" . .' 

hydrofolates (82). The let'ters' refer to the following \nzyme aetivities: 

(A) 5,IO-methylenetetrahydrofolate dehydrogenase; (B) 5,IO-methenyltetra­

hydrofolate cyclohydrol ase; (C~~ lO-formyl tetrahydrofol ate synthetase; (0) 
, -

fonnimlpogl utamate: tetrahydrofol ate 5-formiminotransferase; (E) 
" 

5-formiminotetrahydrofol ate eyel odeami nase; (F) IO-formyl tetrahydrofol ate . , 

dèhydrogenase (NADP+ -dependent); (G) lO-formyl tetrahydrofol ate hydrol ase; 

(H) 5,IO-methyl enetetrahydrofol ate reductase; (Il seri ne hydroxymethyl­

transferase; (J + K) GAR transformyl ase and AICAR transformyl ase, two 

enzyme aetivities of the purine biosynthetic pathway which require 

IO-formylHltfolate as cofactor. "H ltPteGlun" represents the polygluta­

mate fonns of tetrahydrofolate coenzyme' (HttPteGlu). .' . 
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~ 
\ 

FIGURE 2 i 

Structure of tetrahydrofolate. The natural one-carbon substituents 

are: 5-JIIethyl(-CH 3 ); 5,10-methylene~-CH2-); 5,lO-methenyl(=CH-); 

5-formyl(-CHO); lO-formyl(-CHO); and 5-formimfno(-CH"'NH). The polygluta-

mate forms are also represented.' 

