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. ABSTRACT

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 tetrahydrof91ate substrate having 4,5, or 6
glutamyl residues,. the formiminotetfahydropteroylpo]yg1utamate formed by
the transferase activity is preferentially transferred (channeled) to thé
deaminase site rather than released into the solution. This channeling
is Essentia11y complete with the pentaglutamate derivative. The enzyme
has highest affinity for the hexaglutamate as measured by K4 and Kp,
but does not show specificity for a given po1yg1utamaté as measured by
Vm/Kpe The results indicate that steric length of the polyglutamate
chain, not simply affinity, is critical for optimal channeling. Binding
Ytudies demonstrate four sites for the 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
gypporg the concept that the polyglutamate chain anchors the tetrahydro-

folate molecule during its transfer between active sites.
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RESUME
La formiminotransférase (EC 2.1.2.5)-cyclodésaminase (EC 4.3.1.4) A 3
isolée du foie de porc catalyse deux réactions séquentielles qui

utilisent le tétrahydrofolate. Avec les dérivés du substrat tétrahydro-

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

polyglutamate formé par 1'activité transférase est préférentiellement i
transféré au site désaminase plutdt que 1ibéré dans la solution. Ce
transfert ast essentiellement complété avec le dérivé pentaglutamate.
L'affinité de 1'enzyme, telle que mesurde par les valeurs de KP et de

Km, est maximale avec 1'hexaglutamate. Pa} contre, les valeurs du

rapport Vp/Kp n'indiquent pas de préférence pour un polyglutamate
particulier. Les résultats indiquent que la longueur méme de la chaine
polyg]uiamate; et non la simple affinité, est une facteur déterminant de
1'efficacité du transfert. Les résultats d'études de liaison montrent
1'existence de quatre sites liant les tétrahydroptéroylpolyglutamates a
1'octamére d'origine, suggérant la formation de sites entre les sous-

unités. Leé sites transférase et désaminase sont cinétiquement

indépendants mais partagent un site commun pour la liaison de la chaine .,
polyglutamate. Les résultats s'accordent bien avec la notion d'une

chaine polyglutamate servant d'ancre & la molécule tétrahydrofolate lors A

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 Graduate Studies and
Research "Guidelines 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 as pa;’t 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 wmwaterial (e.g. experimental
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
and common abstract introduction and conclusions are required. A mere
collection of manub‘sc\ripts is not acceptable; nor can reprints of publish-
ed papers. be accepted. While the inclusion of manuscripts co-authored by
the Candidate and others 1is not prohibited for a test period, the
Candidate is warned to make an explicit statement on who contributed to
such work and to what extent. Copyright clearance from the co-author or
co-authors must be included when the thesis is submitted. Supervisors
and others will have to bear witness to the accuracy of such claims
before the Ora'l Committee. It should also be noted that the task of the
External 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 tables. The references cited in the General Introduction (Chapter 1)
and General Discussion (Chapter 5) are compiled at the end of the

thesis. ’ -
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( CONTRIBUTIONS TO ORIGINAL KNOWLEDGE
DEVELOPMENT-OF TECHNIQUES

Htherqy1po1yg1ufamaté§ were prepared usingﬁ§ malic enzyme dependent
NADPH-generating system. This system enabled us to obtain the
radiolgpe]ed polyglutamate derivatives of high specific radio-
activity required in binding studies. The addition of a chromato-
graphic step involving the use of immobilized boronate permitted the
removal of NADPH from labeled H, folates. This procedurg could also
be used to purify unlabeled derivatives.

FormiminoHufolgte free from other folate ﬁérivatives was prepared .
using a method that was also applicable to the polyglutamate N
derivat;ves. _The use of pyre and stable substrate permitted the
accurate measurement of the c}c]odeaminase activity, and was also
necessanj to study the kinetic behavior of mixtures of mono- and

pentaglutamate derivatives in the transferase-deaminase system.

‘The Ky values of H,pteroylpolyglutamates with the transferase

activity were very low and could not be determiried with the spectro-
photometric assay. The fluorescent properties of 5,10-methenylH -

folate were used to develop a-much more sensitive assay of the
v N . ‘
transferase reaction. The components of the fluorometric assay were

carefully controlled to obtain reliable measurements of the fluores-

cence of the methenyl product. §

FUNCTIdN OF TRANSFERASE-DEAMINASE

The results of inhibition‘and kinetic studies confirm the existence
of separate catalytic site§'on‘the bifunctional polypeptide for the .
transferase and deaminase activities. (6R)-HhFo1ate is a strong

inhibitor of deaminase but inhibits poorly the transferase activity.
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It is possible to increase the rate of production of final methenyl-

H, folate by adding formiminoH, folate intermediate to the system

saturated with substrates of the transferase. This increase is
apparent only with H folate/formiminoH, folate combinations in which
at least one of the folate derivatives is a monoglutamate.

Each of the prteroy]po1yglutamates 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 po]yglutamaée
derivatives of H, folate suggests that these sites bind the polyglut-

amate structure of the folate 1igands. ‘The number of these sites

and the results of kinetic studies using H pteroylpentaglutamate/

formfmianqpteroylpentag1utamate pairs support the existence of a °
single polyglutamate subsite per 5air of transferase-deaminase
activities. T?e large decrease %n relative free energy on binding
the fourth glutamate of H pteroylpolyglutamates indicates that this
reﬁidue is particularly important in anchoring the folate molecule
on the enzyme through:interaction with.a polyglutamate site. The

calculated Tength of a H, pteroylpolyglutamate molecule from the
- &

’ aecarboxyi group of its fourth glutamate residue to position 5 of

the pteridine ring suggests a distance of 20-25A& between a polyglut-
qmate binding subsite and an aétive site. The distance between '
trgnﬁferase and deaminase catalytic sites could be considerable

within this radius. . A <
The affinity of %he enzyme for h, folate 1igands 1ncrease§ with the
number of added glutamyl 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

e
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values of K4 obtained from the binding of H pteroy1(glutamate)n

(n = 1,3,4,5,6 7f}ligands to the enzyme, and the values of Kp oy

exhibited by each activity for their respective H pteroyl-

o~

(glutamate)y (n = 1,3,4,5,6,7{ substrates. Vp of deaminase is
minimal with formiminqupteroyl(glutamate)6 substrate suggesting
that the release of methenylH pteroyl(glutamate) . product is slower
than that of other po]yg]utaﬁate derivatives. The catalytic
efficiency of both éctivities (Vp/Km) is much greater with.
substrétes containing four or more glutamates, but this property
does not differentiate between 4,5,6 and 7 glutamates.

Channelihg of the formiminoH, pteroylglutamate intermediate between '
the transferase and deaminase catalytic sites-occurs when H pteroyl-.
(glutamate), 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 anchdr for the transfer of the pteroyl moiety
between sites. The gpecificity 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 organizatién 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 catalyztng two sequential folate-mediated reactions
4in mammals. The covalent linkage between the two activities represents
one type of enzyme-enzyme association encountered in cells. Although the
advantages resulting from the different associations of epzymic
activities in this metabolism are just beginning to be investigated, it
is though; that the 'naturally-occurring polyglutamate forms of folate
coenzymes may have a special significance with these enzyme
associations.