r 

( 

l 
~ 

\ • 1 



~~~ "' ......... _~ .. -- --

>1 

! . 
t 
t 

J 
1 , 
1 
i 
1 

r ' , 

1 
0"1 ....... 

1 

------,,-----_.'.- -~_ .. ~-- ---_._- , -

Hi: .~ 
H N~J­,2 .. ''"N 

\~ 
~ !j H / H 
s~-:P~~~o 

BfrH ~ 
~. H 

------------

o H COO- -
~-N-CH ~ 

1 
CH2" 
1 
CH2 COO-
l H 1 
r. -N-CH 
il 1 
o CHl 

1 

1HZ H Yoo-
t.- N-CH 
il . l, 

. 0- . CHZ 
n-2 1 

C~ 
1 
eOQe:-

, . l ' 
r-lINKED ÇlUTAMYl J 

.r6S)~5,6,7 ,S-H4PTERO:LGLUTAMATE /"\ 
RESIDUES 

'tt/J 

( . 
• 

.'> 

r 

'- -. "..--
r 

• 

,'" 

( 1 

L~ 

" 



. \ 

( 

\ \ 

-20- ) 

positions 5,6,7 and 8 generates an aSyllll1etric center at carbon'~6. The 
l 

t-isomer is the utilized coenzyme which corresponds to the S-configur-

ation for unsubstituted tetrahydrofolate. The one-carbon substituents' 

are on nitrogen atoms 5 or 10, or form a bridge between the two 

nitrogens. The,polyglutamate derivatives of tetrahydrofolates are the 

naturally-ocçurring forms of the coenzymes in cells, and will be 

discussed further (.section 1.2.3). 

Which 'mechanisms govern t~e production 'and utilization of\e-carbon 

units is not well understood, especial1y in mammals. Silb~r and Mansouri 
l'--~' . 

( (8j) have presented a 9e..!JY'1Yl scheme for induction/repression and feed-
~ 

back inhibition of folate enzymes in bacteria. A mode1 has been proposed 

by Krebs and his co-workers for the mammalian system (84,85). According 

to thts ~ode1, methio~ine would be the modu1ating factor because it cou1d 

acti vate di rect1y or i ndi rect1y the lO-farmy1 H4 fol ate dehy~rogenase 

activity, and its S-adenasyl derivative is a potent inhibitor of 

mamma1ian methy'leneH 4 fo1ate reductase. The possible activation of the 

lO-fonriyltetrahydrofalate dehydrogenase by methionine arase from the 

observation tnat addition of methion1ne in isolated hepatocytes increased 

the rate of production of cO 2 from formate and histidine (85). However, 

the activity of the purified enzyme is not affected by methionine and 

S-adenasyl- methionine (82,85), thus exc1uding the passibility that the se 

metabolites could have a direct effect on the enzyme activity. This 

enzyme presumably regenerates H4folate when production of the one-carbon 

H4 folate derivatives exceeds biosynthebc needs' (82,85). In this 

context, inhibition of the lO-formy1dehydragenase by' its H4 folate product 

(86) cauld play a role in the regulation of the enzyme activity in vivo 
.-

(82). It a1so appears that most of the folate dependent enzyme activ-
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ities are susceptible to ~~ibi~;on by most folate compounds (87). Two 
1 

other important aspects of folate metabolism hav~ retained the 'attention 

of the invest'igators in that field: the isolation of several foTate­

dependent enzymes in multifunctional proteins and the emergence of the 

pOlyglutamate forms~of folates' as the physiologically functional units in 

one-carbon metabolism. Both the association of enzyme activities and the 

natural occurrence of folylpolY9lutamat~s are postulated to be of 

significance in the regulation of folate metabolism, and are the subjects , 
of the next sections. 

1.2.2 Enzyme organization in folate metabolism 
~ '1 

Several of the folate-mediated reactions in cel1s are'carried out 

by multifunctional proteins. T~e methyleneH 4folate dehydrogenase­

methenylH 4 fol ate cye1 ohydro1 ase-formy1H 4 fol ate synthetase ac~1 v1tfes' 

(reactions A,B and Ct Fig. 1) have been' shown to form a trifunctional 

enzyme in yeast (88), as we11 as in the liver of'-'pig (89,90), sheep (91), 

rabbit (92), and ehicken (93). The labi1ity of the three activities from 

beef liver could expla1n the observation of their sèparation in extracts 

of that tissue (87). Biochemical and genetic'characterization of 

,Saccharomyces cerevisiae mutated at the ade-3 locus support a phxs1cal 

association between the three aetivities (82.94,95). 

Proteolysis studies (88,96,97) and analyses of terminal amino acid 
:! . . 
residues (97) suggested that the dehydrogenase-cyc10hydro1ase and the 

synthetase activities are ~omprised in two 4tScrete domains, which are 

respective1y located at the amino-terminal region and 'near the carboxyl­

terminal portion of the polypeptide chain. A dehyd~ogenas~cyclohydrÔ­

lase ~ragment has been isolated from a tryptic digest of the pig liver 

enzyme (96), while chymotryptic cleavage· of the' same enzyme in the 
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presence, of ATP ~ielded a synthetase fragment (97), Similarly,' a 00"0-

fJnctional synthetase fragmen~ can be obtained by tryptic cleavage of the 

yeast trifunctional protein in vitro, or when the enzyme is purified 

wi thout, use of protease i nhi bi tors (88). The d~hydroge,nase-cyclohydro-' 

lase activities could possibly occur at a single active site based on the , 

~ relatively small polypeptide, size (Mr = 33,000) of the dehydrogenase­

cyclohydrolase fragment (96), the paralle1 10ss of ,bath activities by 
i 

proteolysis (88,97), and their coordinate inactivation by chemic~l 

mOdification (98,99). The binding of NADP+, a substrate of the dehydro­

gena~e, affects the cyclohydrolase ~~tivity, indicating that the 
y , 

activities cannot act indep~ndently (99). Kinetic studies with AADP , 

sugges~ed that this analog of NADP+ inhibits both activities by binding 

to the nucleotide Slte of the dehydrogenase (99). The' degree of overlap 

of the dehydrogenase and cyclohydrolase sites is not yet definitively 

established but they cou1d possibly share a common folate binding sub­

site. Folate offered ideRtical protection to both activities against 

èhemical inactivation, and 'this protection was potentiated by the 

presence of NADP+ in each case ('99). At all concentrations of NADP+. 

both activities had a similar Kd for the folate ligand (99). The 

rabbit liver activities have shown similar values of Ki with various 

H4folate derivatives used as inhibitors (92). 

The dehydrogenase and cyclo~drolase activities appear to fo~m part • 

of a single protein in some bacteria, but no association of the synthe-. . 
tase e1ther with the dehydrogenase-cyclohydrolase or with other folate­

dependent activities has been reported in the se microorganisms (82). 
, ' ' 

In mammals, a functionaJ advantage has been demonstrated as the 

result of the phy,s'ica,l ,a,ssociation between the dehydrogenase and cyclo-
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hydrolase activities. Rather than equil;lbrating in the solùtion, the 

c methe~yl-HJ/olate intermediate is readily converted to formylHltfolate by 

the cyclohydrolase (48,92,100). The channeling of the intermediate 

through the second site is highly preferential in pig 1 iver but not 

complete [60% (48)]. The use of the polyglutamate forms of the H~folate 

substrate did not increase the e~ficiency of channeling as would be 

expected from the observed hi gher afff n i ty of the dehydrogenase and 

cyclohydrolase for these derivatives (49). ,The enzyme fram chicken liver 

(lOO) shows more "efficient channeling using the triglutamate substrate" 
> 

(85%) than using the monoglutamate derivative (46%). 
o 

The two last steps in histidine catabolism in mammals are catalyzed 

by folate-dependent activities which ,have been shawn ta copurify frOOl pig 

liver (101-104). The formiminotransferase-cyclodeaminase activities 

(reactions D and E, Fig. 1") are the' properties of a' single type of poly-

peptide (M r = 62,000) (103). Chemical modification with diethylpyro­

carbonate (49) and DTNB (49), as wel1 as ammonia treatment (102) 

selectively inactivate a single activity, suggesting that the t~ansferase . ~ 

"and deaminase are separate sites. The isolation of a chymotryptic 

fragment with only the transferase activity a1so supports the'hypothesis 

of two distinct cata1ytic sites (l05). The two activi.ties are found 

together only in higher eucaryotes (102). However, cyclodeaminase has 
, 

been purified to apparent hamogeneity fram purine-fermenting Clostridia 

(l06). The purif.ied prcetein (Mr = 38,000) a1so possessed methenyl-H It-

fo1ate cyclohydro1ase activity, and separation of these activities could 
, " 

not' be achieved (l06). No significance was given for this association. 

With the sequential transferase-deamihase activit~ies frOOl pig liVer, 
" 

it has been demonstrated that the product of the transferase does not 
·f, 
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accumulate in the medium but is preferentially transferred to the 

deaminase site on the same enzyme molecule when tetrahydropteroylpenta~ 

glutamate but not when the monoglutamate'is used as the substrate (49). 

In contra st to the dehydrogenase~cyclQhydrolase sequence from the same 

tissue, the efficiency of channeling of the intermediate between the 
" 

transferas~ and deaminase sites appears to be a function of the' length of 

the polyglutamate chain. The process of channeling was essentially ... 
"'-

complete with the pentaglutamate and only partial with the heptagluta-

mate; it did not occur at all with the mono- and the triglutamate 
. 

derivatives (49). The polyglutamate tail has been postulated to anchor/ 

the H4folate molecule through association ~ith a binding subsite during 

the movement of the pteroyl moiety between catalytic sites (49). 

Following ar~ more examples of multifunctionai enzymes in folate 

metabolism but 'a clear aQvantage fo~ their multifunctional character has 

'not yet been demonstrated. The NADP+-depende'nt dehydrogenase activity 

which regenerates H4 folate from 10-,formylH 4 folate (reaction F, Fig. 1) ~, 

has been isolated from mammalian liver (86,107,108). The preparàtions 
, . 

showed the presence of an NADP+-independent hydrolase (G) in variable 

ratios. Recently, Rios and MacKenzie have demonstr~ted that. the NADP+~ 

dependent (F) and the NADP+~independent (G) deformylation are catalyzed 

by a bifunctional enzymê- (unpublished, data). Up to now, tpese activities 

have been reported only in high~r species and their presence 1n micro-

organisms is uncertain (82). 

The folylpolyglutamate synthetase, an enzyme which catalyzes the 

addition of glutamyl residues to the H4folates" has been shown to utilize 

H2folate in Corynebacterium (109). This observation suggested to the 

authors that synthetase shares the H2folate binding site with dihydro~ 
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" .r 
folate reductase, and- the two activities can likely be found on a 

bifunctional protein in this organism (109). In Crithidia fasciculata 

(110) and in a large number of protozoans (111), dihydrofolate reductase 

was shown to copurify with thymidylate synthase, and both activities are 

apparently the properti~s of a single type of polypeptide. Overlap 

between genes encoding for both activities is reported in bacteriophage 

T4 (112,113). Association of these'activit~es has not been observed in 

mammals {113,114~. 

, The partial copurificatfon of some folate~dependent activities 
, " " " " . " 

suggests that folate metabolism is also organfzed into multienzyme 

complexes. GAR Transformylase (r~action J, Fig.-I), one of the two 

enzymes which utilize the 10-formylH 4folate cofactor in Rurfne biosyn~ 

thesis, copurified with the trifunctional dehydrogenase~cyclohydrolasè~ 

'synthetase from chicken liver (93). Two additional folate~req~iring 

activities, AICAR transformylase (reaction K) and serine hydroxymethyl~ 

transferase (reactio~I) can also be copurified with the activities 

mentioned above throughout a purification procedure involving a 

synthetase-specific MgATP elution fram hydroxylapatite, ~nd either a GAR 

affinity column (115) or an,AICAR affinity column (116). The enz~es can 

be further separated without apparent effect on their respective 

activities (115-119). The possible physical association between the GAR 

transformylase activity and the trifunctional protein is more stronglY 

demonstrated by cross-linking studies which detected interactions between 

the two enzyme species (116). 
1 

The results of pulse-chase techniques first suggested that formate 

c.ould be channeled frOO1' the trifuncti anal "enzyme to the transfonnyl ase 

site by ~ay of the multienzyme complex 2! vitro (116). This interpre~ 
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, 

tation was based on the observation that formation of formy1GAR was 

four-fold more.efficient when assayed with formate and H4PteGlu 3.than 

with methenylH4PteGlu3~ ~h~ postulated cofactor of GAR transformylase 

(116)~ The results must be reinterpreted by the discovery that . 

lO-formylH 4 folate and not methenylH 4folate is the actual cofactor 

However, the association of either one or both transformylase . 
activities with the trifunctional enzyme may have advantages with respect 

to overall flux and regulation of the-de ~ purine biosynthetic pathway 

,(118)., Whether the trifunctional protein and the folate~dependent 

associated enz~mes constitute part of a muçh larger multienzyme comp1ex 
- . 

involved in this pathway has not been demonstrated (121-123). 

Sorne folate-dependent enzyme activities were a1so found to associate 

either covalently or non-covalently with activities that do not utilite 

these cofactors. For example, avian liver AICAR transformylase and IMP 

cyc10hydrolase most 1ike1y reside on the same polypeptide, due to their 

copurification during the isolation procedure (117), in agreement wirth 
" . 

the findings of Bu~hanan and his co-workers (124). The reactions 

cata1yzing the cleavage of glycine to generate methyleneH 4folate are the 
\.. 

properties of the glycine multie~e complex (125). During T4 phage 

reproduction (114,126,127) or during the active DNA-synthesizing phase of 

mamma1ian cells (27,126,128) enzymes, involved in DNA synthesis, i~cluding 

thymidylate synthase, are structurally organized as a multienzyrne complex . 
for which the name "replitase" has been proposed (27). 'This association 

occur~ wit~ the apparent purpose of channeling the incorporation of 

ribonucleoside di phosphates ioto DNA (27,126-128). 

As héÎs been reported for the ,arom pathway [(1) p. 120-122; (6) 

p.16l], 'the enzymes of the, folate-dependent pathways show different .. 
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. organ1zatfons of their actfvfties from one organism to another. These 
" associations of enzyme activities could result in advantages to biosyn-

thesis, regulation, or catalytic efficiency: Of these potential 

advantages, channeling of the intermediate has been demonstrated.with two 

multifunctional proteins of mammalian folate metabolis~. For one of 

thèm, ft has been shown that the polyglutamate tail of fo1ylpolyg1uta-
. 

mates can assist the transfer of the pteroy1 portion of the coenJyme 

between active sites. Whether channeling or compartmentalization of 

intermediates cou1d also be promoted by other types of enzyme organ­

fzation and whether fo1y1po1yg1utamates can help in this process, remains 

to be demonstrated. In addition to'their postulated role in channeling, 

the fo1y1po1yglutamates hav~been assigned other important functions ~ 

which will be discussed in-Je nex~section. 
1.2.3' Fo1ylpo1yglutamates 

N~merous investigations (129-135) have estab1ished that intra­

cellular fo1ates contain additional glutamates attached to the fo1atEb 

molecu1e by a peptide linkage between the a-amino and y-carb0xYl groups 

as shown in Fig. 2. In general, there is a distribution of lengths with 

.. one species predominating, the length of which varies with the organism 

'and with the metabolic state of a given organisme For example, many 

. bacteria contain predominant1y PteGlu 3 or PteGlu q but significant amounts 

of longer derivatives are found (136). Mammalian cel1s often contain 

penta- or hexag1utamate as the ,predominant folate (136-140). Yeast and 

~eurospora have longer chains [PteGlu 6 and PteGlu 7 predominate (137)]. 

On1y C10stridia has been found not to fo11ow a pattern of different 

lengths: ft contains only triglutamates (141). Shifts to shorter or 

longer glutamate chains have been observed by modification of the 
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metabo11c conditions (109,136,142-144). No simple mechanism can expla1n 

the different distributions. Studies of the synthes;s and utilization of 

folylpolyglutamates would ultimately help to understand their function in 

the cell. 

Improvements in the methods of assaying fOlylpolyglutamates accor~ 

ding to their oxidation level, the nature of'their one-carbon substi~ 

tuent, as well as to the length of their polyglutamate chain '(138,140,-

145~149) led to important developments in characterizing the synthesis of 

folylpolyglutamates by cells (109,143,150-155). It was known that 

folates are transported-and enter Most cells as monoglutamates (135). 

Inside the cells, glutamyl residues are added one at a time to the 

folates by the enzyme folyl polyglutamate synthetase (109). The 

characterization of this enzyme activity purified or partially purified 

fram bacterial and mammalian sources has been recently reported by Shane 

, and his Co-workers in a general review of the biosynthesis of folylpoly­

glutamat.es (l09). According to the results of their studies,-they 

suggested that in vivo di stri bution of folyl polygl utamates in both types, 

of cell apparently reflects the ability of fo1ylpolyglutamates ta act as 

substrates for the; r respect; ve folyl polyglutamate syn,thetase (109). 

Although the bacterial and malil11alian enzymes differ in 'their folate 

substrate specificity, bath shawed decreasing activity as the num~er Df 

glutamates increased in the folylpolyglutamate substrates. As a result, 

a predominant chain length in one species is buil~ up because it is a 
j 

poorer substrate for the synthetase (109). These finding~ were also made 

by McGuire et~. (153) using partially purified rat liver enzyme. These 

authors observed al so that H Itpteroyl penta,gl utamate which exhibf ted very 

lo~ activ1ty with the enzyme, was a good inhibitor of the polyglutamy-
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lation of shorter H4PteGlun (153). They sugge~ted that folylpolyglut~ 

~mates could regulate their own synth~sis by end product fnhibition of , , 

, . 

the synthetase (153). The low effectfve'ness of the pentaglutamate as a 

'substrate with this activity did not reflect its high binding affinity as 

an inhibitor;' it is possible that Vm of the rea'ction is reduced with 

this compound '(109) •. Hore kinetic studies are needed to clarify the role 

of folylpoly~lutamates in the,regulation of't~e synthetase activity. An 

interesting hypothesis.was made by McGuire and Bertino (156) whilé they 

were reviewfng the transport of folates across cells. They suggested 

that the predominence of a given length(s) in a type of organism is a 

result of the compromise made by thè cells during evolution between the 

shortest lengths that would not cross the membrane and the energetic cast 

of synthesizing long polyglutamates. 

Because of their highly charged polyglutamate tail, folylpolygluta-

mates cannot pass through a lipid barrier and were thus thoùght ta be 

merely the storage forms of folate coenzymes (135). Tbis "inert" role 

had not been questioned for a while because only the monoglutamates 

supported bacterial growth, and th~ repuced folate monoglutamates were 
d 

active coenzymes in all known folate-dependent pathways (135,137). In 

addition, sufficient quantities of pure polyglutamates were not avail­

able. It is now well established that folylpolyglutamates are,the 

functional units of the one-carbon metabol ism; and these findings. are 

indebted to the development of methods for the synthesis of pure pteroy)­

polyglutamates (158-161)~ especially,the solid-phasp procedure as adapted 

fram Merrifield by Krumdieck and Baugh (158). Indeed, the polyglutamates 

of fol ates are the actual cofactors..!!!. vivo for folate-dependent enzymes, 

__ i[l general having lower values of KJD than their monoglutamate counter-

, , 
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parts by one to three orders of magni tude. '1 n a few cases, the specifi ... 

city. of .a purified enzyme activity for its folylpolyglutamate coenzymes 

has been tested from various sources: for ,example, the 1O:fo.rmylH 4folate 

synthetase activity has been assayed from bacteria (156,162), yeast (161) 

'and mammalian tissue (49,156); the activity of metflyleneH 4folate dehydro" 

genase was measured from yeast (161) and pig liver (49,163); the specifi .. 

ci t i es of thymi dyl ate synthase from human ce 11 s (164)' and from bacteri a 

(156t165~167) were a1so determined. In general, polyglutamate specificty 

stu.dies have been carried out in a disperse manner, such that a comp1e~'e 

picture of the specificities of different enzymes in a given source, or 
. , 

the specificities of a given enzyme fram different sources, is not avail ... 

able. Recent investigations reported t~e ~pecificjties of formimtno. 

transferase (49) dihydrofolate reductase (168), HqPteGlu methyl.tra'ns­

ferase (169), methyleneH 4 fol ate reductase (170), and seri ne hydroxy ... 

methyltransferase (171) with enzyme preparations from mammalian tissue. 

The specificites of the avian l;ver AICAR transformylase (172) and GAR 

trans,forrnylase (173) activities, and of the yeast methenY,lHqfolate cyc10" 

hydrolase (161) activity were also added to this list. Most of the 

examples mentioned have been summarized recently (135,136,lS6,157), and 

other partial studies are a1so reported in these reviews. The values of 

Km for the polyglutamate coenzymes are generally in the sub-~ range, 

and thu'$ on1y the polyg1utamates will function at the low foJate concen­

trations encountered in the cell~ [the total concentration of fo1ate is 

approximately 20 ~ in chicken liver (172) and 1ess tnan 20 ~g/g in rat 

liver (174) J. The values of Vm vary to a lesser extent than the values 

of Km~ or rema;n unchanged, so that the'polyglutamates exhibit greater 
, 

catalytic efficiency (Vm/Km) than the monoglutamates. The folylpoly-
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glutamates are a1so more potent inhibftors of enzyme activftfes than 

their monoglutamate counterparts (49~156,r57,152~165,169~171;173,175). 

There is often a trend 'in the affinity of the enzymes for thefr 
. 

folate substrates or inhibitors having different numbers of glutamyl 
~d 

resjdues, and there is a preferred len-gth' of the polyglutamate chain for 

optimal binding or catalytic efficiency. Thèse observations have led 

Krumdieck (172) to propose that folylpolyglutamates can regulate the flux 
\ 

in the one carbon folate~dependent metabolism through affinities nf the 

enzymes for the number of glutamates in the folat~s. Different 

specificities for the length of the chain have been reported by many 
1 

investigators as summarized in the reviews mentioned. But, only recently 

could we compare the specificities of different folate~dependent enzymes 

from a single source (161,163,170,171,175). 
, 

In yeast, the methyleneH 4folate dehydrogenase and the methenylH lt 

folate cyclohydrolase activities of the trifunctional protein do not show 

a preference for a given chain len~h while the 10~formylH4folate 
Q 

~ synthetase activity exhibits a 10~fold increment in affinity by 

increasing the number of glutamates in 10-formylH ltfolate up to four 

(161). However. the studies have not been carried out with the 

predominant lengths of folYlpolyglutamates in this organism~which were 
\ , 

found to contain 6-8 glutamyl residues (176). More extensive studies 

were done with the pig liver activities using PteGlun derivatives 

having n = 1 to 7. MethyleneH 4folate reductase pref~rred n = 6 (170); 
/ 

the optimum length was n = 5 and n = 4, respectively for methyleneH tt-

folate dehydrogenase (163) and thymidylate synthase (175). The af.finity 

of serine hydroxymethyltransferase for CH 3H4PteGlu increased with the 

fncreasing number of glutamates in the coenzyme (171), and 
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although the heptaglutamate showed the highest affinity. longer 

derivatives cou-ld possibly be preferred. The observ.ation of different 

affinities within a sin~l,e source supports the postulated regulatory role 

of folyl polygl utamates. Moreover, the resul ts o'f studies in pig l iver 

show th~t the intracellular predominant glutamate chain length [n = 6 
, " 

(138) ] does not necessarily correlate with the optimal length determined 

wi th i so l ated enzymes, as was sugges ted by McGui re and Bert i no (156). 

Another l ine of evidence also indicates that folylpolyglutamates are 

physiologically important coenzymes. Certain mutant Unes of mamma'lian 

cells lack the enzyme folylpolyglutamate synthetase (132,177). When they 

are supplied with folate, they do .not build up the normal intracellular 

concentration of folates (132,177). They are consequently auxotrophic 

for the end products of folate metabolism (glycine, purines, thymidine, 

and methionine) (132,177). 

Additional functiônal. advantages of the polygl utamate derivatives 

have been demonstrated. For example, HlteGlu s and not H4PteGlu 1 

provided for channeling between the active sites of the bifunctional 

transferase .. deami nase - enzyme (49) whi ch 'suggested to the authors that the '--
polyglutamate chain could anchor the intermediate on the enzyme while the 

pteroyl moi et y moves between catalyti c sites. Since several fol ate­

dependent activities tend to copurify (section 1.2.2), the polyglutamate 

chain may facilitate such channeling in other site-site interactions. 

Additional experiments are required to establish more f1rmly the possible 

role of fOlylpolyglutamates in "promoting" channeling in multifunctional 

prote1ns and mu1tienzyme complexes. Other specialized functions have 

been established or postulated for pteroylpolyglutamates, and they have 

been well summarized elsewhere (156). 
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1.3 THE BIFUNCTIONAl TRANSFERASE-DEAMINASE 

1.3.1 Folate-dependent histidine catabolism: an overview 

The reaetions involved in histidine eatabolism and the properties of 

folate-dependent enzyme activi ties in this pathway have been reeently 

revi ewed by Sha ne and Stok stad (178). Sorne genera l poi nts wi 11 be 

presented here but our attenti on wi 11 foeus on the properti es of twe' 
. 

. folate-dependent activities of the pathway: the formiminotransferase and 

cyclodeaminase activities. 

Degradation of histidine results in the formation of formiminogluta-

mate in both mammals and microorganisms., Formiminoglutamate is further 

metabolized to release' glutamate. On1y in higher species is the utiliz-
'-

ati on of formimi nogl utamate eata1yzed by fol ate-medi ated reactions (17~) • 

In mammals, three enzyme activities were found responsible for the con-

version of formiminoglutama,te to glutamate and 10-fonnylH 4folate (02): 

formiminoglutamate:H 4 folate formiminotransferase (reaction D, Fig. 1); 

5-formiminoH qfolate cyclodeaminase (E); and S',10-methenylH 4 folate cyclo­

hydrqlase {B). The formiminotransferase and cyclodeaminase activities 

are ubiquitous in mammalian liver and kidney bLt.t are absent in other 

tissues (102,178]. Both enzymes"are present in filariae (179). The 

transferase appa rent1y cannot be. found in; nsects and bacteri a (17S). 

The regul at i on of transferase and deami nase is sti 11 not clear. 

Although these activities are involved in the genesis of one'~carbon 
. 

units. they can also be considered gluconeogenic activities because frey 

praduce g'lutamate (I78). Moreover, Scrutton and Beis reported inhibition 

/- - of gluconeogenesis by formiminoglutamate {lO?). Stifel ~.!l. (lSO) 

l' 

, -j' 
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observed that in rat th~ formiminotransferase activity apparently 

responds ta hormones in a manner consistent with a gluconeogenfc 

function. Similar results cannot be reproduced by other lnvestigators 

(C. Hansen, M.Sc. Thesis, McGill). The folate-dependent histidine 

catabolism was found to be sensitive to methionine, thyroxine, and 

vitamin 8 12 deficiency .(178), but there is no evidence that these 

substances are directly involved in this pathway., It is postulated that . , 

the effect of these compounds is exerted rather orlt the availability of 

folate coenzymes in cells (85,107,178). The feeding of thyroxine or a 

deficiency in vitamin 8 12 causes folate impairment: folates are trapped . 
J 

as nonfunctional 5-methylH 4 folate derivatives which are poor substrates 

of pteroylpolyglutamate synthetase (178). Decreased synthesis of folyl­

PQiyglutamates ~nd formation of nonfunctional folate derivatives result 

in lower levels of folates utilized in one-carbon metabolism includfng 
'" 

histidine oxidi;itfon to CO 2 (178). In this context. the level of 

formfminoglutamate increases. Administration of methionine restores the 

utilization of folates by means of its conversion ta S-adenosylmethion1ne 
\. 

which is a powerful inhibitor of methylenetetrahydrofolate reductase 

(reaction H, Fig. 1). the enzyme that produces 5-methylH 4 folates 

(85,144.178,181-183). The existence of fol<Jte-dependent transferase and 

deamin~se activities on a bifunctional protein offers potential 

advantages in terms of regulation and metabolic efficiency. ' y 

The transferase and cyclodeaminase were shawn to copurify from 

acetone po.wders of pig 1 iver by Tabor' and Wyngarden (102) arid-:"by Slavik. 

et al. (101). The latter group demonstratëdr~opurification through 

folate affinity chromatography and isoelectric focusing (101). MacKenzie 

and his co-workers obtained an hOlTl()genous crystal1ine protein us1'ng 

-, 
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, 
polyethylene glycol and ammonium sulfate fractionations, and pH precfpf. 

tation~. Their purification method (103) was'similar to that 

described by~bOr and Wyngarden (102) but delipidation of liver extract 

by acetone wa5 circumvented since this.procedure could cause a 

significant 10s5 in enzyme activity, or cou1d yield a modified protein 

(103). The pr.eparations were homogenous as demonstrated by sedimentatfon 
1 

analysîs (102,103) and by sodium dodecy1 sulfate gel electrophoresis 

(103). The two enzymes were also found to be assoè~ated, presumably as a 

bifuncti~al protein, in filarial extracts (179). 

Both transferase and deaminase activities can be assayed ~y spectro. 

photometrie mèasurement of 5,lO-metheny1H 4folate, the final product of 

the sequential reactions (103). Tfie effect of pH, salts, composition of 

buffers, and various inhibitors on one ,or the other activity have been 

summarized in the review already mentioned (178). One striking 

observation with respect to the effect of salts is the significant 

i ncrea~e of the deami nase acti vit y in the presence of the K+ cation whfch, 

acts by decreasing the Km va,lue for 5-fo~miminoH4fola~e (102). 
'. 

The properties of the pig liver transferase-deaminase .have been 

further investigated by MacKenzie and his co-worker~ 
'. 

(49,103-105,184-187). The next section reports the results of their 

studies related to the elucidation of the quaternary structure, the 

relationship between the two active sites, and the kinetic advantage 

offered so far by the bifunctional character of the protein. 

1.3.2 Fonniminotransfera,se-cyclodeaminase from pig Hver 

The formiminotransferase-cyclodeaminase is homogenous by 

sedimentation eqùilibrium and has a native molecular weight of 5.8 X 105 

(103). A single band ~as obtained after sedimentàtion'analysis in the 

-
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, -, 
presence of SM guanidine·HCl (Mr = 65,800l, after dodecyl sulfate ~el 

electrophoresis (Mr = 62,000) and after electrophoresis in SM uréa 

(103}. These results suggest that the protein(is an octamer of similar 

or identical subunits. Other lines of eVidenC~lSo support the identity 

of subunits. Isoelectric focusing in SM urea (04) gave one major band 

wi th an i soe l ectri c poi nt of pH 6.9, and a band of very low i ntens i ty. 

This minor contamination is due possibly to sorne polypeptides that 

contain a different amount of non-protein materiai since the complex 

contains 2.8% carbohydrate (104), The prote,n contains 8 methionine 

residues, and electrophoresis of cyanogen bromide-treated protein 

revealed eight or nine bands, which is in agreement with the number 

pnedicted for identical subunits (104). Amino terminal residues could 

not be detected indicating that these residues are blocked, but only 

alanine was obtained as -a carboxy terminal residue (104). 

The structure of the protein appears unusual with respect to the 

planar arrangement of the eight subunits. Electron microscopy (104) 

démonstrated that·the protein i$ a ring-shape molecule bath in solution 

and crystalline forms. The eight subunits could be differentiated by 
\ 

rotational reinforcement of the electron micrographs when rotations of 

45° and 90° were carried out (104). The outside and inside diameters of 

the "donut" are approximately 116 and 53A, and the di ameter of each 

subunit is about 32A (104). 

Chymotrypsin digestion of the native enzyme in ,the presence of 

folate, which sensitizes the deamïnase activity to proteolysis, )\ielded 

an active fragment (M r = 80,000) which possessed only th~ transferase 

activity (105). Sodium dodecyl sulfate gel electrophoresis_ o.f the 

purified fragment indicated one s;ze of polypeptide of Mr = 39,000 
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(l05). The dimeric structure of the transfer,ase fragment was confirmed. 

by cross-linking with the bifunctional reagent dithiobis(succinimidyl 

propionate) (l05). , Cross-linking of the native prote;n with the short , . 

bifunctional reagent dîfluorod;nitrobenzene yielded dimers and tetramers 

in preference to trimers. which in~icates two types of subu~it inter­

actions (105). The isolation of a dîmer;c fragment from the octamerfc 

pro~ein and the results of cross-linking support a tetramer of dimers 

structure for the na,ti ve enfyme (105). The quaternary structure of the 

bifunctional enzyme is illustrated in Figure 3. 

The identity of the subunits suggests that each polypeptide must 
\ , 

contain the two enzymiç actlvities. The activities are apparently due to 
1 

separate sites sincte each- can be inactîvated selectively by chemical 

modification '(49,184 )1. Moreover. the transferase activity is r~taine~ 
! 

after chym~tryptic treatment of the native enzyme (102,105) and can be 

isolated as a.separate active fragment (lOS). Kinetic observations also 

suggested independent catalytic sites (185). Wh en H4folate was added to 

,a mixture of tl"'ansferase active enzyme and unmodified native enzyme, the 

extra formiminoH 4 fo.1clte intermediate produced in the assay could result 

in 1ncreased production of methenylH 4folate (185). The results of 

chemical modification of the bifunct10nal enzyme with the reagent OTNB 

1ndicated that one sulfhydryl/polypeptide ;s required for deaminase 

act~vity (là4). It is thus possible that there are eight sites each for 

transferase and deaminase'on the native protein. 

Even if the number of catalytic sites and their loc~tion on the 

prote;n are not clear, a kinet;c advantage resulting from the pres~~ of 

both activities on a single polypeptide ~ould be deÎlionstrated. The 

product of the transferase is not released in the medium but 1s t1"ans-
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FIGURE 3 

Schemat1c representat1àn of the quaternàry structure of transferase- '( 

, deamf nase'. 
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ferred preferentially to the deaminase site when H4PteGlu s 1s used as a 
( 

substrate (49). ~hen H4PteGlu 1 and H4PteGu 3 were used, a pronounced lag 
. ~ 

in the time course of appearance of the final methenyl product indiaatê~ 

thaf the formimino i ntermedi ate had to accumul ate to hi gh enough concen-

tration in the rœdi,um to result in significant production of IœthenylH It-

PteGlun (49). There was no 1ag in the time course of appeara,nce of 

final product with H4PteGlu 7' substrate but the form;mino intermediate 

accumulated. indicating that channeling occured on1y partially with thfs 

~ubstrate (49). To differentiate between a true channeling process and 

the possibility that formiminoH 4 PteGlu s was not detected in the medium 

because it bound ta the deaminase with a high affinity, the exper;ment 

was repeated w;th mixtures of enzyme chemically modified to retain either . 

transferase or deaminase activity (49,). Wh en the two activities w'1re on 

separate molecules, the methenyl product appeared with a distinct lag 

using H4PteGlus while thè time course of appearance of intermediate and 

final products were unthanged with H4PteGlu 1 (49). These results 

.strongly support channel i ng between act; ve sites. and the polygl utamate' 

chain has been suggested to act as an "anchor" by interacti ng with a 

polyglutamate binding subsite during the transfer of the pteroyl moiety 

between catalytic sites (49). The channe1ing is a function of the number 

of glutamyl residues in the substrate molecule: the mono- and trigluta­

mate are too short to allow binding of the polyglutamate anchor at a 
, 

subsite and the placement of the pteroyl portion at each of the active 

sites; the pentagTutamate is of thè optimum length to assist channeling 

between sites, but wi th the heptagl utamate the anchor i 5 too long such 

that probability for dissociation approximates probability for .transfer 

( 49),. 
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80th activities show greater affinities for the polyglutamate fonms 
, 

of folate derivative than for the monoglutamate (49). The kinetic 
.,. -

properties of the native transferase and of _the transferase active frag ... 

ment with the H4PteGlun (n = 1,5,7) substrates indicate that the trans" 

fera se fragment has lost the specificity for the polyglutamate substrates 

(105). These data suggest that the protein could have only one 

polyglutamate binding site per pair of tran'sferase~deaminase catalytic 

sites, and that this site ;s closely associated with the deaminase site 

which has been removed by proteolysis (105). With the bifunctional 

. transferase~cyclodeaminaset the function of the additional y-gluta~l 

residues is thus to provide substrates w1th greater affinitfes and ta 

assist channeling of an intermediate which has no other metabo11c 

function and which 1s a potential inhibitor of other folate-mediated 

reactions (105,185). This enzyme constitutes an ideal system to study 

the role of both multifunctional proteins and folylpolyglutamates. 

1.3.3 Statement of the problem 

The overall objective of the research is to understand the meChanfsm 

of channeling of fo1ylpo1yglutamates between transferase and deaminase 

act1v~ sites. This mechanism must ultimately be reconc11ed with the 

unique quaternarYnstructure of the bifunctional proteine 

To achieve this goal, two types of approach have been used. The 

first was concerned with the physical interaction betweèn the transferase 

and deaminase catalytic sites, and the polyglutamate binding subsites, 

.and fnvolved b1nding studies. If the two active sites are separate with. 

in the p,0lypeptide chain, each activity could bind one fo1ate molecu1e' 

(8 + 8 folate binding sites); if they are subsites of a single 1arger 

site, each catalytic pair would bind on1y one folate at a given time (8 
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sites). The folate molecu1e could also bind to sites formed at a single 

type of subunit interface (4 sites).'-' In addition, the nurilber of poly ... 

glutamate binding subsites may not equal ,the total number of actfve sites 

if there is on1y one such site per pair of transferase-deaminase 

activities. Determining the number of polyg1utamate binding sites would 

help ta decide whether a monomer (8 or 16 sites) or a dimer (4 sit~s) 1s 

the smallest possible structure required for channeling. The number of 

folylpolyglutamate binding sites and the specificity of the enzyme for 

chain length were explored bystudying the bindi~g of tritiated 

H4PteGlun (Chapter 3). The H4PteGlun compounds are substrates of the 

transferase and inhibitors of the d~aminase, and thus bind to each of the 

active sites on the native octamer. The binding studies required 

synthesis of~the radiolabeled HqpteGlun of high specifie activity and 

the method for their preparation is described in Chapter 2. 
~ 

The mechanism of channe1ing waS also investigated by a kinetic·' .-
... .. • ~ < 

approach ta determine if the eff1ciency of ch,~r)neling relates directly to 

affinity. It is possible that increasing the mimber of glutamates in the 

polyglutamate chain al10ws for a tighter interaction between a folate 

substrate and the enzyme. As a result, a high concentration of substrate 

can -be created in the vicinity of the active sites, and this local 

sequestration of substrate could enhance the efficiency of channeling. 

On the other hand, the process could require an appropriate length of' 

chain to assist the transfer of the intermediate in a favourable position 

for catalysis. The specificities of the trqnsferase and deaminase 
L 

activities for their folylpolyglutamate substrates was measured 
.. 

k1netically (Chapter 4) ta determ1ne if they reflect the spec1fici~ as 

measured by binding studies. these results were compared with the 
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polyglutamate specificity for the efficiency çf Channel1ng. to establ1sh .. 
whether a steric requi,-ement 15 1nvol ved in the Illechan1S11 for this 

" 

process. 
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CHAPTER Z 

Preparation of Tr1tiu. labeled Tetrahydropteroylpolygluta~te$ 

of High Specifie Radioactivity . . 
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PREFACE 

The follo~ing Chapter will be published in Analytieal Bioehemistry 

(1985), Volume 145, under the title "Preparation of Tritium Labeled 
-<" 

Tetrahydropteroylpolyglutamates of High Specifie Radioaetivity", by J. 

Paquin, C.M. Baugh, and R.E. MacKenzie. 

'\ The p~eroylpolyglutamates were kindly providtd by Dr. Charles M. 

Baugh of the University of South Alabama, USA. The 

formim;notransferase~cyclodeam;nase enzyme, the transferase activity of 

which was used to assôj' the tetrahydrofolates, was purified by Leon'ora C. 

~ortoluzzi, a technieian in our laboratory. The use of immobilized 

boronate was suggested by Dr. Drummond Smith. The secretarial 
, 

assistance of Maureen Caron and Louise Morris for typing the manuscript 

i s appreci ated. 
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SUMMARY 

Tritium 1 abel ed [6S ]-tetrahydropteroyl polygTutamates of hi gh rad; 0-

specifie activity were prepared from the corresponding pteroylpolygluta­

mates. Malic enzyme and [2- 3HJ-D,L-malate were used as a generating 

system to produce [4A- 3H ]-NADPH whi ch was coupl ed to the dihydrofo 1 ate 

reductase catalyzed reduction of chemically prepared dihydropteroylpory-

glutamate detivatives. Passage of the reaction mixtures through a co1umn 

of ilIITIobilized boronate effectively removed NADPH, and the tetrahydro-

pteroyl polygl utamates were subsequently puri fied by chromatography on 

DEAE-cellulose. Overall yields of the [6S]-tetrahydro derivatives were 

18-481, and the radiospecific activities were 3-4.5 mCi.lJIllol- 1• 

• 
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INTRODUCTION 

Th~ natural forms of ',folè!te derivatives in cells are,'the fo1y1 P?ly­

r-glutamate~ (1-6). They were first thought to ~e storage forms of 

f~late but theJr importance as functional unlts ;5 now established and 

has been ~eyiewed recently (7-9), The polyglutamates of the tetrahydro-

folate coenzymes are the preferred substrates for several enzymes, in " 

general having much higher affinities and thereby allowing pathways to 

function at 10w' intracellular folate concentrations (7-13). It 1s 

possible that they could play an important role in the regulation of 

Qne-car.bon metabolism if the flux in d;ffer~nt fOlaie~depend~nt pat~ays 
r-

cgn be affected'by spec1ficities of t~e enzymes for the number of gluta-

mates in the subst~ates (14-19), Folate met'dbol; sm in eucaryotes 

involves mul ti functi onal enzymes and' the po lygl utamate chain has been 