The topics of enzyme organization and of folate metabolism,
including the roles of the naturai]y—occurring polyglutamate derivativés,
as well as a review of the properties of the bifunctional

transferase-deaminase will be presented to provide the context in which

the objectives of this thesis- can be outlined.

1.1 ENZYME ORGANIZATION ’ .

-9

- .

Living cells certainly are no longer considered as sacs containing

dispersed enzymes catalyzing reactions using freely-diffusing metabol-

ites. Evidence is accumulating which suggests that even the cytoplasm of
cells is highly organized with their various enzyme activities associated
into different types of multienzyme systems. Welch (1) has extensively
reviewed the historical development of this cBncept of an organized

~
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cellular metabolism through c;liection of experimental findings and
establishment of coherent hypotheses. These hypotheses haye considered
the potential advantages of enzyme organization in terms of thermo-
dynamic, kinetic and evolutionary criteria. The relation between thege
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,lwombacher (5) has rev{éwed
current studies on molecular compartmentation delineated by the formation v
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 mentioned or from more recent publications in the

field.

1.1.1 Types of enzyme organization.

Three main types of physical interaction between enzyme activities

~ have been rgported. Multifunctional proteins result from the covalent

linkage between autonomous enzyme—éctivities“(1,4). 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 associatian have been reviewed‘by Biséwangér and his

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

identical polypeptide chains, each containirig the seven catalytic

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

site (8,9). Five enzyme activities catalyZing sequential steps in the
biosynthesis of the aromatic amino acids in Neurospora are on a single

polypeptide (fb,ll). The native protein exists as an homodimer. A very.

Thins s e s
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> ﬁimple multifunctni’or;alﬁ protein is the monomeric bifunctional phosphoribo-

sylanthranilate ispmerasedndo]eglycerolplhosphate synthase from E. coli
(12). The multifunctional enzymes meritioned catalyze consecutive
metabolic steps, but covalent as\s%c:iation be-twéen non-sequential
attivities has also been reported. Aspartokinase I—homdoser'ine dehydro-
genase I constitutes the classical example of this type (6). Three non-
sequential sféps in the histidine biosynthetic pathway are catalyzed by a
trifunctional protein (13).

The associationsof different enzyme activities b)\/ non-covalent
forces results in the formation of multienZ);rrie complexes (1,4). The
a¥ct1‘vit1’es which are found on different polypeptides can usually copurify
1;\he 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 sevéral 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 o‘f the mammalian complex was found to bind to sites of
two different affinities on the transacetylase core: Kq values of 10-1l
and 10-8M are reported for the high~ and low-affinity sites respectively
(17). The E. coli tryptophan synthase complex catalyzes two activities
which reside on separate polypeptides. It has an «,8, quaternary
structure, and the upper limit for the dissociation constant of this
complex has been estimated to be 10-8M (18). Copurification of weakly
associated enzyme activities is more difficult to achieve. Such inter-
actions have been reported to exist between g]ycolytic enzymes (19,20),
and among t;he Krebs' cycle enzymes in mitochondria'_(21322). ~ The strength

pr—

of non-covalent interactions—may _be affected by the type of ligand,

et

\
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either coenzyme or effector, bound to the complex (23,24), the protein
concentration (23), ionic strength and pH (25,26). The dissociation
constant of complex formed in vitro by the pig muscle glyceraldehyde<3-
phosphate dehydrogenase and aldolase has been determined, and a value of
10-6M is reported (25). Non-covalent aggregation of different enzyme
activities can also occur tran;sient1y during the cell cycle. A clear
example is the association into a multienzyme complex of several
activities responsibte for the synthesis of DNA in mammalian ce]fs dur'lﬁg
the S-phase (27) of the cell cycle. It is possible that some spegcific
enzyme-enzyme interactions that occur in vivo may not be isolatable as
such in vitro. De;nonstration of physiologically relevant interactions oﬁi
this type is currently very difficult to achieve. |
Enzymes can also be associated with structural elements in the cell
(1,4,5). Certain proteins are structurally integrated in the membrane

(e.g. electron transport system ofl the respiratory chain), but other'

soluble enzymes can possibly form a reversible, specific association vﬁth :

the membrane. The binding of several enzymes of the citric acid cycle to
the inner mitochondrial membrane has been investigated (28-30). In
addition, some enzymes of fatty acid p-oxidation were also ‘found to
interact with this membrane (31). Srere and his co-workers éuggested
that, in mitochondria, the enzymes of the Krebs' cycle, the activities of
the g-oxidation of fatty acids, and the components of the electron
carrier system can form large multienzyme systems in vivo (29,32). Their
hypothesis 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

e
certaﬁl glycolytic enzymes with the erythroCyte membrane.has been
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reported (5,33,34), as well as with structural proteins in muscle

e kit s ke ks s eaa s

. ’ (35<37).

The sequencek "“separate proteinssmultienzyme complexessmulti-
functional proteins" was first postulated to explain the appearance of
multifunctional polypeptides in the course of evolution (6). The finding 3
of more examples of these types of multienzyme systems combined with the ﬁ
characterization of these systems, and some genetic considerations

suggest that separate activities can evolve either into multienzyme

complexes or into multifunctional proteins in response to various

biological requirements (7,38 ). "It is also proposed that enzyme organ-

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

A R, o I Wh 1,

cytoplasm with separate enzyme activities to a system that is physically
and functionally structured by the presence ?f membrane-delineated
organelles (1,5). The mechanisms resd‘ting in the formation of muiti-
functional proteins comprise gene duplication, gene translocation, gene
fusion, and direct covalent linkage of polypeptides (6,7). Mutational
modification of substrate or effector binding sites has also been
p?oposed as a possible mechanism for the acquisition of additional
activities by‘bacter1a1 enzymes (39). When the componéﬁts of a mlti-

v functional proiein are found in autonomously folded domains of the poly-. $>
peptide chain, and wﬁen the molecular we{éht of “the multifunctional poly- ¢

peﬁtide is consistent with the conservation of the individual molecular

weight of the separate components during evolution, it is generally . ' E

thought that multifunctionglity arose by gene fusion.