proposed to as"'ist the transfer of the tetrahydropteroyl port'ion between , 

'consecutiye activ~ sites in su ch enzymes (20,21). There is a150 a 

possibility for channeling'-to occur 'within complexes formed by the non­

covalent association of f91ate-dependent ènzymes (22,23). 

The role of folylpolyglutamates~has,f&ceived increased, attention and 

the stuqy of their functional advantages can require the use of radio-

labeled compounds. Radiqlabeled pteroylpolyglu,tamates have already been 
o 

used to study the absorption and metabolism'of folates (24-26), the 

biosynthèsis of folylpolyglutamates 05,27)., and to label a fOlylpoly­

glutamate binding site (28). Several synthetic routes'to the polygluta­

mylation of pterolc acid have been publis,h,ed including m;xed-aohydride , , , 

coupling on sol id-phase (29) or in ~olution (30,31), carbodiimide 
'c ' 

coupling (31,32) and active ester condensation (31). RadiQlabeling of 

pteroylpolyglutamates was done during the condensation reactions by using 
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labeled' pteroic acid (24.25.30) or by incorporating 14C-glutamyl 

residues (24.~). To f.unction as active coenzyme, the pteroylpolygluta­

mates must be reduced to the [6S]-t~trahydro forme This paper desctibes 

another strategy to prepare tri ti Heq [6S ,]-tetrahydropte~oyl polygl uta­

mates from the unlabeled pteroylpOlyglutamates as well as their purifi­

cation free of Tabeled NADPH. 
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·MATERIALS AND METHODS 

Pteroylpolyglutamates were synthesized as deseribed by Krumdieek and 

Baugh (29). Cis-oxaloacetic aeid, malie enzyme and sodium dithionite 

were from Si gma. tJADPH was purchased from Boehri nger Mannheim, 

glycylglycine from Aldrich Chemicals, DL-alanine from BDH Chem1cals and 

Aquasol-2 cocktail and standardized tritiated toluene were from New 

England Nuclear. Lactobaeillus ~ dihydrofolate reductase was a g1ft 

from Dr. Roy Kisliuk. Tufts University. Immobilized boronic acid 

(N-(m-dihydrQxyborylaminophenyl)polyacrylamide) an9DEAE-cellulose 

(DE 23) were purchased from Pierce Chemicals Co. and from Whatman, 

respectively. Cammon chemicals were.reagent grade. Buffers were 

adjusted ta the desired pH at room temperature. Chromatographie steps 

were carried out at 4°C. 

Formiminoglutamate: tetrahydrofolate formirn1notransferase 

(EC 2.1.2.5)-formiminotetrahydrofoTate eyclodeaminase (Ee 4.3.1.4) was 

purified from frozen p;g liver as described previously and the trans­

ferase activity (14 ~ol min- l mg-l) was us€d to ass~ the tetrahydro­

pteroylglutamates (33). 
, 

[3H J-D,L-mal le aeid ,(8.2 rnCi/l-Lfllol) was obtained by the eatalyt1c 

reduction of cis-oxaloacetate with tritium ga5 in a custom synthesis by 

New England tJuclear. Although this method will incorporate sorne label in 

\.. position 3 in addition to position 2, no effort was made to determine the 

distribution of tritium ;n the product. A sample of the labeled malic 

acid has been chromatographed on DEAE-cellulose and'eluted as a single 

radioactive peak. The tritiated malie acid, provided in methanol 

solution, was thus used without purification. The concentration of 

L-malate was obtained by a modification of the method of Hsu and Lardy 
, 
" '~; 
c '. 
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(34). Excess malic enzyme was added to a one-ml assay mix containing 

1.25 ~mole NADP, 4 ~oles MgC1 2, 70 ~oles triethanolamine.HC1, pH 7.3 

and approximately 0.08 to 0.12 ~oles of malate. The reaction was 

followed spectrophotometrically until there was no further change in 

absorbance and the concentration of NADPH produced was measured using 

using E340nm = 6,220 cm- 1 M-l. The assay was checked using 0.10 ~ole of 

L-malate from a solution of known concentr;ftlon. Only one lsomer 

of malate is utilized in t~e enzymic assay and observed values have been 

doubled to express all concentrations as D,L-malate. 

Absorbance measurements were madelon a Gilford 2000 recording 

spectrophotometer. Radioactivity in samples was determined in Aq~asol-2 

scintillation cocktail using a Beckman LS-250 scintillation counter. 

Radiodisintegration rates were calculated by use of experimentally deter­

mined quench curves comparing counting efficiency with the external 

standard ratio. Conductivity measurements were done using a Radiometer 

Copenhagen conductivity meter. 

Preparation of tritiated [6S)-tetrahydropteroylpolyglutamates. 

(a) Reduction - The pteroylpolyglutamate (5-12 ~oles) was reduced to 

the dihydro derivative under conditions described by Blakley (35) using 

2 ml of sodium ascorbate solution (0.1 g/ml), pH 6.0, and 80 mg of solid' 

sodium dithionite. The dihydrofolate was precipitated by adjusting the 

solution to pH 2.8 and after 30 minutes was recovered by centrifugation 

(20 min. at 7,0001, 4°C). The unpurified dihydrofolate was dissolved in 

one ml of 0.05 M glycylglycine, 0.14 M 2-mercaptoethanol, pH 7.5, and the 

dihydrofolate solution,was adjusted to pH 7.5 with 0.1 N NaOH. The 

dihydrofolate was th en converted to the tetrahydro compound using 

11 
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1 

FIGURE l ' 

The en~atic system for the reduction of df~droptero,y191uta .. te to 

trftiated [6SJ-tetrahydropteroylg1utamate. 
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. ~ 

d1hydrofolate reduct~se and an NADPH-genèrat1ng system with NUe enz,Y1le 
1 

as outlined in Fig. 1. From the stock solution of tr1tiated mal1e acid, 

a 2-ml sample containing 30 ~les of O,L-malic acid was withdrawn, 
• 

gently drfed under nitrogen and redissolved in 2 ml of 0.05 M glycylgly­

cine* pH.7.5. To this working malate solution readjusted to pH 7.5 with 

0.'1 N NaOH, were added 16 !lfl1oles MgC1 2 • 0.75 J.lllioles NADP; 11 units of 

malic enzyme (as defined by Sigma Chemical Co.), the neutral dihydro­

folate solutio~ and 3-5 mg of dihydrofolate reductase (6.6 n~ol.m1n-l­

.mg-1·when assayed as per Mathews et al. (36»). The volume was adjusted 

ta, 6.0 ml with 0.05 M glycylglycine, pH 7.5. 

The tube containing this final incubation mix was kept proteeted 

from light and under vacuum in a 250 ml su~ion flask which contained 20 

ml of 50% v/v 2-mercaptoethanol. After 90 mi n: at room temperature, the 

tetrahydrofolate formed was assayed enzymatically with formimln.otrans­

ferase. The yield of tetrahydropteroylpolyglutamate formed from the 

corresponding pteroylpolyglutamate ranged between 30 and 60% prior to 

purificati~n. When removal of [3H]-NADPH was not required, the incuba­

tion mix was diluted with an equal volume of 0.36 M 2-mercaptoethanol and 

directly chromatographed on DEAE-cellulose (step é). Otherwise, the 

incubation mix was treated as follows: 

(b) Chromatography on immobilized boron~te - The incubation mix was 

adjusted to pH 8.5 with 0.1 N NaOH, and solid MgC1 2 was ,added to give a 

final concentration of 0.1 M. This sample was applfed to a co1umn (1 x 

18 cm) of 1mmobilized boronate previously equilibrated with elution 

bu,ffer contatning 0.1 M alanine, 0.1 M MgC'2' pH 8.5. The flow rate was 

reduced ta 4 ml/hour for two hours to allow maximal f~rmation of complex 

'. 
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between NAOPH and the tetrahedral form. of boronate (37). The flow rate 

was then increased to 40 ml/hour. The early fractions conta1ned the 

tetrahydropteroylpolyglutamate. were pooled (approximately 12 ml), 

, diluted 5-fold with 0.36 M 2-mercaptoethanol and purified by ion-exchange 

chromatography. 

(cl lon-exchange chromatography - The diluted sample from (a) or (bl was 

applled ta a 0.7 x 6 cm DEAE-cellulose column in the chloride form. 

washed with 5-10 ml of 0.36 M 2-mercaptoethanol and eluted using an 

exponential gradient formed, as already described (20), with 60 ml of 

0.075 M triethanolamine·HC1, 0.36 M 2-mercaptoethanol~ pH 7.3, in the 

closed vessel, and 50 ml of the same buffer containing 0.6 M NaCl in the 

1 upper reservoir. Fractions absorbing at 298 nm with the same specifie 

activity (cpm per absorbante unit) were pooled and assayed for t~tra­

hydropteroylglutamate. Tritiated [6SJ-tetrahydropteroylglutamates were 

stored at -20Ge in 1-ml seale~ ampules. 
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RE~ULTS AND DISCUSSION 

Several approaehes to the 'synthesis of radfolabeled pteroylpoly­

glutamates have been d~scrfbed previously. For example, condensation of 

the required number of y-glutamyl residues to tritiated pteroic acid 

yields the required products (30). This latter compound was labeled by 

reductive dehalogenation of diiodopteroic acid using tritium gas in, the 

presence of palladium on charcoal. Radiolabeled pteroylpolyglutamates 

subséquently can be rsduced to the tetrahydro forms. Tritiated !etra­

hydropteroylmonoglutamate with a specifie activity of 0.3 or 3 mCi/~le 

has been prepared by the enzymatic reduction of dihydrofolate using 

chemic~lly (38,39) or enzymatieally (40) prepared and purified 

[4A-3HJ-NADPH, or by using a glueos~-6-phosphate dehydrogenase system to 

generate eatalytic amounts of [4B-3HJ-NADPH (38). A simple method for 

the preparation of (S)-tetrahydropteroylpolyglutamates of very high 

specifie radioactivity was required to obtain products suitable for 

binding studies (paquin and MacKenzie, unpublished). While a glucose-6-

phosphate dehydrogenase NADPH generating system is widely used in the 

synthesis of unlabeled tetrahydrofolates, it is not as useful for 
cl 

synthesis of the tritiated compounds beeause of the requirement for 

[1_3H]-glueose-6-phosphate in suffieient amounts. In addition, the 

" radioactivity is diluted by the amount of unlabelled NADP use<\ because 
, . 

the' generating system and dihydrofolate reductase have different stereo-

specificities for NADPH. 

The malic enzyme eoupled NADPH generating system p~~sents~advantages 

when compared to the above methods: (i) the malie enzyme system satisfies 

the stereochemi cal requirement for the "Ali si de of NADPH, theoretically 

allowing the complete incorporation of tritium into the tetrahydro-
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pteroylglutamate, (il) trltiated malie aeid of very high specifie 

activity can be obtained commercially or prepared conven;ently (41) in 

sufficient quantities and at reasonable cast and (il1) the label is 

incorporated at the last step of the synthesis at position 6 of the 

molecule (39,42). 

The malic enzyme-coupled t~DPH generating system in conjunction with 

the usual folate reduction system using dihydrofolate reductase yielded 

labeled [6S]-tetrahydropteroylglutamates of very high specifie radio­

activity. In all cases the"excess [3HJ-O,L-malate and potentially sorne 

labeled [3- 3H]-pyruvate were well separated from the tetrahydropteroy1-

glutamates by chromatography on DEAE-cellulose (Fig. 2B). Approximately 

80-85% of the radioactivity present ln the final reduction incubation 

mixture was el uted prior to fraction 30. ~1alate has been found to elute 

differently from the OEAE-column depending upon the composition of the 

malate-containing sample applied ta the column. An increase in the ionic 

strength of the sample or particularly the presence of MgC1 2 , increased' 

the proportion of malate eluting before the application of the gradient. 

In contrast to the éfficient separation from [3HJ-D,L-malate. 

[3HJ-NADPH eluted from the column in the same range of the gradient as 

the tri- and tetraglutamate compounds. Although contamination of tetra­

hydrofolates with small amounts of NAOPH (or its degradatt.on products) is 

not often of concern when these compounds are used as 5ubstrates for 

var10us enzymes, the presence of labeled impurities interferes with their 

use in equilibrium binding studies. Immobilized boronates have been 

widely used for the separation and purification of compounds containing 

1,2-cis-diol groups (37,43-47). Passing a solution of the tri- or tetra­

glutamate derivative through a boronate column prior ta purification by 
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FIGURE 2 

Purification of tritiated tetrahydropteroylglutamates on DEAE­

cellulose. (A) A reaction mix (320 ne;) containing 0.79 I-I"IOle [4A-3HJ­

NADPH. 8.0 ~moles [~HJ-tetrahydropteroyltetraglutamate. [3H]-D,L-malate 

and [3H]-pyruvate was applied to a column of immobilized boronate. 

Fractions containing the tritfated tetrahydropteroyltetraglutamate were 

pooled and rechromatographed on DEAE-cellulose with a 0 to 0.33 M 

exponential gradient of sodium chloride. The arrow shows the elution 

position of NADPH. (6) A reaction mix (266 nC;) containing 0.75 J.IIIIOles 

[4A-3H]-NAOPH, 2.9 ~oles [3H]-tetrahydropteroylhexaglutamate, [3HJ-O,L­

malate and [3HJ-pyruvate was directly çhromatographed on DEAE-cellulose 

under identical conditions as described for A. The arrows show the 

elution position of tetrahydropteroylglutamates with the indicated number 

of glutamate residues. The symbols are: radioactivity (0). absorbance 

at 340 nm (e), absorbance at 298 1'111 fol'lowing a 50-fold dilution (,). 

salt concentration (x). 
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ion exchange chromatography removed NADPH as shown in Figure 2A. Both 

absorbance at 340 nm and radioactivity measurements were at background 

levels in the fractions wnere NADPH would normally elute. The NADPH 

bound to the boronate column was recovered (89%) by elution with 0.05 M 

glycylglycine. pH 7.0. Boronate tightly binds NADPH and thus offered a 

simple means to purify labeled or unlabeled folates free fram NADPH. 

Alternatively. the complete separation of tritiated NADPH fromtetra-

hydrofo}ates would have required repeated ion-exchange chromatography or 

gel chromatography on Sephadex (48). 

The overall yields of purified tetrahydropteroylpolyglutamates 

obtained fram the eorresponding folate derivatives are summarized in 

Table 1. These yields are similar to those observed when NADPH is 

generated by the glueose-6-phosphate dehydrogenase system (unpublished 

results~ Treatment of the tri- and tetraglutamate derivatives by 

passage through a column of immobilized boronate prior to purification 

reduees their overall yield by approximately 10%. The slightly higher 

specifie activity of the tetraglutamate compound was investigated 

further. Rechromatography of the purified material ~n DEAE-cellulose 

failed to show any further resolution and indicated a 98% purity of the 

original material based on specifie activities. The ultraviolet 

absorption spectrum of each t~trahydropteroylpolyglutamate was 

characteristic of that of tetrahydrofolate (1). The first-derivative 

scan between 250 and 390 nm did not deteet any dihydrofolate derivatives 

a t 282 nm (1). 

The overall yields of radiolabeled tetrahydropteroylpolyglutamates 

are influenced signif1cantly at the stage of recovery of the dihydro-
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TABLE 1 

Summary of synthesis of tritillted [6S]-tetrahydropteroylpolyglutamates. 

No. of glutamates 
in PteGlu n 

n 

3 

4 

5 

6 

7 

Abbrevi ations are: PteGl u. 
glutamate. 

PteGl un 

j..lITIol 

5.6 1 

12.2 

4.8 

7.1 

7.1 

" 
pteroyl 91 utamate; 

H 4PteG1 un 

y;eld specifie activity 

% mC;.~01-1 

21 a 3.2 

32 a 3.9 

48 4.5 b 

" 34 3.3 

18 3:0 
'" 

HllteGlu, tetrahydropteroyl-

a1 The incubation mix containing [3H]-[6S]-H PteGlu n and [3H]-NADPH was 
chromatographed on a col umn of i rnmobil i zed boronate before app li cati on 
on DEAE-cel1ulose. 

b) Tritiated [6S]-H 4PteGlu s was prepared using [3H]-D.L-malate hav;ng a 
specifie activ<ity of 9.u nLi/~l instead of 8.2 rrCi/1JlOO1 . 
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folate der1vatives. The looger po1yglutamates precipitate less 
" f 

efficiently. It migtlt bé possible to increase the overall y-ield 01: the 

heptaglutamate by substitution of gel filtration for pH precipitation, 

~oward et al. (49) studied the production of dihydropteroylpol,Yglutamates 

which they purified by ion exchange chromatography in yields ranging from 

27 to sn for derivatives with 3, 5, and 7 glutamates. The incorporation 

of additional chromatographie steps and the possibility of dealing with 

more dilute dihydrofolate solutions for subsequent enzymic reduction 

di mi ni sh the potenti al advantage of' us i ng such procedures. The 

advantages of the pH precipitation are both an opportunity ta concentrate 

the dihydro-derivatives, and to complete each 5ynthesis and purification 

within one day. 

The fi nal tetrahydropteraylpolygl utam~te sol utions are 150 to 300 

~ in concentration but contain relative1y high concentrations of NaCl. 

Di l ution of the tetrahydropteroyl deri vatives ta the concentration range 

used in many studies (1-20 ~) would i ncrease on1y sl i ght1y the ionic 

strength of the resu1tant solution. Baggott and Krumdieck (14) Have 

pointed out the necessity of consider-ing ionie strength in determining 

interaction of the po1yg1utamates with enzymes and this point should be, 

oons i dered for each use of the eompounds. If necessary ~ the tetrahydro­

, fol atés can be desalted by gel' filtrati on on Sephadex (29.48). 
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CHAPTER 3 
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81ndfng of Tetra~droptero11po1191u~tes to the .atfve 

Octa.erfc Transferase-De .. fnase 
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PREFACE 

The content of this Chapter ~as been submitted for publication- in 

the Journal of 8iolog1cal Chemistry. The article, the first of two 

characterizing the interaction of folylpolyglutamates with the trans­

ferase~deaminase, is entitled "Formimin~transferase-Cyclodeaminase from 

Pig liver. 1. Binding of Tetrahydropteroylpolyglutamates to the Native 

Octamer" by J. Paqufn, C.M. Baugh and R.E. MacKenzie. 

The pteroylpo.lyglutamates were kindly provided by Dr. Charles M. 

Baugty of the University of South Alabama, USA. The preparation of large 

quant1ties of the transferase-deaminase enzyme by Leonora Bortoluzzi, a 

techAician in our laboratory, 1s gratefully ac~nowledged. ror~ltëtra~ 
hydrofol ate synthetase was prepared by Narc; 50 Mej i a, another. techni ci an 

1n our laboratory, and (R,S)"H 4 folate for routine use was prepared by Dr. 

Robert MacKenzie. Typing of the manuscript by ·Maureen Caron, and 

criticfsm and proofreading by Wendy Fir:'dlay are gratefully appreciated. 
\ p -f' 

A part of this chapter has been cammunicated to the Canadian 

Fede~ation of Bio1oQica1 Societies (1983) under the title "The binding of 

fo1y1 polyg1 utamates ta farmim1 notransferase"cyc1 odeami nase", and to the 

Association Canadienne.,.Française pour l'Avancement des Science~ (1983) 

unde~ the title "L'utilisation des fo1y1polyg1utamates par une enzyme 

bifanctionnel1e". A part of the resu1ts will a1so be presented to the 
. 

Canadian Federation of Biological Societies (1985) under the ti~le 

"Structure and Function of an Octameric, Bffunctional Enzyme". 
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SlM4ARY 

The number of binding sites on the bifunctional form1minotrans­

ferase-cyclodeaminase for f01Ylpolyglutarnate coenzymes was determined by 

studying the binding of (6S)-tetrahydropteroyl(glutamate)n_,(n = 

1,3,4.5,6, n' which are substrates of the transferase and inhibitors of 

the deamlnase. The enzyme, a circular tetramer of dimers of ident1cal 

sUbunfts, binds only four tetrahydropteroylpolyglutamates per octamer, 
, 

indicating that a dimer is lik~ly its functional unit. Differential 

tnhibftion of the transferase and deaminase,activities by (6R)·'tetra­

hydrofolate supports the conclusion that the activ1ties 3re separate 

catalytic sites, but share a coonnon polyglu,tamate binding subsite. The 
, 

aff; nit y of the enzyme for tetrahydropteroyl polygl utamates increases with 

addition of each glutamyl residue to a total of six; addition of the 

seventh resulted in a slight decrease in afffnity. The large decrease in 
.. ~--

free energy (5.7 kJ) in binding the fourth glutamate indicates that this . , 

residue 1s particularly important in anchoring the substrate to allow 

kinetfc channelfng of' the intermediate between the active sites. 
\ 
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1 NTROOUCTI ON 

It has been widely recognized that intracel1ular folates ex1st as 

polyglutamate derivatives with additional glutamyl residues attached in 

y-linkage. Several folate dependent enzymes have been shown to prefer 

the polyglutamate derivatives; generally an increase in the chain length 

of the H4PteGlu coenzyme lowers the Km with lesser effects on Vmax 

(1-14). This higher affinity makes it possible for pathways to function 

-at the low physiological concentrattons encountered inside cells (61. 

Two additional important functions have been postulated for the 

fOlylpolyglutamates: regulation of one-carbon metabolism (6) and 

promotion of "channeling l1 (7). The hypothesis thélt the flux in different 

folate-dependent pathways can be regulated by specificities of the 

enzymes for the number of glutamates in the folates arose from two kinds 

of observations. Several enzymes show different specificities for the 

length of the chain, within a single species (11-14). In addition, 

variations in the metabolism have been shown to affect the distribution 

of folylpolyglutamates of different chaln length within a given oxidation 

'level of one-carbon units (15-17). It has been demonstrated that folyl- ~ 

polyglutamates transfer preferentially between active sites of a 

bffunctional enzyme, and the polyglutamate chain has been suggested to 
1 

act as an "anchor" by interacting with a polyglutamate binding subsite 

during'channeling of the pteridine moiety (7). The existence of other 

multifunctional enzymes (18-23) as well as the copuriffcation of sorne 

non-covalently associated enzymes (24-25) in' folate met~polism rafse the 

possibility of more extensive transfer of folylpolyglutamates within s~ch 

compl exes. \ 

-
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The b1functional formiminoglutamate:tetrahydrofolate formiminotrans­

fera se (EC.2.1.2.5)-formimfnotetrahydrofolate cyclodeaminase 