1.1.2 + Advantages of enzyme organization

The physical association of enzyme activities may confer two main

(_‘ ‘ functional advantages to the multienzyme .systems: the compartmentation of
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metabolic intermediates and the possibility of coordinate effects (1,4).
Compartmentation or metabolic charineh’ng c_iescribes the phenomem;r'; by
which the product of the first reaction in a metabolic sequence does not -
- equilibrate in the medium but is preferentially transferred to the next
active site. The molecular mechanisms responsible for the confinement of
intermediates in the vicinity of active sites are not understood in most
instances. Some examples for which a mechanism has been propos;ed will be
reported in the following section. Such a compartmentation which main-
tains high local concentration of intermediates at thé active sites
reduces the concentration of free metabolites in the cell (1,4). This
feature preserves the solvent capacity of the cell and prevents_;uastefu'l
- accumulation of intermediates. It protects labile ;’ntermediates and
prevents interference with coexisting and competing pathways (1,4).
Compartmentation may increase the catalytic efficiency of a given
pathway through a reduction of the transit and/or the transient times
(1,4). The transit time is the time required for the diffusion of a
metabolite from one active site to the ~next. Although the diffusion of
intermediates is not considered as a potential rate-limiting step in the
function of a metabolic pathway, it is suggested that the transit time
could be reduced by decreqsing the dista:mce between active sites; (1,4).
Whether a smaller distance facilitates the diffusion proéess has been |
" recently questioned (40). However, in some membrane-bound systéms."
compartmentation has the potential to reduce the transit timg (1,4). For
example, the long chain acyl-CoA intermediates of the fatt} acid

B-oxidation pathway would hardly\ diffuse in the cdncentrated protein

L e SN s tesn

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

strates are confined to associated enzyme activities in a given pathway,

e
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they.accumulate within smaller pools. This hwy reduce the-traqsient time

(1,4), that is the time required by the'system to readjust to a new

steady state. The Neurosgora'arom complex has been shown to display this

property in vitro (41). : %

Goﬁba%tmentation of intermediates has been shown to occur in several
. L

systems (1,4,6,7) using both in vivo (27,42) and in vitro studies (41,43»'

47). An elegant in vivo study has been done by Davis in 1967.(42) using

mutant strains of Neurospora. He demonstrated that the carbamyl phos-

phate intermediates produced by two forms of carbamyl phosphate synthe-
o« ' .

tase, one which participates in pyrimidine synthesis.,and the other in the

¢

arbinine synthetic pathway, do riot mix as a common pool.: They are

channeled within their réépective pathway through asSociation of the

carbamyl phosphate synthetase with aspartate transcarbamylase in the

pyr
pyrimidinelbathway, and through association of the carbamyl’ phosphate
synthetasearg with ornithine transcarbamylase in the arginine pathway
(42). His work 1is often é;ted as a classical example of chénneling, and
also historically as the first.important contribution to the Aevelopment
of the concept of channeling. In vitro, evidence for chqnné1ing can be
obtaiﬁed by comparing the time courses of appearance of products in the
coupled assays to the time courses expected for non~inferact1ng proteins
(41,44649): Channé]ing can also be examined by the approach 1Hvo1ving
exchange between labelled and unlabelled %ntermediates (50,51). These
approaches have been used to demonstrate channeling of indole in the
multifunctional tfyptophan synthase of Neurospora (43).

Channeling has been demonstrated not to occur within the monoméric

. bifunctional phOSphgribosy1anthr%n1late 1somerasee1ndoleglycerolphoéphate

N

R e B e O TV VU
.




¥

-9-

'syﬁthasg from E. coli (52), or within the dimeric bifunctional chorismate
muéase-prephenate dehydratase from the same organism (53). The
Bifunctional aspartokinase I-homosérine dehydrogenase 1 which catalyzes
two' non-sequential reactions also does not channel intermediates, and the
advaﬁtage of "this association is explained rather by coordinate
regulation (1,4,54).

| The association of functionally-related enzyme activities within’a
multienzyme system offérs an efficient means to coordinate conformational
and regulatory effects (1,4). Each activity of the system has the
poéent1a1 to be activated-or inhibited by a single eff2ctor-1igand
binding at a single site. Threonine is a common feedback inhibitor of
aspartokinase I-homoserine dehydrogenase I (1,4), Four of the five
aétivities of the grgm_comp]gx are activated by binding of the first
substrate (4). The bindinb of a single effector-1igand can'a1§6

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

. components of a multienzyme system [arom complex (4); tryptophan synthase

" (1); replitase multienzyme complex (55)]. The protein-protein inter-
‘action per se can also modify the intrinsic céta]y;ic'efficiency of some
. Individual compénentg of the multienzyme system (1,4). For example, the
interaction between the a-ketoglutarate dehydrogenase complex and
succinate thiokinase decreases the Km of each activity for one of their
subs;ratés (22). Changes in Ky and Vp values of associated enzyme
activities of a given pathway can decrease the transient time of the
overall sequence, and can effect a compartmentalization of intermediates
becau;e they are efficiently used at lower concentrations (44},

Dther advantages are postulated for enzyme-enzyme associations

according to the type of association involved. The regulation of
‘ |
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s}nthe§i§/turnover and of aggregation is simplified with multifunctional
proteins because a smaller number of separate polypeptides is handled
(1,6,7). Covalent agd strong non~cova1eﬁt interactions could resu]t'in
optimal orientation of the active sites for catalytic efficiency (1,6,7).
Weaker or—transient associations offer the means for a versatile and
dynamic control-of metabolic processes (1,21,23,56,57).

1.1.3 Examples of channeling mechanisms

Davis (42) has proposed two models to explain channeling of inter-

mediates 1in multienzyme systems. The "surface model" 1in which an'inter—.

mediate is confined or adsorbed at the surfaée of the enzyme system by
some means requires specific kinetic conditions for efficient channeling

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

second site must exhibit high affinfﬁwaor the intermediate and must not

be saturated with it (42). This mddel was suggested to be app]iéab1e to
enz&me systems in which intermediates are tightly or covalently bound to
the protein (42). When the capacity of the activé,sites cannot accommo~
date all molecules of interﬂediaée produced, the intermediate can still
be trapped within the muiltienzyme system depending upon the architecture
of the assembled protein components. This alternate possibility was
described as\the/*Ethartment.model".‘ The two possibilities can appear
indistinguishable andrpay be grouped as “compartment” models (42).
Later, Duggleby et al. (53) conceptualized a general model to describg
which kinetic features in a pair of coupled enzyme reactions will
}nf1ﬁence the partitioning of the intermediate between its release in the
medium or its direct transfer (channeling) to the second site.
Experimentally, channeling has been observed with several different

types of enzyme systems. The clearest mechanisms of channeling are those

1
1
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"where covalent linkage of intermediates415*1nvo]ved.' The transfer of

covalently-1inked "intermediates have been highly investigated with fatty
acid synthase, and the pyruvate dehydrogenase and g-ketoglutarate
dehydrogenase mulzienzyme i&stems. The animal fatty acid synthase is an
homodimer and each subunit contains seven active sites and an acyl
carrier site. 0One cycle through 6 active centers catalyzes the condensa-
tion of acetyl-CoA and malonyl-CoA; subsequent malonyl1-CoA molecules are
added sequentially for each additional cycle unti{ithe acyl chéin has an
appropriate length. The seventh activity, a thioesterase, is responsible
for the termination of the growing chain and for the release of the ﬁa};y
acid. The acyl intermediates:formed during the synthetic process ére
covalently attached to an acyl carrier arm which is responsible for their
trapnsfer to the differeﬁt catalytic sites. This arm is a phosphopan-
tetheine group attached itself by a phophodiester linkage to a specific
amino acid of each polypeg;ide. The dimeric structure is the active form
for the complete process since the activity of the p-ketoacyl synthase
component requires the juxtapositioning 6f_thio1 groups from each subunit
(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 theé
other subunit (59). Details of the proposed mechanism of this enzyme are
given by Wakil and his co-workers (58-60), and by Hammes' group (61,62),
and some aspects have been reviewed by Kumar {(63). A similar mechanism
js proposed for the yeast fatty acid synthase which possesses an agBg