(EC.4.3.1.4) utilizes the polyglutamates of folates and thus provides a 

useful system to study both the metabolie advantages of multifunetional 

proteins, and the signifieanee of folylpolyglutamates [see ref. (26) for 

a review on this enzyme]. Physieal and electron microscopie studies have 

indicated that this protein is composed of 8 identical polypeptides ~ 

arranged as a tetramer of dimers (20) in a circular structure (18). The 

product of the transfera~e channels through the deam;nase site when the ...... 

pentaglutamate but not the monoglutamate substrate ;s used (7). 

The unusual Quaternary structure of the protein, its bifunctionality 

and the occurrence of channeling between sites raise Q'uestions concerning 

the number and interaction of the two catalytic sites. The iden~ity of 

the subunits would suggest that both activities are the responsibility of .., 
each monomer but it 15 not clear as to how many folate binding sites 

exist on the native octamer. One folate could bind to each transferase 

and d~aminase active site if they are separate (8 + 8 sites); to each 

.~j 

, 

catalytic pair (8 sites) ft they are subsites of a single larger site; or ), 

to sites on each dimer (4 sites) formed at a subunit intérface. In 

addition, the number of polyglutamate binding subsites m~ not equal the 

total number of active sites if there is only one such;~ite per pair of 

transferase-deaminase activities. The number of folylpolyglutamate 

binding sites and the specificity of ,th~ enzyme for chain length were 

explored using tritiated H4PteGlun. 
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MATERIALS AND METHODS 

Pteroylpolyglutamates were ~ynthesized as described ear11er (27). 

[G-3H]Fol;c acid potassium salt (5 Ci 1111101-1) was purchased from Amersham 

, Corp.; [l4C]- and [3H]toluene, and Aquasol-2 scintillation cocktail were 

from New England Nuclear. Common chemieals were reagent grade generally 

from Fisher. The ultrafiltration cell was purchased from MRA 

Corporation, Florida, and was provided with PM-la filters (Amicon) of 7mm 
-'1 

diameter. Nitrogen gas of highest purity was from Médigaz (Quebec). 

Absorbance measurements were made on a Gi l fard 2000 recording 

spectrophotometer. Radioactivity in samples was determined in la ml 

Aquasol-2 scintillation cocktail using a Beekman LS-250 scintillation 

counter. Radioaetivity in each sample was between 1,000 and 200,000 cpm 

and was counted for la or 20 min. Radiodisintegration rates were 

caleulated by use of experimentally determined quench curves comparing 

~ eounti n9 effici ency wi th the external standard rat; o. 

Preparation and assay of native enzyme 

Formiminotransferase-eyclodeaminase was purified from frozen pig 

l1ver (28,29) and had a transferase specifie activity at 30°C of 32-38 

2...3 Ilmol min- 1 mg- 1 (dry weight) when assayed as d'escribed earlier (29). The 

purified enzyme solution (approx
p

• 2.5 mg/ml) was stored at _20°C and 

eontained 0.1 M potas~ium phosphate, pH 7.3, 36 mM 2-mercaptoethanol, 40% 

glycerol. For use in binding studies, volumes from 0.4 ta 2 ml were 

withdrawn from the stocl< enzyme solution and dialysed overni,ght against 

100 ml of 0.1 M potassium phosphate, pH 7.3, 36 mM 2-mereaptoethanol. 

The protein content was assayed by the Lowry procedure (30) using bovine 

serum albumin as standard. The method was modified as per Bensadoun and 

Weinstein (31) for the presence of interfering substances. The Lowry 
.. 
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~ 

assay has been previously found to underestimate the dry weight of the 

transferase-deaminase by 7'1, (19) and al1 results were corrected to dry 

weight values. 

In kinetic studies. the transferase activity was measured as 

described ear1ier (19.29) in an assay mixture containing 4.5 JTII1 

formimino-L-g1utamate. 0.2 M 2-mercaptoethanol, 100 mM potassium 

phosphate, and 45 mM triethano1amine- HC1, pH 7.3, different concentra­

tions of (6S)-H 4 fo1ate, and ~nzyme in a total volume of 1 ml. Cyc10-

deaminase activity was assayed by monitoring the rate of formation of 

5,10-metheny1H 4 fo1ate at 355 nm in a 0.5 ml assay mixture containing the 

same concentration of 2-~ercaptoethanol, potassium phosphate and 

triethanolamine-HC1, pH 7.3, as the transferase mixture above. and 

different-concentrations of (6S)-5-formiminoH 4fo1ate. Because of its 

1ability under the dssay conditions (32,33). the substrate was added 

separate1y just before the addi ti on of enzyme. Formimi nog1 utamate was 

present in the deaminase assay mix because of its presence in the 

formiminoH 4folate stock solution and was found not to affect the 

deami nase activi ty. 

Preparation and assay of tetrahydropteroy1polyglut~ates , 
(R,S)-H 4folate for routine use was prepared as t>-efore (28). 

Unlabe1ed (6S)-H4PteCl1un substrates were pr~pared as previously 

,reported (7). (6S)-[7,9-3H~4Fo1ate (0.1 mCi 1l"l01-1) was obtained 

following the same protoco1 with the addition of approximately 250 ~i of 

. [G-3HJfo1ic acid. A 2-3 rrM solution of un1abeled (6S)-H 4folate was 

6btained by scal ing up the procedure as follows: the enzymic reduction 

mix contained approximately 90 ~oles unpur1fied H2folate, 0.56 mmole 

gl ucose-6-phospha te, 4 ~ol es NADP ,- 30 uni ts gl ucose-6-P dehydrogenase 

/ 

. " 
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(as defined by Sigma) and 5-7 mg of dihydrofo1ate reductase [6.6 nmo1 

min- 1 mg- 1 when assayed as per Mathews et-!.!.. (34)] in 20 ml of 20 lT#l1 

Tris-Hel, 0.29 M 2-mercaptoethanol, pH 7.5. After 90 min at room 

temperature, the samp1e was dil uted wi th an equa1 vol ume of 0.36 M 

2-mercaptoethano1 and app1ied to a 0.8 x 12 cm co1umn of DEAE-cellulose 

in the chloride form, washed with 10 ml of 0.36 M 2-mercaptoethanol and 

el uted \lfith an exponenti al gradi ent formed wi th 65 ml of 0.075 M 

triethanolamine-HC1, 0.36 M 2-mercaptoethano1, pH 7.3 in' the closed 

vessel, and 55 ml of the same buffer containing 0.6 M NaC1 in the upper 

reservoir. (6S)-[6- 3H]H 4 PteGlu 3_ 7 (3-4 mCi ~ol-l) were prepared 

foll owi ng a scheme simil ar to that for the preparati on of unl abel éd " 

derivatives except that the NAOPH-generating coupled system used malic 

enzyme, NADP and [2- 3H]malic acid (35)1. Purified H4PteGlun were 

assayed us i ng the formimi notrans ferase with 5 rrM formimi nog1 utamate and 

4-5 limiting concentrations of each reduced folate, and were stored in 

,sea1ed ampoules at _20°C. (6S)-5-FormiminoH 4 folate was prepared 

enzymatically from (6S)-H 4 folate [accompanying paper (33)]2 and ~ssayed 

spectrophotometrically at 350 nm in 0.36 N HCl after its conversion to' 

metheny1H 4 fo1ate (36). (6R)-H 4folate was prepared by converting"the 

"'" $-isomer of the racemic mixture to lO-formylH 4folate with formyltetra­

hydrofolate synthetase (EC 6.3.4.3)";n a modification (Rios-Orlandioand 
) 

. MacKenzi e, unpub 1; shed) of the method ~f Curthoys and Rabi nowf tz (1). 

The unreacted D-isomer'was purified by)chromatOgraPhY on DEAE,fellU10$e 
f • 

.r , 

w;th a 1inear 'gradient of sodium chloride (40 to 250 nf.1, total volume 60 • . 
1> 

ml ) "and assayed in 36 lIf>1 2-mercaptoethanol usi ng E29snm = 

29., 40Q cm- 1 W1• 
\ 

\, " 

1Reference 35 is act1{fl) Chapter 2 in this thesis. 

2The .accompanying papel' (33) is actually Chapter 4 in this thesis. 

t) . 
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Filtrate binding as Say 

Binding was carrfed out by the -forced dia1ysfs· technique (37) 

us1ng an ultrafiltration cell origfnally designed by Paulus (3a). with 

PM-'O fi 1 ters. The prote; n-li gand mi xtures contai ned 170-190 j.1g nat1 ve 

transferase-deaminase, 0.06 M potassium phosphate, 0.17 M 2-mercapto­

ethanol, 0.03 M triethanolamine.HC1 and different concentrations of the 

tritiated H4 PteGlun in a volume of 0.26 ml, pH 7.3. Aliquots of 0.2 ml 

were added to each of the 8 channels, and a low pressure (S-lO psi) of 

nitrogen was applied to force the solution through the membrane. When 

the filtration rates decreased, pressure was increased to 10-20 psi • 

. Three ta five consecutive samples (5-30 Ill) of filtrate were taken from 

each channel during the fil~ration. After each sampling, the residua1 

volume of filtrate was removed by suction. Approximately 2 III of buffer 

1s retained by the fnter (see filter binding as say and Table 1) 1eading 

to a 5-10'.t underestimation of the concentration of free ligand in the 

f1rst microliters of filtrate. The first filtrate samp1ing was thus not 

considered in the calculation ~f free ligand concentration. The radio- 1> 

activity remained constant in the subsequent filtrate sampl in9s. Greater 

than 92'1; of the native enzyme transferase activity was retained after 5 

hours; the average time for a complete binding study was about 2 hours. 

In the absence of enzyme, Hlt fo l ate wa s tota 11 y recovered in the fi l trate 

up to a concentration of 500 ~, 'and the polyg1 utamate der; vatives in the 

concentration range used for binding studies did not bind to the PM-la 

membrane. The very large native transferase-deam; nase [Mr '" 5xl05 

(28)] was easily retained by the P,M-IO membrane. A 10 to 40-fo1d range 

in concentration of ligands was used in bi-nding studies: 1 to 30 ~ for 

"ItPteGlu4-7' and 2.5 to 160 ~ for the mono- and the trig1utamate 

, / 
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derivati ves. For the two latter compounds, the concentrati on was 

1ncreased up to 400 ~ in somè studies. In binding assays, the value of 

the ioni c strength, cal culated from the contri bution of buffers and salt. 

, varied from 1.1 ::; 0.113 to 0.139 with the HllteGlun ligands having n ) 4. 

"il 

The variation of ionic strength was greater with the mono-'band trigluta­

mate derivatives: the value ranged from Il = 0.113 to 0.168. 

Fil ter bi ndi ng. assay 

When di rect determi nati on of the amount of bound li gand was 

required, the binding was measured usi ng the Paulus ul trafi l trati on 

method (38). After collection of the filtrate samplings as described 

above (filtrate binding assay), 40 psi of nitrogen pressure was applfed 

for 3 hours to ensure complete fil tra t ion. The membranes were then 

rinsed from the bottom with 1 ml ethylene glycol as described by Paulus 

(38), transferred to vials containing l ml of water, and soaked over-
~ 

night. The scintillation cocktail was then added for determination of 

radioactivity. This procedure was sufficient to dissolve all the radio-

activity trapped on fil terse Treatment of the membranes wi th Proto sol 

(NEN) for 8-16 hours was found not to re1ease more radioactivity. The 

P~-lO membranes retained about 2 1.11 under the conditions of filtration. 

As shown in Tabl e l, th; s small volume appeared to be constant from one 

channel to another, independent of the folate ligand concentration, and 

1 ndependent of the presence or absence of enzyme as demons trated by the 

use of trace amounts of [li+C ]glycine which di d not bind to the membrane. 

A blank value was determined in each experiment by filtering a ligand 

sample without protein to correct for the small retained volume. The 

correcti on was done as per Mark.us et !l. ~ 39), assumi n9 that the 

r-
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TABLE 1 

, 
Control Fil trltf ORS Ua ... gh .... 10 .... r ..... 

Vol .. e Retafned 

FOLATE 
(~) . 

\; 
\0 

5 '. 2.2 2.0 

10 1.7 2.0 

40 .2.1 1.8".-;--

100 1.9 1.9 

200 1.7 .1.8 
" 

400 2.2 1.4 

" 

i The bindin~ mixtures in absence of enzyme contained varying concen .. 

trat10ns of [3H)i4folate (0.1 mCi ~l",l) •. 

bThe bi ndi n9 mi xtures in the presence of enzyme contai ned varyi n9 

concentrations of folate, 1.15 !.aM of octamer1c protein. and 4.5 x 106 

dpm/m1 of [lltC]glycine (112 ~i DIII01.,.1). 
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concentration of free ligand was the same in the reta1ned yolû.e as 1t 

",as in the fil trate. 

Treatment of bindfng data 

Moles of bound ligand were Obt41ned d1rectly by measuring the radio-
'. "-

act1vity present on the filters after correction for ,retafned volume, or 

indirectly by subtracting the free from the total ligand present 

jn1t1ally •. Samples of the stock 1 igand ,solution were counted wfth each 

experiment for determination of the ligand specifie activity. The molar 
; 

binding ratio, R, represents the moles of bound ligand per m~le of 

octamerfc protein present 41n the sample [the molecular we1ght of one 

subunit was taken 'as 62,000 (28)] and results were represented as a 

Scatchard plot (4U). The binding parameters were determined by fitting 

the experimental hyperb~lic curve of R versus free ligand concentration . 
using the program 'KINFIT (41 l,. In the case of curved Scatchard plots, 

additional binding stud1es using excess unlabeled ligand were performed 

ta correct for non-specifi c bf ndJ n9 (42). 

; 
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RESUlTS 

'H4PteGlun are substrates of the transferase and inhfbftors of the 

deaminase activ1ties. and can thus bind to each catalytic site of the ~ 

bifunetional enzyme. Thei~b1nd;ng ta the native protein has been 

studfed using the filtrate binding' assay (Fig. 1) to determine both the 

n~mber of sites and the value of Kd for each compound. With 
~).~' 

H~PteG1un having 4 o~more glutamates, the results clearly indicated 
~ . 

the presence of approximately 4 high affinity sites on the octamer ~r 

the binding of folylpolyglutamates. At least four sites can a150 bin~ 

the triglutamate derivative but with much lower affinity. The limits of 

the sensitivity of the filtrate.binding assay have been reached with this 

ligand: only 4% of the ligand is bound ta the enzyme at high concentra­

tion of the ligand. The binding of the triglutamate derivative and. a1so 

that of the monoglutamate was examined furth~r using the more sensitive 

• fi 1 ter assay. 

Curvature of Scatchard plots for values of R? 4 in the binding of 

H~PteGlu4-7 indicated that sorne non-specifie binding may have contributed 

ta the total binding. The importance of the non-specifie binding 

component was determined with the pentaglutamate derivatiye by adding 

exceS5 unlabeled ligand (50 ~) ta saturate the high affinity sites. The , 

values of the parameters of the speçific binding did not significantly 

diffe~ from tho$e of the total binding. With H4PteGlun ligands havin~ 

n ;> 4, the, apparent values of the binding parameters determined from 

their total binding (Table II) are thus a good measure of the values for 

their specifie binding. The reproducibility of the "values of the binding 

parameters had been assessed by additiona1 determinatfons with the penta­

glutamate ligand using different enzyme preparations. The values 

-, .... 
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FÏ6URE 1 •• 

Scatchard plots of the total bindfng of [3H]H .. PteGlun 

(n = 3,4,5,6,7) ta the native octamerfc transferase-deaminase. ~ ~ymbol s 

used are for the different values of n: • n = 3; 0 4;. 5; .. 6; and "-.'\ 

Il 7. Data were fit by the program KINFIl as described in Materials and 

Methods. Only' val ues of R/[ free] ) 0.8 were used except in the case of 

n ::: 3 where all the points were taken. Scatchard plot of the total' 

bfndin!\ of the triglutamate derivative 1s shown inset with an expanded 

R/[free] seale. 
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, 
TABLE II 

--- i, K 
" "1 , [1 

'1 
Il 

Bf ndt ng 'ar_ters of the Transferase.O ... f nlse vi th, 

H~'tero11po1191u~tes 

H4PteGl un Kd Number of s1tes/octamer 

" 
( n) 

! , 

V' 35 ± 6 3.2 ± 0.3 

/3 12'±1.6 / 5.0 ± 10.2 

'4 0.60 ± 0.05? 4.1 ± 0.1 

5 '\ 0.41 ± 0.02 4.4 ± 0.1 
/ • 

6 ,/,/ 
1 

7 
' 0 

~ 

0.16 ± 0.01 \ , 4.7 ± 0.1 
1 

0.22 ± 0.01 ) 4.7- ± 0.1 

,Val ues were obta1ned from computer f1tti ng of the total Scatchard plots, 

, · and expressed wi th the standard dev1 at1 on of the fi t. 
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o 
obtained from five separate experiments were 0.40 ± 0.09 ~ for the value 

df the dissociation constant and 3.9 ± 0.5 for the number of sites. 
i 

The total and the specifie binding of H4PteGlu 1 and of H4PteGlu 3 to 

the native enzyme were studied using both the filtrate and the filter 

assays, the latter permitting the direct,measurement of bound ligand. 

Results by both prvcedutesagreed and an example of a binding study is 

\given for each ligand in Figure 2. In addition, the specifie binding for 

the monogl utamate has been determi ned, in three other separate exper1-
, 

ments, using either 75 ~·1 unlabeled fol a/te < or 130 ~ unlabeled I\folate 

ta me~sure the non-specifie binding. For the four studies, the values of 

the binding parameters averaged 3.7 ± 1.1 sites per octamer with a 
- , 

dissociati.:"n constant of 10 ± 4 ~..,. The choice of the concentration of 

the unlabe'led excess ligand ;s not an easy, task, especially when working 

at the limits in sensitivity of the bfnd1ng assay& and m~ result in 

f.ncomp 1 ete separation of the spec ifi c and non-spec ifi c bi ndi ng components 

(43). The contribution of the non-specifie binding can a1so be estimated 

graphically (~43). With the mono- and triglutamate ligands, the values of­

the non-specifie binding parameters obtained by the graphical method were 

simflar to the values obtained direetly by addition of an excess of 

unlabeled ligand. A theoretical curve for the total bind1ng of H4PteGlu 1 

was drawn us i n9 a twc Jcomponent bi ndi ng functi on (48) for whi,ch the para­

meters of the first component (i.e. specifie binding) were experimental1y 

determined. The ehosen val ues for the parameters were as reported in the 

legend of Fig. 2. Within the same range of free ligand concentration, 

an essentially identical curve is obtained assumfng 8 sites with a Kd 

value of 500 ~ for the second binding eomponent. A theoretieal curve 1s 

noi drawn for the triglutamate ligand because this compound is more 

( 
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Scatcha~d plots of the total C.) and spec1f1c (â) b1nd1ng of 

[3HJH~PteGlun (n = 1,3) to the native octamerfc transferase-deam1nase. 

The specifie binding was obtained fram- the difference between the total , 
and the non-specifie binding plots of R vs [free], and fitted us1ng the -- . 

program KINFIT. Top: Th'e curve of the total binding was drawn usfng a 

two-eomponent binding funetion (48), and assuming the follow1ng values: 

Kdl = 12 ~; Kd2 = 200 ~; nI = n2 = 4 si tes, __ ; , ,\The non-specifie bind-
r" ~ 

ing was determined by addition of 75 pM unlabeled folate. Value's of the 

spec1fie binding parameters are: 3.4 ± 0.6 sites with a Kd = 14 ± 7 ~. 

Bottom: The curve of the total binding was drawn by eye. The non­

sp~cifie binding was determined by addition of 130 ~ unlabeled 
c 

H .. PteGlu 3 • Values of the specifie binding parameters are:" 2.8 ± 0.5 

si tes w1 th' a' Kd = 6 ± 4 tJM • 
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likely to bind to a polyglutamate' b1nding subs1te as well as ta each 

catalytic site, thus possibly introducing a third component in the 

mo$lel. 

The transferase-deaminase showed a 15- ta 50-fol d greater affi nit y 

for HllteGl un havi n9 4 or roore g1 utamate resi dues than for the I11Ono-

and the trirglutamate derivatives. The, highest affinity was observed w1th 

the hex~glutamate derivative and a decrease in affinity was obtained by 

lengthen1ng further the polyglutamate chain. Values of dissociation 

:, constants were used to calculate the free energy decrease associated with 

binding of the g1 utamyl residues of the polygl utamate chain mofety of 

HItPteGlun to the native enzyme (Fig.'3). There was iittle difference 

in aff1nity between the mono- and the triglutamate ligands, and binding 

of the second and third glutamate residues can be associated with a free 

energy decrease of about 1.05 kJ (0.25 k,cal) per residue. A large 

decrease of 5.7 k,J (1.36 Kcal) in free energy is observed by binding a 

fourth glutamate, while bfnding of additional glutamyl residues modiffed 

the value of the free energy by approxfmately 1.25 kJ (0.3 Kcal) per 

resf due. 

One can postulate that the H4folate ligand lacking the polyglutamate 

. tall could bind ta both transferase and deaminase catalytic sites. The 

low affinity of the enzyme for H4 folate as reflected bi' the relatively 

high value of Kd (14 ~) does not allow for an accurate determination 

of the number of sites within the limits of the binding assays. At least 
, . 

4 sftes on the octamer,can bind this monoglutamate ligand. However, ft 

fis not clear whether these folate-bindfng sites are common to both 

transferase and deam1nase catalytic sites or belong ta only one type of 

site. In the latter case, a second type of site of much lower affinfty 

• 
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FIGURE 3 

Re1at1ve free energy changes associ,ated with ~he number of glutall\Yl 

residues upon binding of H4PteGluri to the native transferase-deamfnase. 
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for fol8te would not have been detected by the b1ndfng assays. A k1net1c 

approach with inhibitors was used to attempt to distingu1sh two types of 

pteridine-binding subsite. As shown in Figure 4, the transferase and 

deamioase actfvitfes were not inh1b1ted to the same extent by 
• 

(R)-H4 folate. This compound 1s a poor inhibitor of the transferase with 

an estimated Ki value of 400~. In contrast, the deam1nase has much 

~fgher affinity for this inhib1~or ~h1ch exerts a greater effect on the" 

slopes of double-reciprocal plots than on the intercepts of these plots. 
l ' 

Replots of both slopes and intercepts as a function of inhibitor 

concentrati on are li near and i ndi cate Ki values of respective 1 y 8 and '\' 

21 ~. 
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1 

FIGURE 4 

Double reciprocal plots of the transferase (A) and deaminase (8) 

activities obtained at different concentrations of the (6R)-H 4folate 

inhibitor: zero (.), 9 (0) and 18 (x)~. Data were fitted using the 

KINFIT program. Rep10ts of 51 opes (4) ,and intercepts U.) are shown inset 

for the deami nase .• 
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DISCUSSION 

The advantages and th~ valfdity of the filter and f1ltrate b1nding 

assays have been dfsaussed by other investigators (37-39,44,45) • . ~ 

Sensftivity, rapidity and equi11bration within one compartment were 

important àdvantages as was the requirement for on1y small quantities of 

enzy~and folate ligands. Although the filtrate assay is more rapid, 

the f11ter assay can be more accurate in cases of low affinity because it 

measures bound ligand directly. Scattering in results is also observed 

w1th the latter assay because a 10% error exists in the détermination of 

the volume retained by filters (Table O. 'l However, both assays- gave . 
similar results in the estimation of binding parameters in the present 

study. ~An additional requirement was to,maintain the fntegrity of the 

binding capadty of the enzyme throughout the filtration process. The 

constant·amount of radioactivity present in the filtrate during the 

course of the filtration indicated that.concentratlon of enzyme during 

the procedure, changes in the viscosity of the ligand-protein mixture. or 

adsorpti on of protein to the fH ter di d not affect the bi ndi ng . 
parameters. The data from binding studies were checked on semi­

logarithmic plots to ensure that saturation of at least one class of 

sites was obtained, as described by Klotz (46). Because of the class1cal 

Michaelis-Menten kinetics shown by the enzyme with all substrates, 

cooperatiyity in binding was not considered in t~eating any non-11near 

Scatchard plot. 

The results of,binding of H4PteGlun derivatives to this 

bifunctional enzyme composed of identical subunits arranged in an unusual 

tircular structure clearly demonstrated the presence of four high 
f',,~ 

afffn1ty polyglutamate binding sites on the. oë'tamer. The number of sites 

. ' 
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suggests that the polyglutamate subs1te 

interface. Because the polyglutamate subsite 1s 

channe11ng, it 1s likely that at least a dimeric 

for channel ing to occur. The four sites al so sugges~ 

subunit 

there 1s one polyg1utamate b1nding site per pair of transferase-d aminase 

activities. 1 

A more difficu1t prob1em arises 11 attempt1ng to determine th 

number of c~talytic sites. One cou1d p10stulate that a f~late anaÛlg 

could blnd ta bath transferase and deamlnase catalytlc sites, ff lt dld 

not contain the polyglutamate portion. IIf there are i~deed two sepa~ate 

catalytic sites, these could show diffe)~nt afffnities for the fOla~e . 

ligands. - The low affinfty of the enzyme for the mono- and trigluta ate 

derivatives suggests that these ligands bind to ca\talytic sites, bu '" 
-

poorly. As indicated by their specifie binding, there are at least 4 
4 

sites for the binding of the pteroyl portion of fo1ates. The value of 
, \ ' 

Kd'for the specifie binding of H4folate [14 ± 7 ~ (Fig. 2)] is similar 
, . 

to the value of KIJl for, the transferase extrapolated to zero formimino-

glutamate [18 ~M (data not shown)]; the Ki value of the same compound 
l' 

,against the deaminase is 64 ± 4 ~ (data not sho~n). Thu~ it is likely 

tha~ the specifi~ sites observed with the monoglutamate ligand represent 

the transferase catalytic activity. The technique would not detect a . 
second c1ass of sites with Kd approximately 60 ~. 

Are there then two classes of catalytic sites? No folate ligand was' 
, 

found to have suf(jciently low values of Kd to address thjs question by 

binding. Instead, evidence for two elasse~ of'folate bind~ng sites was , ) 

obtained by the different extent of inhibition of each catalytic activity 

usfng (R)-H 4 folâte., The non-competitive pattern of inhibition observed 

~ 
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with the deaminase was unexpected although a similar pattern was obtained 

with methylenetetràhydrofolate dehydrogenase using PteGlun inhibitors 

(13). In the latter case, the folate inhibitor was found to bind to both 

the folate-substrate site and the NADP+~substrate site. In the case of 

deaminase, a likely possibility 1s that (R)~H .. folate binds to the 

conformer of the enzyme which binds methenylH .. folate, the product of 

the reaction. In converting 5~formiminoH4folate to the methenyl 

derivative, the bridging of nitrogens 5 and 10 requires a significant 

f shape change in the molecule, and consequently an altered enzyme 

conform~tion. The S~isomer of H .. folate is simply a competitive inh1bitor 
, 

of this activity (KI = 64 ~), and perhaps binds only to one enzyme 

conformation. Despite its more complex characteristics, (R)-H .. folate is 

a'very guod inhibitor of the deaminase and a very poor inhibitor of-the .. 
transferase. That the two activities form separate site$ was also 

sugge'sted by chemical modi fication of each activity (7), by the isolation 

of a tra~sferase fragment (20), and by the kinetic observations presented 

ear11e~ (47), and in the accompanying paper (33), which demonstrate that 

both activities can function independently and simultaneously. Currently 

f,t appears that there are four polygl utamate si tes. poss ibly four trans .. 

fer~se catalytic sites and an unknown number of deaminase catalytic sites 

on the octamer. Because of the limits of the binding assays, a Kd ( 3 

~ is required to accurately determine the total number of binding sites 

and we w~re unsuccessful in finding a suitable ligand. Neither (R)~ nor 
\ 

(S) ... H .. fol~te, the-most prom1s~ng ligands. meets th1s condition. In 

addition, dffficulty in the f~terpretatjon of binding data may arise due 

ta the' complex fnhibition pattern observed with the R ... isorner. 
i 
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Although the number of sites cannot be determ1ned with the low 

afffA1ty ligands, a reasonable estimate of Kd was obtained from their 

specifie binding and used to calculate the variation in relative free 
1 

energy by binding folylpolyglutamates of different chain length to the 

enzyme. The large difference of 5.7 kJ (1.36 kcal) in free energy 

between binding a third and a fourth glutamate to the enzyme suggests 

that the fourth glutamate is important in ancharing the substrate at the 

polyglutamate binding subsite during the transfer of the pterayl moiety 

between active sites. The free energy profile of the polyglutamate 

specificity of the transferase-deaminase when compared ta the profile of 

four other folate-dependent enzymes from pig liver (11-14) appears to 

constitute a fifth pattern in the extent to which the enzyme prefers each 

polyglutamate derivative versus the monoglutamate. As does methylene­

tetrahydrofolate reductase, the transferase-deaminase shows a trend in 

the specificity constants of the folylpolyglutamates with a maximum at 

the hexaglutamate derivative (11). Both enzymes have a narrower 

specificity for folylpolyglutamates than has methylenetetrahydrofd1ate -t 
dehydrogenase (13). However, the observed decrease in free energy 

between the mono- and the hexagl utamate deri vatives i s small er with the 

H~PteGlun substrates of the transferase-deam1nase (10.9 kJ) than w1th 

the H2PteGlun inhibitors of the reductase (16.3 kJ). In contrast ta 

the reductase whieh shows a regular decrease in free energy by add1ng one 

glutamyl residue at a time, the transferase~deaminase eXhfbjts a very 

large decrease (5.7 kJ) upon addition of a fourth glutamyl residue. A 

sfmllar extensive decrease in free energy' upon binding of only one more 

glutamyl residue 1s reported for thymidylate synthase [à.8 kJ (14)] and 

for serine hydroxymethyl~ransferase [5.0 kJ (12)], ~ut iS,observed upon 
( , 
1 
i ' i . 
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r 
/j./ addition of a second glutamyl res1due in these wo cases. Such a 

J'-
1 variation between profiles within one species' tends to support the 

possible regulatory role of folylpolyglutamates in folate-dependent one­

carbon metabolism. The specific1ty of the transferase and deaminase 

activit1es for the1r folylpolyglutamate substrates was measured kinet1-

cally in the accompany1ng paper (33) to determine if ft reflects the 

spec1fic1ty as measured by b1nd1ng studies. These specfficities were 

also compared to that of efficiency of channeling between sites to better 

characterfze that process. 
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CHAPTER 4 

Channelfng of 5-For.f.fno~tetrahydropteroylpolygluta .. té 
• 

Between the Transferase and DéaMfnase Actfve Sftes 
," 
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.. 
This Chapter has been submitted for publication in the Journal of 

Biological Chemistry as the second paper of two character1zing the 

interaction of folyl polyglutamates wi th the transferase~deami nase. The 
~ 

paper i s presented under the ti tle "Formimi notransferase~cyc1 odeami nase 

from pig liver. 2. Channe1ing between the active sites" ~by J. Paquin, 
1 

C.M. Baugh and R. È. MacKenzi e. 

The pteroylpolyglutamates were supplied by Dr.,Charles M. Baugh of 

the Univers; ty pf South Alabama, USA. The transferase .. deami nase enzyme 

was prepared by Leonorà Bortoluzzi. a technician in our laboratory. 
, 

(R,S)~Tetrahydrofolate for routine use and methenyltetrahydrofolate are 

prepared by Dr. Robert MacKenzie. Criticism and proofreading of the 

article by Wendy Findlay are appreciated. as is the secretarial 
/1 

assistance of Maureen Caron in typing the-manuscript. 
j 

A part of this work was cormlUnicated to the Canadi an Federation of 

\ 

Bto10gical Societies (l984} under the title "The Relationship Between the' , 

Act; viti es of a Bi functi onal Enzyme". The resul ts constitute a part of a 

corrmuni cati on thdt wi 11 be presented to the Canadi an Federati on of 

Bio1ogical Societies (1985) under the title "Structure and Function of an 

Octameri c, Bifuhct; ana l Enzyme". 
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SUMMARY 

Each activity of the formiminotransferase-cyclodeaminase 

bifuncti ona1 enzyme was exami ned separate1y for i ts speci ficity for the 
1 

appropriate tetrahydropteroyl (glutamate}n substrates where n = 

1,3,4,5,6,7. Catalytic efficiency of both activities (Vm/Km) is much 

greater with substrates containing four or more glutamates, but this 

property does not show specif1city for- a givel1 polyg14tamate. With 1111 

substrates, Vm of. the deami nase 1s greater than that of the trans- " 

ferase, allowing for potenti al channel ing between these active, sftes. 

On1y with the long (n ) 4) fo1ylpolyg1utamates does the- enz~me channel 

the formimino-intermediate between active sites, supporting the concept . ., 

that the polygl utamate structure acts as an anchor duri ng the transfer of 

the pteroyl moiety. The specificity for channeling among the physJo­

logically relevant folylpolyglutamates (n ) 4) does not correlate with 

affinity as measured kinetically or by ligand binding. The optimum 

1ength of 5 glutamates fol" complete transfer between sites supportS a 

steric requirement and not simply tight bind1ng to explain the mechanism 

of channeling. Kinetic observations indicate tnat transferase' and 

deaminase activities are independent catalytic sites but shar:e a çonwnon 

polyg1 utama~e binding subsite • 

'\ 



... 

-103-

INTRODUCTION 

5-Formim1 notetrahydrofol ate: L-gl utamate N-formiminotransféra-se 

(EC 2.1. 2. 5l-p-formim1 notetrahydrofo l ate alllt10ni a-lyase (cyel hf ng) 

(EC 4.3.1.4l catalyse the foll owing consecutive reactions 1n the pathway 

of histidine degradation in manwnals: 

F0rQ11m1noglutamate + HttPteGlun ~ 5-,formiminoH ltPteGlun + glutamate 

5-ForrniminoHttPteGlun .... 5,lO-methenylH llteGlun + NH~+ 

The transferase-deaminase enzyme is composed of eight ident1eal 
• 

subunits (1) arranged in a ring (2) as a tetramer of dimers (3). 

Although the total number of catalytic sites is still not clear, the 

transferase and deaminase occur at separate sites. Only four high . 

affinity sites have been observed an the native octamer for the bindirlg 

of the polyglutamate tail of folylpolyglutamates (4)1, which suggests 

that on1y one polyglutama'te binding site exists per pair of transferase-

d~aminase activities, and rai ses the potential for site formation between 

subunits. The enzyme shows increased affinity for H,,.pteG-lun with 

increasing numbers of glutamyl residues to a total of six. The relative 

free energy associated with the bindi ng of H4 PteGl un ta the enzyme 

decreases by approxfmately 1.25 kJ (0.30 kca't) per glutamy1 residue, with 

one exception. 'The di fference fs four-fol d greater for bi nding the 

fourth glutamyl residue, suggesting that a minimum chain length of 4 

glutamates 1s required Jor the HL/teGlun to maintain interaction 

between the pOlyglutamate binding site and at least one active site • 
./ 

Channel tng of :the formimf no-i ntermedi ate between the transferase and 

lReference 4 is actually, Chapter 3 ln thfs the$is. 
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deam1nase sites has been observed when HlteGlus but not when Hltfolate 

itself 1s used as substrate (5). lhe b1nd1ng of the polyglutamate tan 

to a subsite on the enzyme was postulated to part1cipate in the transfer 

of the pteridine portion by "anchorfng" the folate coenzyme molecule 

(5) • 

Knowi ng how the cava 1 ently associ ated transferase and deamf nase 

sites interact could help to evaluate the potènt1al transfer of folyl­

polyglu,tamates between other physically assoc1ated sites in folate 

metabolism. In this paper, we have ~ssessed the k'inetic specificity of 

each actfvity for the number of glutamates in the1r respective 

HItP'teGlun substrates to better understand channe11ng between catalytic 

sites in this particular enzyme. The specific1ty of the enzyme for 

folylpolyglutamates as Iœasured by catalytic efficiency (Vm/Km> has 

been compared to specificity as measured by efficfency of channeling ~o 
• d 

, 
determine if simply t1ght binding or a steric reguirement for, a g1ven 

length of the polyglutamate chain is critical in channel1ng. Kfnetic 

studies have been performed to demonstrate that the transferase and 

deaminase catalytic sites can function separately and s1multa,neously. 
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( 
MATERIALS AND METHODS / \ 

Decolorizing charcoal Norit A was from BDH Chem1cal Co.; ~1l1ipore 

Corp. was the source of Millex-GS 0.22 ~ filter units, and CF-25 

Centr1flo membrane cones were from Amicon Corp. Common chemicals'were 

reagent grade from Fisher Chemical Co. 

Formiminoglutamat~.hemibarium salt was obtained from Sigma themic~l 

" Co. and converted t~ the sodium salt by precipitation of th,e bar~,um with 

" lm molar excess of sodium sulfate. Formiminoglutamate was assayed using 
,; 

the formiminotransfe.rase assay (6) with 0.25 nf.1 (R,S)-Hqfolate. A L 
limiting concentration of formiminoglutamate (betw~ 25 and 125 ~) was 

fncubated in duplicate with l,unit of the ,transferase ,0 1JI1101 min-l) and 

the reaction was stopped with 2.0 ml 0.36 N Hel after 30 min incubation 

at 30°C. These conditions ensure complete reaction; neither additional 

en~me nôr longer incubations increase the yiel~. Formiminoglutamate 

concentration determined by the assay'was 90% of the concentration 

obtained by- weight. 

Absorbance measurernents were made on a Gilford 2000 recording 

spectrophotometer while fluorescence units were obtained on a Perkin­

Elmer LS-5 spectrofluorometer (excitation 350 nm, emission 465 nm). 

Fluorescence measurements were made with a fil ter in the emi S5 i on beam 

restrict passage of light to wavelengths ~ 430 nm. 

PreE!aration and a,s~at of tetrahydrofolate derivatives 

(R,S)-H4Folate for routine assay and (S) -H 4PteGl un were synthe-

to 

sized, purified. assayed and stored as described before (1,5) and in the 

accompanying paper (4). Preparati~n of (R.S)-5,lO-methenylH 4folic acid 

was by the procedure of Rowe (7). A 1 nf.1 stock solution was prepared in .. 
O.54N HC1, 0.36 M 2-mercaptoethanol and filtered through a 0.22 ~ 
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Millex-GS ftlter unit. The concentration of methenylH 4folate ~n the 

filtered solution was measur~d in O.36N HCl using E350nm = 24~900. 

ln l.ON HC1, the absorption r~tio E3sonm/E30snm varied betw~en 

2.46 and 2.54 indicating a pure material (8). 
. \ 

(6S)-5-formimino-H 4 PteGlun (n=I,3-7) were synthesized by 

converting the corresponding (6S)-H 4PteGlun to the formimino derivative 

using the transferase-active fragment. An incubation mix containing 

11miting amounts of the tetrahydrofolate (150-2500 "anomoles) and a 

50-fold excess of formiminoglutamate in 1.3-1.9 ml of 0.075 M 

triethanolamine.HC1, pH 7.3, 0.3 M 2-mercaptoethanol was adjusted to pH 

6.7 wfth HC1. The H4PteGlun was completely converted to the formimino 

product after 2 min at room tem erature following the addition of 15 ~g 

of the transferase fragment. The incubation mix was cooled on ice and 

acidified to pH 3.8 with HC1. The transferase fragment wa~ removed by 

ultrafiltration through a CF-25 Centriflo membrane. This solution was 

., stable for several hours at oOe, protected from light (Results'). To 

standardize conditions in kfnetic studies, a pH 3.8 blank solution was 

made containing the same concentrations of tri~thanolamine.HC1, 

2-mercaptoethanol and formiminoglutamate. The formiminoH 4PteGlun were 

assayed by converting thern to the S,10-methenyl derivatives in O.36N HC1. 
;. 

To complete the conversion, the test tubes were heated in boiling water 

for 5'S sec (9) and cooled in ice. The absorbance at 350 nm immediately 

after addition of the formiminoH/lteGlun to the aCid, was used as a 

blank value.(10). Essentially q~antitative conversion () 98$). of 

H4PteGlun to formiminoH 4PteGlun was obtained. 
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Enzyme and transfe~ase fragment 

Formfmfnotransferase-cyctodeamfna'se was purffied fram pig lfver (1) 

and a transferase fragment (24-28 ~ol min- l ~g-l) was prepared as 

described earlier (3). Protein determinat10n was as descr.ibed 

accompanying paper (4). 

Assays of tr:ansferase-deaminase 

For determination of kinetic constants, the transferase was ass~yed 

in 1.0 ml of 0.1 M potassium phosphate (pH 1\3), 0.14 M 2-mercapto­

ethanol, 4.5 rrM formiminoglutamate, 15 rrM triethanolamine-HCl (pH 7.3), 

and varyi n9 concentrations of the H4 PteGlun. 
. 

The reacti on was 
1 

, 

fn1t1ated by the adfi.tion of enzyme and stopped with 25 ~l of 9.6N HCl 

(spectro~~/d assay) or with 2.5 ml of O.36N HCl (fluorometrfc 

assay) after f to 10 min incubation at 30°C. Blanks were prepared in the 

same assay cohditions except that enzyme was replaced by buffer. The 

test tubes were heated in boiling water for 55 sec and cooled in ice. 

The 5,10-methenylH .. PteGlun formed in the sample ~as then measured 

spectrophotometrically at 3~0 nm' against the corresponding blank. With 

HItPteGlu~-7" the methenyl final product was assayed using ~ more 

sensitive fluorometric method (11) with a Perkin-Elmer LS-5 spectro­

fluorometer. Samples and blanks were excited at 350 nm (using a slft 

width of 15 nm) and thefr emission was ~asured at 465 nm (using a s1it 

width of 20 nm). Four different concentrations of pure (R,Sl-5,10-

methenylH .. folate were used as standa\.d~ and a fluorescence calibration 

'curve was determined for each kinetic rune Standards were measured under 

the same assay condi ti ons as. the samp les except that boil i n9 was not 

ne.cessary., The fluorescence varied linearly with the amount of methenyl­

Hif folate from 0 to 0.25 nanomol es when 1 ml of assé\Y mixture 1s combined 

~ ., 

.. 

1 
1 

1 
1 

'1 
1 

r 
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'. 

wi th 2.5 ml of 0.36N HC1. The fl uorescence of HltPteGl un 15 10 times 

weaker than that of nethenylHltPteGlun under the assay conditions. This 

small contributi on to fl uorescence measurements from the tetrahydro­

folates introduêed as mu~h as ~ 10% underestimation of the real velocity 
~ 

of the reactfon. However, velocity values are reported without 

correcti on. The fluorescence of tetrahydrofol ate-contafni ng sampl es 

increased slowly with time following boiling, and was thus measured 

il1l1lediately after this treatment. A 5-fold decrease in background level 

was obtained by using the following procedures. Vessels were treafed ,in 

boiling IN HCl whenever possible, carefully rinsed with disti1led water, 

and dried. Also, solutions of O.36N HCl and of 1 M potassium pnosphate 

(pH 7.3) were treated for 30 min with decolorizirig charcoa1 (1 9 per 
, 

liter of solution) and filtered (Vlhatman). 

"The ki net) c constants of the deami nase acti vit y were determi ned at 

30° C by monitori n9 the appearance of metheny1 H}lteGl un at 355 nm (1). 

The 0.5 ml assay mix contained O.lM potassium phosphate (pH 7.3), 0.3M 

2-mercaptoethanol, 67 rrM triethanolami ne-RC1, and varying concentrations 

of the formimfnoH .. PteGlun' The formim1noH ltPteGlun substrates were 

added 30 sec before the addition of enzyme because of their 1ab11 ity 

under the condit'ions of assay [(10) and Results]. The final assay ~ix 

'was pH 7.3, essentially un~ltered by the addition of the acfdic solution 

of substrate. Formimin~glutamate was present in ·the deaminase assay mix 

(from .03 to 10 !TM) because of its presence ; n the formimi noH ltPteG1 un 

stock solution. The concentration of formiminoglutamate was not 

standardi zed in the assay mi x because its presence di d not affect the 

deaminase act1vfty. For example, the velocity curve obtained by vary1ng 

-
, . 

, 
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the concentration of formimfnoH qPteG1u 4 was the same in the presence of 

0.7 nt1 or 5.3 nt-1 formi mi nog1 utamate. 

The relative ionie strength changed 1ess than 20t in almost al1 

kinetfc runs by varying the concentrations of HltPteGlun and of 
.~ 

formiminoH .. PteGlun' !he va1ue~ calculated from the ~ontributfon of 

buffers and salt ranged from j.l = 0.164 to 0.194 in the trans ferase assay .. 

and from j.l ,; 0.197 to 0.225 in the deaminase assay. 
, . ' 

Kinetic constants were cal culated by fi tting the experimenta1 data 

, to tM Michaelis-Me~ten equation using the program KINFIT (12). An 

unwefghted procedure was used, and no sign1ficant difference was seen 