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 offer sites for covalent attachment of inter-
mediates and act as mobile arms for the transfer of intermediates between
sites. Some interestihg featureé are exhibited by this system. The

<

thFee activities of the system are on separate polypeptides and the
resulting aggregatéd structure may provide a less rigidw;;fangemenp ofﬂ
the active sites than the covalent linkage between the catalytic centers
of the fatgy acid synthase (7). However, the organization of the lipoyl
groups in thié system has presumably been developed to ensure efficient
coupling between active sites (7). The sites of attachment of the lipoyl
moieties are on mobife protruding regions of the acety1tr§nsferase sub«~
units (66,67) which form the core of the complex. This mobility of the
1ipoyl groups and the capability of a given lipoyl group to interact with
adjacent lipoyl moieties (68-70) suggested that the lipoy]l moiet1g§ form
a network which serves as a “re1a§ system" for the transfer of inter-
mediates from one type of active site to another (68,70). Such a network
of 1ipoyl groups is also pr0pos?d for the mechanism of a-ketoglutarate
dehydrogenase (68,70,71). However, the mobility of protein segments
which attach the 1ipoyl groups appear more restricted (71).

‘ For many years the chqnne]ing of indole in the tgyptophan synthase
cata1yéed reactidns has been known ‘to occur, as indo]é‘hés not been
detected as a free intermediate (72). Indole is a tightly enzyme bound

intermediate but is exchéngeable with exogenous compound (50). Trypto-

" phan synthase from E. coli is an a,p, bienzyme complex catalyzing the

formation of indole from indoleglycerolphosphate (by subunit «), and the
subsequent condensation of serine and indole (by subunit Bz) to fie
tryptophan. The assembly of the a,p, structure is complex as revealed by

X-ray scattering (73) and by fluorescence and hydrodynamic studies (74).

R W R P
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The results of3f1uorescencé studies suggested (74) that the active site
'prpducing indole and the actiQe site utilizing it form two separate
active sifes. Cross-]inking‘stud{es also Sppﬂort this view of two
separate indole bindinb sites (75). It has been suggested (74) that the
" subunits form an internal cavity through which indole migrates from one
active site to the other. The '« and g domains are located on a single
polypepiide chain in Neurospora (43). It is proposed that indole is also
channeled between two distinct indole binding sites in this system
(43,50,72). L.

The formation of a dimer by the mammalian bifunctidna1 UMP synthase
appeared to be required for activation of the decarboxylase reaction and
for the channeling of OMP intermediate between the two active sites (76).
To account for- this observation and for the results of sedimentation
studies, Traut has suggested a ro]é for the quaternary structure of the
protein (76). According to the model he proposed, the dimeric protein a -
sequesters the OM?—intermediate within a cleft formed by the juxta-

position of the first active site of one subunit and the second active

it
\

site of fﬁe other subunit (76). - \
Associétion_of physically separate enzymes can exist pote&%ﬁa]ly

under certain conditions, and result in metabolic advantages. Thé\

structural change in phosphoglycerate kinase caused by the binding Sf the

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

binding of kinase to glyceraldehyde-3-P dehydrogenase (77). The forma-‘
tion of a "heterologous dimer" permits Fhe transfer of the intermediate
between the two activities via an enzyme-substrate-enzyme complex (77).
The mechanism of this transfer is still hypothetical. The binding of

3-phasphoglycerate, the substrate of the kinase activity, increases the !



o B T T T

R R e T e o - . -

transfer of the intermediate to the dehydrogenase site by possible

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

The channeling models presented above involve the transfer of inter-

mediate between separate active sitew. Examples of two reactions at a

'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 first reaction. A common active site model was proposed
foﬂ*%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 carboxy]l groups, and with
the nucleotide coenzyme through a hydrophobic bond. 1In the ground state,
the hydrophobic bond and only one ionic bond are maintained. In this
model, the transitional structures could thus be stabilized by means of
%n additional bond (79). Some degree of overlapping bétween active sites

was also observed with the bifunctional enzyie fromlgl_co1in(80). A

similar overlap has been postulated for two folate-dependent activities

of a mammalian trifunctional protein (section 112.2).

In summary, enzyme systems can thus provide different molecular
strategies for the compartmentation of intermediates. In some instances,
thé channeling of an intermediate has been suggested to have a special

physiological or metabolic significance (section 5.2).

9




/

-15-

1.2 FOLATE METABOLISM : o

1.2.1 Overview of folate-mediated reactions

Folate and its derivatives are essential éoenzymes in several
metabd\ic areas: for example, biosynthesfs of pur1né nucleotides,
metﬁionine, and thymidylate; degradation of serine, glycine, histidine,
and pqrines. It is not within the scope of this presentation to
undertake a detailed anélysis of the folate-dependent pathways, but a
very general overview will be given. Folate metabolism js complex and ™
the reader is referred to (81) for an excellent and up-to;date review of

different aspects of this metabolism.

Many of the folate-dependent reactions are common to most cells, but

_some of these reactions are species and/or tissue specific. Figure 1

presents a composite picture of folate-mediated reactions that occur in
procaryotes and eucaryotes. No single species carries all these
reactions. For example, only higher species utilize folate deﬁ{vatives
in the degradation of histidine; certain bacteria but not mammals can
generate one-carbon units from the degradation of purines. The central
theme of the diagram is the interconversion of a pool of one-carbon
tetrahydrofolate derivatives between dffferent oxidat%on states ﬁf the
one-carbon substituent. These interconversions occur in all ée11s. Thé
degradativerpathways which provide the one-carbon units are drawn as
feeding downward iato this pool. In general, serine and glycine are the

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

_utilizing one-carbon units are indicated from below the central pool.