when points were weighted as 1/v 2 • 

The time course for the app~arance of the produc~s of the . 

transferase-deaminasé used to monitor 'channeling' of the form1mino 

intermediate was determined in an assay mil< containing 0.1 M potassium 

phosphate, 23 mM triethanolamine.HC1, pH 7.3, 0.17 M 2-mercaptoe~hanol, 

4.5 lTf.1 formiminoglutamate and 50 jlM HItPteGlun' 

The mechanism of ,channeling was investigated by the addition of 

either formiminoH .. PteGlu 1 or formiminoH 4PteGlu s to assay mixtures 

containing either H4Pt~Glul or HltPteGlu s• Formation of the methenyl 

product was monitored at 355 nm in an assay'mixture eontaining 67 nt-1 
, , 

trfethanolamine.HC1, 100 mM potassium phosphate p\ 7.3, 0.3 M 2-mercapto­

ethano1, 4.6-4.9 mM formiminoglutamate and the fo ate substrates in a 
~ • c 

volume of 0.5 ml. In this' series of experiinents, the transferase 

activity Wils saturated with its H~PteGlun substrate. 

conducted at room temperature. 

/' 

These assays were 

.. , 
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RESULTS 

The kinetfc propertfes of the formimfnotransferase-cyclodeamfnase 

enzyme were determined separately for eaoh activity using the appropr1ate 

tetrahydrofo1ate derivatives as substrates. The transferase activ1ty was 

examined for substrate specificity using H4PteG1un' The Km values of 

polyg1utamates were very low and were not adequate1y measured by the 

spectrophotometric stopped assay because 30% or more of the substrate was 

converted to product at substrate concentrations.be1ow the apparent Km. 

With these substrates, a fluorescence assay has been adapted using 

metheny1H 4folate as standard. The fluorescence ass~ was approximately 

10 t1mes more sens iti ve than the spectrophotometri c assay and good rates 

coul d be obtai ned with on1y 5-10% of the substrate converted to product. 

Because H4~teGlu5 provided complete channeling (5), formation of the 

methenyl final product was also determined by direct spectrophotometric 

monitori ng whi ch was found to be 3 to 4 times 1ess sensitive than the 

fluorescence stopped assay. The values of Km (2.1 ± 0.5 !lM) and Vm 

(36 ± 2 !J.mol min- I mg-Il obtained with the pentaglutamate substrate usfng 
i 

this assay agreed quite well with the valu, obtained by the fluorescen~e 

ass~ (Table 1) considering the difference in sensitivity of the two 

methods. The fluorescence assay was thus adopted because of its highe~ 

sensitivity and also because the continuous spectrophotometric ass~ is 

not· applicable ta a11 H4PteG1un [(5) and Results]. Values of Vm were 

not greatly affected by lengthening the po1yglutamate chain; there was at 

most a two-fold decrease. However, H4PteGlun having 4 or more 

91 utamates have 40 to 80 fa l d lower va 1 ues of Km than do the mono- and 

trig1utamate derivatives (Table 1). Values of Km da not differ 

1 

" 
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TABLE 1 

linetie' Propertfes of •• ~fYe Transferase 

n N 

1 5 48 ± 14 58 ± 18 
< 

3 4 27 + 3' 
-( / 25 ± 2 

~. 

4 6 0.7 ± (}.3 l 29 ± 14 

5 5 0.7 ± 0.3 35 ± 10 

6 5 0.6 ± 0.2 30 .± 7 , 
• .. 

1 
7 7 0.7 ± 0.3 41 ± 6 

( 
. Values are expressed as averages ± s.o. for N separa te determinations. 

Values were obtained from spectrophotometric (n = 1 ~gd 3) or fluoro-
metrfc (n ) 4) stopped assays. 

" 

( 

1 

1 

1 
1 
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s1gn1f1cant1y among the longer po1yglutamate substrates (n > 4}, and we 

cannot dfstinguish an optimum chain length using this parameter. , 

The deaminase assay requ1red synthesis of the formimino derivat1ve 

of HttPteGlun for use 'as substrate. Because of limited amounts of 

H~PteG1un, the established preparation methods were not practical 

(9,10,13): chromatography is needed to separate the formim1no derivative 

from the unreacted H4folate, and during the isolation procedure, the 

formiminoH 4 folate is partly cyclized to the 5,10-methenyl derivative. In 

addition, purification of the formiminoH4PteGlun would have required 

drastic conditions for elution of the desired compounds (13). Instead, 

the formiminoH 4 PteGlun were prepared with the approach used by Tabor 

and Wyngarden for H4folate (9), except that conditions were found to 

quantitative1y convert the H4PteG1U~ to their formimino derivatives. 

This conversi on occurred in fact v~ry rapi d1y, and the reaction mixture 

could quickly be adjusted to conditions a110wing for stability of the 

product. The formiminoH 4PteGlun stock solutions were prepared in 

concentrations varyi ng from 50 to 600 ~ and were 'S-table for several 

hours at 'pH 3.8, rte, according to both chemical assa,y (Fig. 1) and 

enzymic assay with the deaminase. The loss of formiminoH~PteGlun was 

mainly due to a very slow cycliza:tion to the methenyl derivative. , 

A1though' unavoidable. this cyclization was kept to a minimal 1evel. On 

( . 

-the other hand, the half-life of formiminoH 4fo1ate at neutral pH and 30·C 

was estimated to be 53 min (Fig. 1) using the deaminase assay, and is 

sfmilar to that determined by Rabinowitz (l0). 

With the deaminase activity, the length of the polyglutamate chain 

of the formiminoHttPteGlun substrates a~fects both the values of Km 
• 

and Vm• The val ue of the latter decreases 10,.. fol d g01n9 from the IOOno-
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fIGURE 1 

,Stability of 5-formim1noH tt folate at pH 3.8, oDe (.') , and at pH 1.3, 

30· C (.~). Inset are the data at pH 7.3, 30° presented as a semi­

logadthmic plot. 
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TABLE II 

K1net1c Propert1es of Nathe Deall1nase , 

(6S)-5-HCNH-H 4PteGlun Km Vm 

n N ~ JlI1lol min- 1mg- 1 

.. 
1 4 149 ± 14 624 ± 53 

3 3 21 ± 2.4 232 ±11 

4 4 2.9 ± 0.9 120 ± 8 

/ 5 3 2.0 ± 0.7 76 ± 20 

6 4 1.2 ± 0.2 67 ± 10 

7 3 2.1 ± 0.4 78 ± 8 

Values are expressed as averages ± S.D. for N separate determinations • 

. , 



.. 

to the hexag1utamate substrate (Table II). The addition of two 

glutamates to the monog1utamate substrate decreased the apparent value of 

Km by a factor of 7. One more gl utamyl Tes i due reduces the value 

lO-fold. wh1le further increase in the chain length introduces only , 

another factor of 2. The kinetic affinity is clearly the 

highest with the hexaglutamate substra~e. However, because of a parallel 

decrease in the value of Vm, the catalytic efficiency of the deaminase 

with this substrate does not differ from those observed with substrates 

having 4. 5 and 7 glutamates (Fig. 2). In the same manner, the transQ 

ferase acti vit y does not di sti ngui shj)~~,en H4 PteGl,un 'substrates 

having 4. S, 6 and 7 glutamyl residues. in terms of catalytic efficiency. 

With both activities thé discrepancy in catalytic effi~iency between 

short and long polyglutamate substrates is pronounced indicating that 

H4PteGlun having n ) 4 are the physioloyically relevant substrates. 

,A major interest in measuring the kinetic specificities of the 

tra~sferase-~eaminase for the H4 PteGlun derivatives is to relate these, 

specificities with the efficiencies of channe,ling of the intermediate 

i.e. the extent to which the product of the first reaction is pre­

ferentially transferreQ to the second site. With H4PteGlu 3• as well as 

with the H4 PteGlu 1 (5), accumulation of the formimino intermediate was 
~, , 

observed and the final methenyl product appeared with a significant lag . ' 
t 

(Fig. 3). This lag {ndicated that the intermediate had to accumulate to 

high enough c~ncentrat;ons before production of the final product can be 

detected. Although there was accumulation of the intermediate with 

H4 PteGl u
4 

and H4PteGl u6 substr,ates. the lag in the appearance of the 

final product disappeared, indicating that a fraction of the fôrmimino 

intermediate has been preferentially transferred to the deaminase site. 
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FIGURE 2 

Catalyt1c efficiency of the formiminotransferase (A) and cyclo-
< ,~ 

{ . 
deaminase (0) with their respective H~PteGlun substrates conta1ning 

d1fferent numbers' of glutamyl residues. Values are averages ± S.O. for. 3 

'ta 6 separate determinations. 
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FIGURE 3 

lime course of appe,arance of products. using 50 ~ ltltPteG1Un (n 0= 

3,4,5,6), 4.5 mM formiminoglutamate, and 42 ng transferase-deam1na~e. 

Symbols represent: (~t.l methe~l. and foomfmfnoH,PteGlun. and (01 

methe~ylHItPteG~aJone • 
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Cnanneling is complete with the pentaglutamate substrate as iodicated by 

the 1ack of accumulation of formimino intermediate ln the medium. As 

shawn ln Figure 4: channel in9 can occur wlth n = 4, 5, 6 and 7 gluta­

mates, but the optimum length is c~early 5 glutamat~s. 

Because of instabi1ity of the formimfnoH~folate and its chemlca1 
, 

conver~ion to metheny1, it has not been possible to examine the 

properties of the channeling process by the c1assical approaches of .. 
fo11owlng the enrichment or dilutlon of radio1abe1ed products. The 

question was approached by providing the enzyme with extra formimino 
, 

1ntermédiate ip the assay mixture. Figure 5(A) demonstrates that it is 

p'oss1ble to add formiminoH~PteG'u l to the transfer~se-deaminase assay 
\ where the transferase a~tivity was 90% saturated with H4PteG1,u l'and 

obtain extensive additiona1 production of metheny1 product. Sim11ar1y~ 

sign1ficant.addition ~f formimin~ intermediate could a1so occur when' at 
. 

1east one component of the H"4PteGlun/formiminoH4PteGlun pair was a 

monog1utamate (B and C) but not when the two componeots were 

pe~ta91utamate derivatives (data not shown). I~ the 1atter'case, 

signif~cant addition of the formiminoH~Pte'Glu5 intermediate cou1d be 
. 

observed on1y if it was provided in amounts suff1cient to compete with .. 

, . 
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1 

\ fiGURE 4 

\ 

The eff1ciency of channeling as a function of the number of gluta­

mates in H~PteGlun. Conditions were as in Methods and Figure 3. 

Effic1ency 1s expressed as a ratio of the initial rate of appearance of 

methenyl.liniti al rate of"the transferase. 
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. t 

FIGU~ 5 

Rate of appearance of the ~enylH~PteGlun produc~ using 36 ng 

tran;fèrase-deaminase and 4.6-~ mM f~lmlno91utamate react10n m1xture ~ 
conta1nfng: A. (0) 450 ~ (S)-H~PteGlul; (.) 81 ~ formlmlnoH~PteGlul; . 
( ?) both subs trates at once. B. a si mil ar experiment wi th 17 ~ 

(S)-H~PteGlu5 and 92 ~ formiminoH~PteGlul· c. 462 ~ (S)-H~PteGlul ani 

1.4.~ formlm1nOH4~teGlu5. 0.36 pM (S)-~4PteGlu5 and,6.3 ~ formimfno-

H .. PteGlus·' . 
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DISCUSSION 

The polyglutamates of the H4fo1ate coenzymes are pre~erred 

substrat~s f~r severa1 ènzymes, in general having much 10wer values of 

-Km than the corresponding monog1ut~mate derivatives while thé Vm 

values are on~y moderately if- at all affected ,(5,14-25). The po1ygluta­

mate chain has a 'simi1ar effect on the kinetic parameters of H4PteG'lun 

with the transferase, thus providing for tighter interaction of the 
, l , 

substratés with the e~zyme. The values of Kd for binding H4PteG1un 

to the native enzyme has shown a 20 to 80-fo1d increase in affin1ty 
, 

between short (n = 1 and 3) and long' po1ygl utarnate (n = 4~ 5, 6, 7) 

derivatives (4). The catalytic effiçiency (Vrn/Km) of each activity 

discriminates sirni1arly between the short and the long polyg1utamates, 
1. 

indicating that folylpolyglutamates with 4 or more glutamates are the ' 

physiological1y relevant coenzymes Çlf'these aètivities,at the fow concen-, 

trations of folates encountered in t~e cel1s. 

With the dearninase activity, a decrease in values of Vm (lO-fold) 

accompanied a decrease in values of Km (100-fold) on lengthening the 

polyglutamate tail of the substrates, suggests that dissociation of 

products is'slower with polyglutamate than wi~h monoglutamate deriv­

atives. The slower rate of release of products is probably not rate 

limfti ng in the overall react-; on of the transferase-deaminase since under, 

identical conditions the catalytic turnover of the deaminase is greate~ 

than that of the transferaSe (Fig. 50). 

The mechanisrn of c~anneling must be reconciled with the unique 

tetramer of dimers structure of the native enzyme. Formation of dimers 

~ be needed for channeling since only 4 fOlylpolyglutamate binding 

sites have been observed on the octameric protein (4). The large 



> - - . .>-_-_ .. , --- --- .-- -------_.<----------

-127-

decrease in free energy observed with the binding of a fourth glutamyl 

residue to the enzyme suggested this glutamate to be important in 
1 

anchoring the folate molecule during the movement of the p.teroyl moie~ 

between catalytic si tes. The observation that channel,ing only occurs 
, 

with H4 PteGlun having n ) 4 supports the posturated function for the 

fourth glutamate. If one assumes tight binding of the a:-carboxyl group 

of residue four, the 'mobile' portion, measured to nitrogen 5 of the 

H"PteGlu ring, is about 20-25 0 A, allowing for a considerable maxima·1 

·-distance between catalytic sites within that radius. 

, 
\ 

Based solely on kinetic_par?meters fdr a two reaction sequenc~. as 

presented by Benkovic and his coworkers in a very interesting model (26),\ 

channeling in this case could be expected to fo-l1ow affinity of. the 

deaminase for its formimino substrate, which appears ta be maximal for 

the hexaglutamate. However, the specificity for channeling (5) 6 '" 

4> 7) does not correlat.e either with affinity as measured by binding 

studies (6) 7:> 5 :> 4). nor with values of catalytic efficiency (4 ::: 5 :::: 

6 .'" 1), wh; ch suggests that compl ete transfer of the intermedi ate between 1 

active sites requires an appropriate length of chain, not simply a 

tighter sequestering of substrate on the enzyme surface. Covalent 

association between active--.sites (or possibly strong association 

generated by a stable quaternary structure) can provi de appropri ate 

conditions for kinetic channeling. The active sites'of the transferase-

'" deaminase appear thus ta be optimally spaced for the pentagl utamate 

derivativew 
1 

As mentioned earlier, classical radiolabeling approaches cannot/he 
1 

us.ed ta study the properties of the channeling process with this en~yme. 

Pre,vi ously (27) we demonstrated by using mixtures of transferase ac~ive 
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enzyme with unmodified enzyme, that the e~tra formimino formed in the 

assay could result in increased prE>du<:~i'on of final methenyl wheo 

'H~PteGlul but not H4PteGlu s substrate was used. This approach permitted . 
stuqy of the behavior of only substrate/intermediate folate pairs with 

the same number of glutamates. Because formiminoH~PteGlun can now be 
, 

prepared, the use of heterogeneous pairs was also possible. When the 

native enzyme has its transferase a~tivity saturated with the H4PteGlun 

sUb~trate, small quantities of exogenous' formimino intermediate:~ be 

added ta the system and increase the producti on of the methenyl product 

if at least one of the H4PteGlun/formiminoH4PteGlun pair is a mono-
1 

glutamate. These results indicate that the two catalytic sites act 

inde,pendently. The active sites can also be differentiated by chemical 
/ . 

modJfication (5) or by kinetic inhibition using a folate derivative (4). 

T~ observation that an increase in the production of methenyl with the 

pentaglutamate/pentagluta~ate pair can occur only at high concentration 

of added formimino intermediate~Uggests that the pentaglutamatOe 

substrate and the pentaglutamate intermediate compete for the same 

binding site, namely the polyglutamate binding site. This' is cons,istent 

with the existence of a single polyglutamate binding site per pair of 

, transferase~deaminase activities ,as suggested by having only four folyl-

polyglutamate binding sites on the octamer. Although ft is now clear 

that the transferase and the deaminase si tes form two cl asses of sites, 

the total number of catalytic sites, and/or the kinetic properties of a 

monomer or a dimer still remain to be determined before deciding if 9"e 
, )' 

or both of the two types of subunit interaction are needed for 'catalytic 

activity and channeling. 

The trans ferase-deami nase enzyme prov; des an appropri ate system to . 
l 

.. ! 
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sttidy the transfer of foly1 polygl utamates between cata1ytfc si tes, within 

or potentfally between subunits, and may thus help to understand the 

possible channeling of folates between non-covalently associated sftes. 
, 1 

As far as we are aware, the transferase-dcami ~ase is the only fol ate­

dependent enzyme that comp1etely channels a folate intermediate (28,29). 

In addition to increasing the efficiency of the overal1 reactions, 

channeling with this particular enzymes i5 also beneficial in reducing 

the concentration of a labile intermedfate for which there is no other 

known metabolic function and wI1ich may compete in other folate-mediated 

reactions. But, is there ~ physiological advantage to the clear 

specificity for the pentaglutamate derivative, which is not the 

predominant fonn in pig 1iver (30)? While there is as yet no clear eut 

answer to this question, it is interesting that Brody et al. (31) 

observed that in rats, increased histidine oxidation was associated with 

an increase in the traction of cellular folates present as pentagluta-

mates, with no change in hexa- and heptaglutamate level s. They suggested 
( 

that efficient histidine catabolism ~ vivo may have a strong requirement 

for HltPteGlu s ' an 9bservation consistent with the speciffcity in 

efficiency of channel1ng of the folylpolyglutamates by the transferase­

deami nase. The di fference between the pentagl utamate and the other poly­

glutamate derivatives with respect to èhanneling adds another element ta 

the growing number of observations supporting the p'ossible regulatory 

function of folylpolyglutamates in folate-dependent one-carbon unit 

.• metabo11sm. In addition to strict specificity in affinities. the 

re.gulatory role may also involve defined steric requirements for optimum 

chain lengths to promote site-site interactions. Enzymes of folat~ 

metabolism which show particularly strong binding for a glutamyl 
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res 1 due( s) dis ta l fram the pteri di ne ri ng cooul d be cons i dered a~ , 

candidates for potential site ... site interaction via transfer of the 

pteroyl moi et y • 
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The formiminotransferase~cyclodeaminase en~me catalyzes two 

sequential folate~dependent reacti~ns. The naturally"occurring folyl~ 

polyglutamates certainly have a role with this enzyme. Each activi1;y has 

higher affinity for the polyglutamate forms of the folate coenzymes as 

seen in both binding (Chapter 3) a~d kinetic studies [Chapter 4 and 

(4~) J, and shows an increased catalytic specificity with these 

derivatives (Chapter 4). The folylpolyglutamates thus provide a,means to 

operatè at low intracellular folate concentrations. In additjon, the use 

of polyg1utamate substrates combined with the bifunctional nature of the 

protein increases the efficiency of the pathway. With the pentaglutamate 

substrate, the ,intermediate formed by the transferase reaction does not 

leave' the enzyme but 1s transferred preferentially to the deaminase site 

[Chapter 4 and (49) J. 

Kinetic observations and the results of binding studies bring out. 

sorne features of the mechanism of channeling with this part1cular enzyme .. 

There are four folylpolyglutamate binding sites per octameric protein, 

and their high affinity for the longer po)yglutamate derivatives 

indfcates the imPr0rtance of the polyglutamate moi et y of these ligands in 
'1 

binding (Chapter 3). In addition, only the polyglutama'te substrates for 

which the enzyme exhibits high affinity result in channeling (Chapter 4), 

thus supporting the concept that th,e folylpolyglutamate molecule is 

anchored at a polyglutamate binding'subsite during the movement of its 

pteroyl moiety between active sites (49). The observation of only four 
, ' 

polygl utamate binding sites suggests that at lea~t a dimeric structure is 

necessary for channeling, and that there might exist one such site per 

pair of transferase-deaminase activities. The results of kinetic studies 

done with the native enzyme (Chapter 4) and with an active transferase 
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fragment (105) also support a common pOlyglutamate bindfng subsfte.. The 

transferase and deamfnase sites can function separately and' 

sf~ltaneously [Chapter 4 and (185)] indicating that they form sepa'rate 

sites. This conclusion is consistent with the isolation of a transferase 

fragment (l05) and the results of chemical modifications (49). The 

presence of additional glutamyl vesidues on the H4folate substrates 
1 

increases the affinity of the enzyme for the coenzymes. This tighter 

interaction may be seen as a larger effective concentration of substrate , 

at the active sites. Howeve'r, it has been demonstrated ~hat the 

efflcfency of channel ing dpes not depend only on the maintenance of high 

local concentrati on of substrates but al so on a specifie steric 

requirement in the ,length of the polyglutamate chain ta assist the 

transfer of the intermediate in an optimal position for catalys1s. 

The relationshipi between catalytic sites of the transferase-
l , 

, deaminase wfthi n its l uni que quaternary structure still needs further 

inve~tigation. Ho~~ver. the results of the present studies raise 

interesting aspectf of the relationship between active sites in multf­

enzyme systems inJgeneral, and in folate-dependent pathways in 

parti cul are some/ COll11lents and perspectives for future studies are 

developed )n the following se~tions. 

5.1 -Rol e of the quaternary structure in catalysis/channeling" 
; 

The number and the 1 ocati on of the two actf.ve sites of the 

transferase-deami nase enzyme are still not resolved. The observa.tlon of 