The active capriefﬂof the one-carbon units is tetrahydrofolate, the

structure of which is shown on Figure 2. Hydrogenation of folate at

el
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FIGURE 1

. =

Pathways of folate-mediated one-carbon transfer reactions. This

figure has been kindly provided by R. E. MacKenzie and taken from his
recent review of the §eneration and interconversion of substituted tetra-
hydrofolates (82). The letters:refer to the fol]owin;}nzyme activities:
(A) 5,10-methylenetetrahydrofolate dehydrogenase; (B) 5,10-methenyltetra-
hydrofolate cyclohydrolase; (C‘)ilo-formﬁ tetrahydrofolate synthetase; (D)
formiminoglutamate: tetrahydrofolate 5-formiminotransferase; (E)
5-formiminotetrahydrofolate cyclodeaminase; (F) 10-form):1tetrahydrofo]ate
di?hydrogenase (NADP*-depenfient); (G) 10-formyltetrahydrofolate hydrolase;
(H) 5,10-methylenetetrahydrofolate reductase; (I) serine hydroxymethyl-
transferase; (J + K) GAR transformylase and AICAR transformylase, two
enzyme activities of the purine biosynthetic pathway which require
10-formy1H, folate as cofactor. "H, PteGlup" represents the polygluta-

mate forms of tetrahydrofolate coenzyme (H,PteGlu).
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I

Structure of tetrahydrofolate. The natural one-carbon substituents

are: 5-methyl(-CH,); 5,10-methylene{-CH -); 5,10-methenyl(=CH-);

5-formy1(-CHO); 10-formyl(-CHO); and 5-formimino(-CH=NH).

-~ mate forms are also represented.’

The polygluta-
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positions 5,6,7 and 8 generates an asymmetric center at carbon“6. The

f2-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\po]yg]utamate derivatives of tetrahydrofolates afe the
naturally-occurring forms of the coenzymes in cells, and will be

discussed further (section 1.2.3).

Which mechanisms govern the production and utilization ofkhne-carbon

units is not well understood, especially in mammals. Silber and Mansouri
~N .

—

(83) have presented a genergl scheme for induction/repression and feed-

back inhibition of folate enzymes in bac@gria. A model has been proposed
by Krebs and his co-workers for the mamma;ian system (84,85). According
to this pode1, methioqine would be the modulating factor because it could
activate directly or indirectly the 10-formy1ﬁ“f01ate dehyqéogenase
activity, and its S-adenosyl derivative is a potent inhibitor of
mammalian methyﬁeneH“folate reductase. The possible activation of the
10-fofmy1tetrahydrofo]ate dehydrogenase by methionine arose from the
observation that addition of methionine in isolated hepatocytes increased
the rate of production of CO, from formate and histidine (85). However,
the activity of the purified enzyme is not affected by methionine and
S-adenasyl- methionine (82,85), thus excluding the possibility that these
metaboiites could have a direct effect on the enzyme activity. This
enzyme presumably regenerates H folate when production of the one-carbon
H“folate derivatives exceeds biosynthetic needs (82,85). In this
context, inhibition of the 10-formyldehydrogenase by its H folate product
(86) could play a role in the regulation of the enzyme act{vity in vivo

(82). It also appears that most of the folate dependent enzyme activ-

\
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fties are susceptible to 1;$ib1tion by most folate compounds (87). Two

other important aspects of folate metabolism have retained the ‘attention

of the investigators in that field: the isolation of several folate-

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 folylpolyglutamates 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
I .

Several of the folate-mediated reactions in c;11s are carried out
by multifunctional proteins. The methylieneH, folate dehydrogenase-
methenylH, folate cyclohydrolase-formylH;folate synthetase activities-
(reactions A,B and C, Fig. 1) have been shown tb form a Frifundtional
enzyme in yeast (88), as well as in the liver of “pig (89,9q), sheep (91),
rabbit (92), and chicken (95). The lability of the_threé activities from
beef liver could explain the observation of their separation in extracts

of that tissue (B7). Biochemical and genetic-characterization of

Saccharomyces cerevisiae mutated at the ade-3 locus support a physical

- -

association between the three activities (82,94,95).

Proteolysis studies (88,96,97) and analyses of terminal amino acid
3esidues (97) éuggested that the dehydrogenase-cyclohydrolase and the
synthetase activities are comprised in two dilcrete doméins, which aée
respectively located at the amino-terminal region and near the carboxyl-
terminql portion of the polypeptide chain. A dehydﬁbgenaséicyclohydrd-
lase fragment 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 yielded a synthetase fragment (97). Sfmi]arly; a mono-
functional sfnthetase fragment- can be obtained by tryptic cleavage of the
yeast trifunctional protein in vitro, or when the énzyme is purified
without. use of protease inhib%tors (88). The dghydroggnase-qyc]ohydro-' _
lase activities cou]d possibly occur at a single active site based on the
relatively small polypeptide size (M. = 33,000) of the dehydrogenase-
cyclohydro\asg fragment (96), the pérai1e1 Toss of bath activities by
proteolysis (88,97), and their coordina£e inactivation by chemical
modification (98,99). The binding of NADP*, a substrate of the dehydro-
genase, affects the cyclohydrolase égtivity, indicating that the
activities cannot act indepgndentl;‘(QQ). Kinetic studies with AADP
suggested that this analog of NADP* inhibits bgth activities by binding
to the nucleotide site of the dehydrogenase (99). %he‘degree of overlap
of the dehydrogenase and cyclohydrolase sites is not yet definitively
established but they could pdssibly share a common folate binding sub-
site. Fo{ate offered identical protection to bbtﬁ activities against
chemical inactivation, and'this protection was potent}ated by the
presence of NADP* in each case (99). At all concentrations of NADP;,
both activities had a similar Kq for the folate ligand (99). The
rabbit 1iver activities have shown simi]arlvalues of Kj with various
H,folate derivatives used as inhibitors (92).

The dehydrogenase and cyclohydrolase activities appear to form part
of a single protein in some bacteria; but no association of the synthe-
tase either with the Jehydrogenase-cyc]ohydrolase or with other folate-
dependent activities has been reported in these microorganisms (82).

In mammals, a functional advantage has been demonstrated as the

result of the physical association between the dehydrogenase and cyclo-
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hydrolase activities. Rather than equilibrating in the solution, the

‘ methenyl-H, folate intermediate is readily converted to formylH, folate by

the cyclohydrolase (48,92,100). The channeling of the intermediate
through the second site is highly preferential in pig Tiver b&t not
complete [60% (48f]. The use of the polyglutamate forms of the H folate
substrate did not increase the efficiency of channeling as wod1d be |
expected from the observed higher affinity of the dehydrogenase and

cyclohydrolase for these derivatives (49). - The enzyme from chicken liver

" (100) shows more efficient channeling using the triglutamate substrate’

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

The two last steps in histidine catabolism in mammais are cata]yged
by folate-dependent activities which have been shown to copurify from pig
Tiver (101-104). The formiminotransferase-cyclodeaminase activities
(reactions D and E, Fig. 1} are the properties of a single type of poly-
peptide (M. = 62,000) (105). Chemical modification with diefhylpyro-
carbonate (49) and DTNB (49), as well as ammonia treatment (102)

selectively inactivate a single activity, suggesting that the €¥ansferase

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

fragment with only the transferase activity also supports the‘hypothesis
of two distinct catalytic sites (105). The two activities are found
together only in higher eucaryotes (102). However, cyclodeaminase has
been purified to apparent homogeneity from purine—fermenting‘C{ostridia‘
(106). The purified prptein (M, = 38,000) also possessed methenyl-H, -
folate cyclohydrolase activity, and separation of these activities could
not be achieved (106). No signi%icance was given for this association.
With the sequential transferase-deamihase activities from pig 1iver,

it has beer demonstrated that the product of the transferase does not
5.

[



Y \ : 7
. . L]

accumulate in the medium but is preferentia}ly transferred to the
deaminase site on the same enzyme molecule when tetrahydropteroylpenta-
glutamate but not when thermonoglutamate‘is used as the substrate (49).
In contrast to the dehydrogenase-cyclohydrolase sequence from the s;ﬁe
tissue, the efficiency of channeling of the intermediate between ghe
transferast and deaminase sites appears to be a function of the length of
the polyglutamate chain. The process of channeling was essentig}ly
complete with the pentaglutamate andmonly Partia] with the heptagluta- ‘ .
~mate; it did not occur at all with the mono-~ and thé triglutamate
derivatives (49). Tﬁe polyglutamate tail has been postulated to anchor/
the H, folate mb]ecu1e through association with a binding subsite during
the movement of the pteroyl moiety betweeﬁ cata]ytie sites (49).
Following are more examples of multifunctional enzymes in folate
.metabolism but '‘a clear advantage fdﬁ their multifunctional character has
‘not yet been demonstrated. The NADP*-dependent dehydrogenase activity
which regenerates H, folate frém 10~form}1H“fo1ate (reaction F, Fig. 1) 3
has been isolated from mammalian liver (86,107,108). The prepérations
showed the presence of an NADP+~{ndependent hydro1ase (Gf in variable
ratios. ﬁecently, Rios and MacKenzie have demonstrated that the NADP *~
dependent (F) and the NADP*-independent (G) deformylation aré catalyzed
by a bifunctiona1‘enzymE'(unpub]ished.data). Up to now, these activ1£1es
have been reported only in higher species and their presence in micro-

organisms is uncertain (82). -~

. @
The folylpolyglutamate synthetase, an enzyme which catalyzes the
addition of glutamyl residues to the H, folates, has been shown to utilize

H,folate in Corynebacterium (109). This observation suggested to the

-

authors that synthetase shares the H2f01ate binding site with dihydro-
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folate reductase, and the two activities can Tikely 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 properties of a single type of polypeptide. Overlap
between genes encoding for both activities is reported in bacteriophage
. T, (112,113). Association of ghese'activitxes has not been observeq in
mammais (113,114). i

' The partial copurification of %Pme folate-dependent activities
suggests that folate metabolism is also orgaﬁized into mu;tienzyme
complexes. GAR Transformylase (reaction J, Fig.-1), one of the two‘
énzymes which utilize the 10-formylH folate cofactor in purine biosyn-
;hesis, copurified w%th the trifunctional dghydrogenase«cyclohydrolaséa
'synfhetase from chicken 1iver (93). Two additional folate-requiring
activities, AICAR transformylase (reaction K) and serine hydroxymethyl-
transferase (reactior I) can also be copurified with the activities
mentioned above throughout a purification procedure involving a
synthetase- specific MgATP elution from hydroxylapatite, and either a GAR
affinity column (115) or an. AICAR affinity column (116). The enzymes 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-1inking studies which detected interactions between
the two enzyme species (116). | .
The results of pulse-chase techniqugs first suggested ﬁkat formate

could be channeled from the trifunctional enzyme to the transformylase

site by way of the multienzyme complex ih vitro (116). This interpre-

w
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tation was based on the observation that formation of férmy1GAR was
four-fold more-efficient when assayed with formate and H PteGlu, than
with methenylH PteGlu,, th postulated cofactor of GAR transforﬁylase
(116). The results must be reinterpreted by the discovery that :
10-formy1H, folate and not netheny]Hufolate‘is the actual cofactor
‘ (11§,120). However, the association of either one or both transformylase
activities Qith the trifunctional enzyme may have advantages with respect
{”F-> . to overall flux and regulation of the de novo purine biosynthetic pathway
(118).. Whether the trifunctional protein and the folate-dependent °
associated enzymes constitute part of a much larger multienzyme complex
involved in this pathwdy has not been demonstrated (121-123).
Some folate-dependent enzyme activities were also found to associate
either covalently or non-covalently with activities that ﬁo not utilize
( ‘ these cofactors. For example, avian liver AICAR transformylase and IMP
cyclohydrolase most likely reside on the same polypeptide, due to their
copurification dgring,the isolation procedure (117), in agreement w%fh
" the findings of Buchanan and his co—workers (124). The reactions
catalyzing the cleavage of glycine to generate methyleneH, fo1ate are the
" properties of the glycine nu1t1é“i§fé complex (125). During T4 phage
reproduction (114,126,127) or during the active DNA-synthesii?ng phase of
mammalian cells (27,126,128) enzymes, involved in DNA synthesfs, including
bthymidylate synthase, are structurally organized as a multienzyme complex
for which the name "replitase” has been proposed (27). 'This association
. j occurs with the apparent purpose of channeling the incorpération of
‘ribonucleoside diphosphates into DNA (27,126-128).
'1 As hds been repqrtéd for the arom pathway [(1) p. 120-122; (6)
{ p.1611, fhg enzymes of the folate-dependent pathways show different

" e B
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“organizations of their activities from one organism tb‘another. These

associations of enzyme activities could result in advantages to biosyn-
tﬁesis, regulation, or catalytic efficiency. Of these potential
advantageg, channeling of the intermediate has been demonstrated with two
multifunctional proteins of mammalian folate metabolism. For one of

them, it Was been shown that the polyglutamate tail of folylpolygluta-

mates can assist the transfer of the pteroyl portion of the coengzyme

between active sites. Whether channeling or compartmentalization of

-

intermediates could also be promoted by other types of enzyme okgan-
ization and whether folylpolyglutamates can help in this process, remains

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

the folylpolyglutamates hatikbeen assigned other important functions
' N
which will be discussed in thHe nextssection.