four folyl polygl utamate binding sites on the native octamer (Chapter 2) 

and the oc<;urrence of two types of subunit interaction (l05) rafse the 

potential of formation of sites" between subunits. The existence of 

fntersubunit sites for catalytic activity has 1en proposed in sever-al 

" . 
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cases. For example, experimental evidence suggested that ~e pyridoxal 

phosphate site of tryptoplian synthase .fran I:. coli i s formed at the s 1 te 

'of interaction of the tw,o ~-monomers (188). Similar1y, the four folate­

binding sites of the tetrameric formylH 4folate synthetase from 

ClostridillTl cyl indrosporum may be formed by the association of the 

identical monomers (189). The ~ .. ketoacyl synthase activity ,of both yeast 

(-64) and anfmal (58~ fatty acid synthase requires the juxtaposition of an 

active cysteine-SH of one a subunit and of a pantetheine-SH of the 

adjacent a subunit. 

One approach which could help to decide whether the transferase and 

deaminase sites of our enzyme are intrinsic to each monomeric subunit or 

if ttiey are formed at a subunit inter:action involves additional b1nding ~ 

studies. It is reasonable ta assume that the two activities form 

separate sites and that a pteroylmonoglutamate ligand lacking the poly .. 

glutamate chain would bind only to the pteroyl binding site of each 

activity. Asking the same type of questions as outlined in Chapter 3, we 

are faced with three 1 ikely possibil ities for the number of catalytic 

sites on the octameric protein. There may exist 4 + 4 sites if each 

activity 1s formed at a subunit 1nterface,-a + 8 sites if each monomer is 

respons;ble for both a~tiv1ties, or possibly 4 + 8 sites in a mixed 

situation. The "4 + 4 sites" would be the clearest situation since the 

observation Qf 8 sites for a given activity can result from' the forlnation 

of tWQ equivalent active centers by one type of sUbunit,associatfon, as 

has been shown for th~ mamma li an fatty aci d synthase (58). The resul ts 

of binding studies using H4folate present the poss1bility of four trans­

ferase si tes but the afti nit y of the eniyme for thi s li gand was not hi gh 
1 

enough for a.ccurate determination (Chapter 3). Trials to find a folate 
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ligand of su1table afffnity for one or both activ1t1es have been unfruft~ 

ful so far, but fo1ate ana!ogs are potent1al candidates. The bfnd1ng of 

a fo1ate derivative could a1so be studted in the presence of polygluta-
, 

mate peptides (either strictly the peptides, or for example, the peptides 

linked to a p-aminobenzoic acid ring-). It has been shown that polygluta­

mate peptides can offer protection against proteolysis (190). Such 

protection cou1d possibly occur through a slight conformation change in 

the protein, and this change could affect the affinity of the enzyme for 

the pteridine ring of folate ligands. The presence of po1yg1utamate 

peptides may appear useful for determination of the numb~r of deaminase 

sites since it has been suggested that the deaminase site and the poly~ 

glutamate binding site are closely associated (105). The number of 

transferase sites can possibly be determined using ana10gs of 'formimino-

glutamate which is the other substrate of the reaction; formiminogluta.,. 

mate itself does not have high affinity with the enzyme. The binding of 

a formiminoglutamate ana10g can be studied in the presence of ~ pteroyl~ 

polyglutamate since folylpo1ygl utamates may affect 'the affinity of 

folate~dependent enzymes for their non-folate substrates (section 5.4). 

The number of catalytic sites could possibly be determined by measur1ng 

the incorporation of a folate affini~ label into the active sites, as 

has been dOne with the trifunctional folate-de~endent enzyme (191). 

The role of the quaternary structure in activity can a1so De 

approached by trying to dissociate and reassociate the subunits of the 

enzyme. Possibly, conditions can be found for the formati~n and isola. 

tion of stable monomeric and dimeric intermediates. The intermediates 

could then be assayed for tr~nsferase and deaminase activities. Because 
j~ 

the octamer 1s assemb1ed by two ~pes of subunit interaction, two dimer1c 
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spec1es can be obtained. thus caution 1s needed in fnterpreting data 

obta1ned with fntermediates of the dissociatfon/reassociation·processes. 

One simple way ta distinguish the two interactions wou1d be ta look for 

polyglutamate specificfty since the four folylpolyglutamate binding sites 

observed are likely formed at a subunit ;nterfa~e. Studies can a1so be 

carried out with the dimeric transferase fragment obtained fram chymo~ 

tryptic cleavage of the protein. Proteolysis could also be used to 

obtain a deaminase fragment. 

One interesting question regarding the interaction of the trans­

ferase and deaminase active sites relates to the distance between them in 

the native enzyme. The sites are not necessari1y close since a distance 

of 20-25A can easily exist between a polyglutamate binding subsite and 

each of the catalyti c si tes (Chapter 4); thi s di stance is s1 i ghtly less 

than the size of a subunit [~iameter = 32A (104)]. The distance between 

active si tes can be estimated by energy transfer using fl uore,soent probes 

as has been do ne for examp1e for the tryptophan synthase complex (74). 

The importance of quaternary structure" for the channeling of an 
L, 

intermediate has been e'stab1ished on1y in a few cases. The quaternary 

structure of q comp1ex ;s obviously required for channeling when the 
1 

"f1rst and the second active sites are on separate polypeptides as 1s the 

case for the tryptophan synthase complex (72.74). O;mers but not 

monomers of the bifunctional UMP synt~ase can channel the OMP inter­

mediate fram one catalytic site ta the ather (76). In th;s case, 

however, the formation of dimers was al~o apparently necessary for 

activation of one of the two activities (76). In mannnals, the overall 

synthesis of a fatty acid requires the dimeric form of the multifunc­

t10nal fatty acid synthase since the active centers of the ~-ketoacyl 
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synthase component are creaied at the subunit interface {58}. One very 

interesting example of the role of quaternary structure in channeling is 

that of the yeast fatty acid synthase (64). The native enzyme complex is 

formed by the association of two multifunctiona1 proteins within an <X6 fi6 

structure. The activity of the f3-ketoacyl synthase component requ1res 

the juxtapositioning of two adjacent cr subunits as seen for the mammalian 

enzyme (64). Even though theoreti cally an (X2 f3 compl ex coul d carry out 

the overall reacti on, and even though (12 13 2 and a/ff31j have been detected, as 

fntermediate species, the a6~6 structure is the active form of the 

comp1ex. 'It has been proposed that only the latter arrangement can 

ensure the optimal distance between the complementary thiol groups of 

adjacent a-5ubunits for~catalytic activity of the ketoaCyl synthase 

(64) • 

Accordi ng to the resul ts of bi ndi ng studi es with the transferase-

deaminase, a dimel7 15 theoretical1y the minimal structure for real1zation 

of channel i ng. However. as observed for the yeas t fatty aei d synthase. 

the 'octamer mqy be the on1y active structure for channeling, especfal1y 

if the two types of subunit interaction appear to be required for the 

catalytic activ'ities. The quaternary structure may also be important for 

regulat;on or conformational stabi1ity. 

5.2 Comments on mechanisms and advantages of channeling 

A basic aspect of the mechanism of channeling in multienzyme systems 

relates to the degree of overlap of the active sites. The ex.a&p l es of 
l 
'-. 

channeling co11ected so f~r (sections 1.1.3 and 5.1) indicate that a 

unique arrangement is not required for the active sites involved in the 

transfer of an intermediate. At one extreme, channeling may occur 

between non-overlapping sites. Indole fs channeled between active sites 
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wh;ch are located on, different types of polypeptide in the trypto,phan 

synthase complex. As far as 1 am aware, channeling of an lntermediate 

between separate sites w;thin a monomer;c multifunctional protein has not 

been reported. Whether the juxtapositioning of adjacent identic,al poly­

pep'tides is necessary. as seen for the UMP synthase, cannot be decided 

because of 

has been p 

by the a 

can occ 

\ 

e laC~f examples. In these two examples, the intermediate 

posed to ~ate between active sites within a cleft c~eated 

emb ly of the Çsubuni ts. At the other extreme~ both react ions 

at a common active site. The cho~ismate mutase-prephenpte 

dehyd{ogenase enzyme, and the dehydrogenase-cyclohydrolase activities of 

the tr~nctional folate-dependent priltein illustrate ttlis situation. 

Between these two extremes, the multifunctional enzymes fatty acid 

synthase and formiminotransferase-cycl odeami nase can be regarded as 

examples of "partial overlap".' The catalytic sites in each system are 

1 ndependent but share a common subs i te, that i s the sîte of attachment of 

the Ifswingin~ ann" which effects the transfer of intermediate between 

sites. The tra~'S'feril se-deami nase sys tem dif fers from the f atty ac id 

synthase system in that the mobile ann interacts with the enzyme most 

lH.ely through electrostatic forces rather than covalent link.age. - This 

1s suggested by the negative charges carried by the polyglutamate chain 

of folylpolyglutamates. and by the effect of salts on the -activity of 0 

folate-dependent enzymes with their folylpolyglutamate coenzymes 

(136,172,192). Whether there exists sorne limitation i-n the arrangement 

of sites for channeling is not yet clear. Tpe study of the mecnanism of 

channeling in other systems can be helpful in this regard. 

In addition te increasing the catalytic efficiency of a given path-

way by maintenance of high local concentration of substrate at the site 
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of utl1ization, the channeling of ·intermediate may offer other advantages 

as ~ been,proposed in several cases. The channeling of indole in the 

tryptophan synthase complex presents-? physiological advantage in yeast. 

At low cell density. mutant strains which could not effect the channeling 

of indole showed an exaggerated, prolonged lag period preceeding the 

usual exponenti al growth (193). The abnormal 1 ag was reduced by additi on 

of low concentrations of indole to the medium (193). The author suggest-

ed that the channeling mechanism offers a means to retain indole within 

the cell. The two catalyti-c activities of UMP synthase are found on a 

bifunctional protein only in mammals (76). The channeling of OMP inter-

mediate in this system may be beneficial since mammalian cell~ have more 

active pyrimidine nucleotidases than do bacteria (76). The compartment­

alized OMP could thus be protected from degradation before its utiliz-

ation (76). In glycolysis, the channeling of 1,3-diphosphoglycerate 
'ëIo 

occurs via an enzyme-substrate-enzyme complex (77). It 1s suggested that 

the formation of this complex could ensure the correct or most effect,ive 

transfer of this unstable intermediate (77). Thermodynamically, the 

concentrati on of thfs i ntermedi ate must be low. 
> 

In folate metabol ism, 

the formiminoH~folate and :he methenylH~folate intermediates are 

channeled between the transferase-deaminase [Chapter 4 and (49)] and 

between the dehydrogenase-cycl ohydrol ase (48,49) acti viti es respectively. 

, Reasons for channeling could relate to the fact that these intermediates 

are labile. that th~ are potential inhibitors of other folate-dependent 

activities, and that they have no other known function (120,185). 

However, sorne aspects of their channeling remain obs9Ure. The mono- and 

polyglutamate forms of methenylH 4folate are both channeled between sites 

# but this transfer, although preferential. is not complete (48,49). Only 
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the long polyglutamate forms of formiminoHqfolate are channeled, and 

compl ete channel 1 n9 requ1 res a pentagl utamate [Chapter 4 and (49)]. A 

deeper comprehension of the mechanisms regulating folate metabolism could 

~ help to delineaf'e some metabolic advantage for these different features. 

In addition, the channeling of the methenyl and formimino intermediates 

has been studied in only one direction. The extent to which channeling 

occurs in both directions could give useful information regarding 

mechans im. 

In sUl1111ary, the examples cited in this section illustrate sorne of 

the advantages (outlined in section 1.1.2) which could result from the 

compartmentation of intermediates in multienzyme systems. These 

advantages relate te the trapping of important intermediates (e.g. 

indole). the protection of labile compounds, and the prevention of inter-

ference between related or competing pathways. In addition. the channel-

ing precess can direct the flux of intermediates toward specifie sites 

for utl1ization. In this regard, the degree to which enzyme organization 

occurs in a given pathway could affect the efficiency of this flux. 

Potential direction of flux through the folate-dependent pathways ts 

discussed in terms of enzyme-enzyme associations in the next section. 

5.3 Organization of enzyme activities in folate metabolism 

Physical association between enzyme activities has been shown ta 

occur in different pathways of folate metabolism (section 1.2.2). The 

potential for more extensive association of enzymes in these pathways 

still exists. A high degree of organization in this metabolism could 

also involve the interconnection of degradative and synthetic pathways 

possibly via association of each process with the enzyme activities 

respons1ble for the interconversion of one-carbon H4 folate derivatives. 
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The lfietabolic sequen~es formed within th1s 0r:ganizat.lon coul.d _be, for 

e,(ample: 
o 

1. ~serinè hy.droxymetflyl~ransferase' -+ thymidylaîe synthàse -+ 

H2 folate reduc:ase. 

2. serine ~droxyrnethyltransferase'-+ met~ylenèH~folate dehydr~-
.. : . ~ 

genase - methenylH 4 fol ate cycl otlydr'ol ase .. GAR transfonI\Yl ase 

(or AICAR transformylase1. 

3. f.~rmjminog1utamate:H~fo1ate formiminotransferase - forrnimino­

H4 fol ate cyclodeaminase .. meth~nylH4 ~ol ate cycl ohydrol ase -+ GAR 

transformylase (or. AICAR transformylàse)~ 

4. for~lH4folate synt,hetase .. GA'R 'transformylas'e (or AICAR traf!s-, 

formy1 ase). 

'5. methyl eneH 4 fol ate' dehydrogenase methenyl H 4fo1 ate cy,c1ohydro-' 

1ase -+ 1:0-formylH;..folate dehydrogenase, J?r the dJsposal of 

excess one-carbon units (48,82,96). 
1 , 

The copurification of serine hydroxymethyltransferaS€, GAR and AICAR 

transformylases, and the 'activities of tbe trifiJnctional protein (methy-

1 eneH~ f~l ate 'dehydrogenase-methenylH It fol ~te cyel ohydrol ase-formylH 4fo1 ate 
, " --. 

synthetase) from av;an liver (115,116) suggests'that a high degree 

~of organizatio~ may occur in folate metabolism. This organization maj be 

important i,n the regu1 ,at i on of f1 ux throu,gh the different pathways and 

~ offer protection to the labile folate intermediates. 

Weak interactions between enzymes may not be de~ected because th~y 

do not withstand the conditions of the purff,ication procedures. 

Approaehes to stuQy physieal interactions'..!!!. vitro may involie eross­

linking and sedimentatiun analyses (116). ,A possib1e role of folylpoly-
, " 

glutamates in promoti ng associ ati on of fol ate-dependent enzyme activitfes,' 

j 

-
1 

1 
-1 
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has not been studied and may be a pr'omising avenue of investigation. As 

has been seen with formiminotransferase-cyclodeaminase (Chapter 4), the 

,polyglutamate chain of folat~ coenzymes offers two advantages in thfs, 

regard. The polygl utamate chain ti ghtly anchors the fol ate mol ecule on 
-

,the enzyme surface through interaction with a binding sHe. If distal 

glutamyl residues of tne chain are involved in this interaction, the 

pteroyl moi et y of the coenzyme can çover a cons i derab 1 e di stance from one 

active site to another. For example, the mobile por.tjon of a folylpoly­

glutamate, measured From the a-carboxyl group of the fourth glutamyl 

residue to nitrogen 5 of the pteridine ring. is approximate1y 20-25A. 
~ 

These particular features, tight bindlng and great mobility of the folyl-

polyglutamates, could perhaps be sufficient to effect the transfer 

(channeling) of folate substrates between different' enzymes. Such 

functiona'l site-site interaction could possib1y overcome the requirement 

for strong physical association of the enzyme activities, and could occur 

through formation of an "enzyme-substrate-enzyme" complex as 'has been 

observed ~ vitro'for two glycolytic enzymes, glyceraldehyde-3-
n 1 

P-dehydrogenase and 3-phosphoglycerate kinase (77). The enzymes which 
, 

s~ow high affinity for distal glut~mates of their fo1ylpolyglutamate 
. . 

coenzymes cÎre potentia1 cand,dates for such association. In pig 1iver, 

the formiminotransferase-cyclodeaminas~ enzyme (Chapters 3 and 4), the 

activ1ties of the trifunctional protein (49,163), and the activities of 

serine hydroxymethyltransferase, thymidylate synthase, and methyleneH
4

_ 

folate reductase (17S) apparently exhibit thlS feature. 

Toe formiminotransferase-cyclodeaminase enzyme can potentia1ly 

associate with the trifunctional folate-dependent prote;n since its final 

product, metheny1H 4 folate, is a substrate of the tnfunctional enzyme. 
1 

l 
l 

.. ' 

! 
1· 
1 
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i 



-146-

The bifunctional prote;n could also associate wlth other act1vit1es of 

the hi stidi ne degradation pathw,ay. The pl anar structure of transferase­

deaminase is large and could thus off~r a good surface area for further 

enzyme-enzyme association. Its structure is similar to the "equatorial 

plate-like structure" formed by the multifunctional <x-subunits of the 

yeast fatty acid synthase (64). This equatorial plate is associated w1th 

six subunits of another multifunctional protein ta form the fatty acid 

synthase compl ex (64). 

5.4 Specialized functions of folylpalyglutamates 

As has been reported previously. the folylpolyglutamates are the 

functional coenzymes of folate-dependent activities (section 1.2.3). 

Potentially. they can regulate the flux through the various pathways of 

folate metabolism via specificities_of the enzyme activities for the 

number of glutamates in their folate sub~trates [section 1.2.3 and (26)]. 

Potentially also, they can promote channeling of intermediate through 

enzyme-enzyme associations (sections 1.2.3 and 'S.3). This section 

briefly covers two other functions of the polyglutamate derivatives: 

stabilization of enzyme' activities, and alteration of the kinetic 

properties of enzymes US6). ,; / 
1 

McGuire and Bertino suggested in their review (156) that the binding 

of folylpolyglutamates to folate-dependent enzymes may protect the 

enzymes against intracellular degradation. This may affect the cellular 

levels of enzyme activities. Protection against proteolysis has been 

demonstrated in vitro for ~ case; thymidylate synthase (156), pig liver 

formiminotransferase-cyclodeaminase (105). and yeast trifunctional 

protein (190). In the latter case, protection can even be provided by 

the use of polyglutamate peptides lacking the pteridine ring (190). 
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,Generally, increased protection 1s observed with increased length of the 

polyglutamate chain (190). The results indicate the importance of the 

polyglutamate moi et y in stabilizing enzyme activities. 

Folylpolyglutamates can affect the kinetics of a reactiôn by 

modifying the kinetic properties of an enzyme activity (156). Changes 1~ 

Km for the folate substrate and in Vm have already been reported 

(sections 1.2.3 and Chapter 4). but the Km valu~for the non-folate 

substrate may also increase or decrease if polyglutamate derivat1ves of 

the folate substrates are used (156). The order of addition of 

substrates and of release of products could possibly differ depending on 

\ 

whether a short- or a long-chain folylpolyglutamate 1s the coenzyme 

(156,163). The mode of inhibition could be modified by the use of p~ly­

glutamates in5tead of monoglutamates (156.163). Kinetics of the 

transferase activity with the monoglutamate form of folate substrate 

suggested that the reaction involves a rapid equilibrium rantlom mechanism 

'with formation of dead-end complex: enzyme-H 4folate-glutamate (186). 

This type of mechanism indicates that each substrate (H 4folate and 

formiminoglutamate) binds independently to a part of the active site of 

the enzyme. and that either substrate can add first. It may he poss1ble 

that one order of addition of substrates ,-is greatly preferr,ed in the 

presence of a folylpolyglutamate substrate. It 15 also possible that the 

b1nding of a polyglutamate derivative of H4folate could modify the Km 

for formiminoglutamate. The significance of such possibilities with the 

transferase actfvity remains to be determined. 

In conclusion, the role of the quaternary structure of 

formiminotransferase-cyclodeaminase for'catalytic activity and channeling ~ 

of intermediate is an important aspect of its function. and requfres 



--
-148-

further study. This bifunctfonal enxY.e const1tutes an excellent sy~te. 

to 1nvestigate the potential for enxYme-en~ associations that could 

accur fn folate metabolism. and the role of folylpolyglutamates with such' 

associations. Because of the physical associatjon of 1ts transferase' and 

deam1nase activities. thfs protefn leads us fnto the general area of 
? 

en~ organizatfon in cells. Characterfzfng ,its propèrt1es would help 
;j 

to understand how enzyme organ1zatfon 1s useful in ~rms of metabol1~ 

efffciency and regulatfon. 

. \ 
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