1.2.3 © Folylpolyglutamates

Numerous investigations (129-135) have established that intra-
cellular folates contain additional glutamates attached to the folate,
molecule by a peptide linkage between the g-amino and y-carboxyl groups

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

" one species predominating, the 1en§th of which varies with the organism
-and with the metabolic state of a given organism. For example, many

_bacteria contain predominantly PteGlu, or PteGlu, but significant amounts

of longer derivatives are found (136). Mammalian cells often contain
penta- or hexaglutamate as the predominant folate (13é~140). Yeast and
Neurospora have longer chains [PteGlu, and PteGlu, predominate (137)1.
Only Clostridia has been found not to follow a pattern of different
lengths: it contains only triglutamates (141). Shifts to shorter or,'

longer glutamate chains have been observed by modification of the

\‘
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metabolic éonditions (109,136,142-144). No simple mechanism can explain
the different distributions. Studies of the synthesis 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).
;ns1de the cells, glutamyl residues are added one at a time to the
folates by the enzyme folylpolyglutamate synthetase (109). The
\characterization of this enzyme activity purified or partially purified
from bacter1a1 and mammalian sources has been recently reported by Shane
and his ca-workers in a genera1 review of the biosynthesis of folylpoly-
glutamates (109). According to the results of their studies,-they
suggested that in vivo distribution of folylpolyglutamates in both types
of cell apparently reflects the ability of folylpolyglutamates to act as
substraf;s for their respective folylpolyglutamate synthetase (109).
Although the bacterial and mammalian enzymes differ in ‘their folate
substrate specificity, both showed decreasing activity as the numbBer of
Qlutamates increased in the folylpolyglutamate substrates. As a result,
a predominant chain Tength in one species is built up because it is a
poorer substrate for the synthetase (109). These findings werg also made
by McGuire et al. (153) using partially purified rat liver enzyme. These
authors observed also that Hupteroylpéntag1utamaté which exhibited very

low activity with the enzyme, was a good inhibitor of the polyglutamy-
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lation of shorter H, PteGlup (153). They suggested that folylpolyglut-
_amates cog]d regulate their own synthesis by end product inhibition of
the synthetase (153). fhe Tow effectiveness of the pentaglutamate as a
“substrate with this activity did not ref1eét its high binding affinity as
an inhibitor;. it is possible that Vg of the reaction ig reduced with
this compound (109). More kinetic studies are needed to clarify thé role
- of folylpolyglutamates in the,rggu]atioﬁ of‘tﬁe synthetase activify. An
, interesting hypothesis. was made by Mcéuire and Bertino (156) while they
were reviewing the trqnsport of folates across ce]]s. They suggested
that the predominence of a given length(s) in a type of organism is a
result of the compromise made by thé cells during evolution between the
shprtest lengths Fhat would not cross the membrane and the energetic cost
‘of synthesizing long polyglutamates. |
Because of their highly charged pb]yéautamate ta{], folylpolygluta-
mates cannot pass through a 1ipid barrier and were thus thoight to be
merely the storage forms of folate coenzymes (135). This "inert" role -
had not been questioned for a while because only the monoglutamates
supported bacteriq1 growth, and the reduced folate monoglutamates were
active coenz&mes in all known fo]ate-dependené pathways (135,137). In
addition, sufficient quantities of pure polyglutamates were not avail-
able. It is now well established that folylpolyglutamates are the
funct%ona] units of the one-carbon metabolism, an& these findings. are
indebted to the development of methods for the synthesis of pure pteroyl-

polyglutamates (158-161), especially.the solid-phase procedure as adapted

from Merrifield by Krumdieck and Baugh (158}. Indeed, the polyglutamates

+ of folates are the actual cofactors in vivo for folate-dependent enzymes,

in general having lower values of Km than their monoglutamate counter-

o
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parts by one to three orders of magnitude. ‘In a few cases, the specifi-
city of a purified enzyme activity for its folylpolyglutamate coenzymes
has been tested from various sources: for example, the lolformy1HHfolate

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

“and mammalian tissue (49,156); the activity of methyleneH folate dehydro-

genase was measured from yeast (161) and pig liver (49,163); the specifi-
cities of’thymidy1ate synthase from human cells (164) and from bacteria
(156,165<167) were also determined. In general, polyglutamate specificty

studies have been carried out in a disperse manner, such that a comp]e;é

»

. picture of the specificities of d1fferent enzymes in a given source, or

the specificities of a given enzyme from different sources, is not avail-
able. Recent investigations reported the Specificjties of formimino-
transferase (49) dihydrofolate redu?tase (168), H, PteGlu methyltrans-
ferase (169), methyleneH folate reductase (170), and serine hydroxy-
methyltransferase (171) with enzyme preparations from mammalian tissue.
The spe?ificites of the av%an liver.AICAR transformylase (172) and GAR

transformylase (173) activities, and of the yeast methenylH folate cyclo-

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

examples mentioned have been summarized recently (135,136,156,157), and
other partial studies are also reported in these reviews. The values of
Km for the polyglutamate coenzymes are generally in the sub-uM range,

and thus only the polyglutamates will function at the low folate concen-

trations encountered in the cells [the total concentration of folate is

_approximately 20 uM in chicken 1iver (172) and less than 20 pg/g in rat

liver (174)]. The values of Vy vary to a lesser extent than the values

of Kp, Or remain unchanged, so that the polyglutamates exhibit greater

cafa]ytic efficiency (Vp/Kp) than the monoglutamates. The folylpoly-
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glutamates are also more pofent inhibitors of enzyme activifies than
their monoglutamate counterparts (49,156,157,182«165,169«171;173,17§).

There is often a trend in the affinity of the enzymes for their
folate substrates or inhibitors having different numbers of glutamyl
resjdues, and there is a preferred lengtﬁ of the po]yg]utam;%e chain for
optimal binding or catalytic efficiency. These observations have led
Krumdieck (172) to propose that folylpolyglutamates can regulate the flux
in the one éarbon folate-dependent met&bo]ism through affinities of the
enzyme$ for the number of glutamates in the fo]atgs. Different
specificities for the length of the chain have been reported by many
investigato;s as summarized in the reviews mentioned. But, only recently
could we compare the specificities bf different folate-~dependent enzymes
from a single source (161,163,170,171,175).

In yeast, the methyleneH, folate dehydrogenase and the methenylHL
folate cyclohydrotase activities of the trifunctional protgin do not show
a preference for a given chain 1eng£h while the 10-formylH folate
synthetase activity exhibits a 10-fold increment in affinity by
increasing the number of glutamates in 10-formylH folate up to four
(161). However, the studies have not been carried out with the
predominant lengths of fo]y]po?yg]u%amates in this organism«which were )
found to contain 6-8 glutamyl residues (176). More extensive studies
were done with the pig liver activities using Ptéblun derivatives
having n =1 to 7. Methylenqufo1ate reductase preferred n = 6 (170);
the optimum length was n = 5 and n = 4, respective1§ for methyleneH -
folate dehydrogenase (163) and thymidylate synthase (175). The affinity
of serine hydroxymethyltransferase for CH,H PteGlu increased with the

increasing number of glutamates in the coenzyme (171), and
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although the heptaglutamate showed the highest affinity, longer
derivatives could possibly be preferred. The obserwvation of different
affinities within a siny.e source supports the postulated regulatory role
of folylpolyglutamates. Moreover, the results of studies in pig liver
show that the intracellular predominant glutamate chain length [n =6
(138) ] does not necessari]} co;relate with the optimal length determined
with isolated enzymes, as was suggested by McGuire and Bertino (156).

Another 1ine of evidence also indicates that folylpolyglutamates are
physiologically important coenzymes. Certain mutant lines of mammalian
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 auxotrophjc
for the end products of folate metabolism (glycine, purines, thymidine,
and methionine) (132,177).

Additional functional advantages of the polyglutamate derivatives
have been demonstrated. For example, H PteGlu, and not'HuPteﬁlul
provided for channeling between the active sites of the bifunctional
transfergggedeaminase'enzyme (49) which suggested to the authors that the
polyglutamate chain could anchor the intermediate on the enzyme while the
pteroyl moiety moves between catalytic si;es. Since several folate-
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 firmly the possible
role of folylpolyglutamates in "promoting" channeling in multifunctional
protefns and multienzyme complexes. Other specialized functions have
been established or postulated for pteroylpolyglutamates, and they have

been well summarized elsewhere (156).

4
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1.3 THE BIFUNCTIONAL TRANSFERASE-DEAMINASE

1.3.1 Folate-dependent histidine catabolism: an overview

The reactions involved in histidine catabolism and the properties of
folate-dependent enzyme activities in this pathway have been recently
reviewed by Shane and Stokstad (178). Some general points will be

presented here but our attention will focus on the properties of two

- 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 re]ease\glutamate. Only in higher species is the utiliz-
ation of formiminoglutamate catalyzed by fo1ate—ﬁéd1ated reactions (178).
In mammals, three enzyme activities were found responsible for the con-
version of formiminoglutamate to glutamate and 10-formylH, folate (102):~
formiminoglutamate:H, folate formiminotransferase (reaction D, Fig. 1);
5-formiminoH,folate cyclodeaminase (E); and 5,10-methenylH, folate cyclo-
hydrolase {B). The formiminotransferase and cyclodeaminase activities
are ubiquitous in mammalian 1iver and kidney but a}e absent in other
tissues (102,178). Both enzymes, are present in filariae (179). The
transferase Spparently cannot be.found in insects and baéteria (178).
The regulation of transferase and deaminase is still not‘clear.
Although these activities are involved in the genesis of one=carbon
units, they can also be considered gluconeogenic activities because %?ey
praduce glutamate (i78). Moreover, Scrutton and Beis reported inhibition

<

of gluconeogenesis by formiminoglutamate (107). Stifel et al. (180)

¢
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observed th?t in rat the formiminotransferase activity apparently
responds to hormones in a manner consistent with a gluconeogenic
function. Similar results cannot be reproduced by other investigators
(C. Hansen, M.Sc. Thesis, McGil1l). The folate-dependent histidine
catabolism was found to be sensitive to methionine, thyroxine, and
vitamin B,, deficiency ﬂ178), but theré is no evidence that these
substances are directly involved in this pathway. It is po§tu1ated that
the effect of tﬁese compounds is exerted rather of* the availability of
foléte coenzymes in cells (85,107,178). The feeding of thyroxine or a
deficiency in vitam%n B,, causes folate impairment: folates are trapped
as nonfunctional SnmethylH;folate derivatives which are poor substrates
of pteroylpolyglutamate synthetase (178). Decreased synthesis of folyl-
pqiyg]utamates and formation of nonfunctional folate derivatives result
in lower levels of fo1aEes utilized in one-carbon metabolism including
histidine oxidation to CO, (178). In this context, the level of
formiminoglutamate increases. Administration of methionine restores the
uéi]ization of'folates by means of its conversion to S-adeposylimethionine
which is a powerful inhibi%or of methylenetetrahydrofolate reductase
(reaction H, Fig. 1), the enzyme that producés 5-methylH, folates
(85,144,178,181-183). The existence of folate~dependent transferase and
deamingse activities on a bifunctional protein offers potential
advantages in terms of regulation and metabolic efficiency. C¥

The transferase and cyclodeaminase were shown to copurify from
acetone powders of pig liver by Tabor and Wyngarden (102) and--by Slavik
et al. (101). The latter group demon§tratéﬂffgahrification through
folate affinity chromatography and isoelectric focusing (101). MacKenzie

and his co-workers obtained an homogenous crystalline protein using

Az
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polyethy\ene glycol and ammonium sulfate fractionations,‘and pH precipi-

tation (1Q3). Their purification method (103) was -similar to that
described by Tabor and Wyngarden {102) but delipidation of liver extract

by acetone was circumvented since this procedure could cause a
significant loss in enzyme activity, or could yield a modified protein
(103). The preparations were hdmogenous as demonstrated by sedimentation
analysis (102,103) and by sodium dodecyl sulfate gel electrophoresis
(103). The two enzymes were a]so.found to be assotiated, presumably as a
bifunctidnal protein, in filarial extracts (179).

Both transferase and deaminase activities can be assayed by spectro- ,
photometric measurement of 5,10-methenylH, folate, the final product of |
the sequential reactions (103). The 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
increase of the deaminase activity in the presence of the K¥ cation which
acts by decreasing the Ky value for 5-formiminoH, folate (102).

The ﬁr&perties of the pig liver traﬁ%ferase—deaminaseFhave been
further investigated by MacKenzie and his co-workers
(49,103-105,184-187). The next section reports the results of their
studies related to the elucidation of tpe quaternary structure, the
relationship between the two active sités, and the kinetic advantage
offered so far by the bifunctional character of the protein.

1.3.2 Formiminotransferase~-cyclodeaminase from pig liver

The formiminotransférase-cyc1odeaminase is homogenous by
sedimentation equilibrium and has a native molecular weight of 5.8 X 105

(103). A single band was obtained after'sediﬁentétion~ana1ysis in the

Tom



Ne

-

-36-

presence of 5M éuanidine-HCl (M. = 65,800}, after dodecyl sulfatef§e1
electrophoresis (M. = 62,000) and after electrophoresis in 8M’urea
(103}, These results suggest that the protein({is an octamer of similar
or identical subunits. Other lines of evidence also support the identity
of subunits. Isoe]gctric focusing in 8M urea f104) gave one major band
with an isoelectric point of pH 6.9, and a band of very Tow intensity.
This minor contamination is due possibly to some polypeptides that '
contain a different amount of non-protein material since the complex
contains 2.8% carbohydrate (104). The protein contains 8 methionine
residues, and electrophoresis of cyanogen bromide-treated protein
revealed eight or nine bands, which is in agreement with the number
predicted 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. é]ectron microscopy (104)
demonstrated that -the protein is a ring-shape molecule both in solution
and crystalline forms. The eight subunits could be differentiated by
rotiiiona] 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 diamgter of eachA
subunit is about 328 (104).

Chymotrypsin digestion of the native enzyme in ;he presence of
folate, which sensitizes the deaminase activity to proteolysis, wielded
an active fragment (M, = 80,000) which possessed only the transferase
activity (105). Sodium dodecyl sulfate gel electrophoresis of the

purified fragment indicated one size of polypeptide of M. = 39,000
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(105). The dimeric structure of the transferase fragment was confirmed.
h} cross-linking with the bifﬁnctiona] reagent dithiobis(succinimidyl
propionate) (105). . Cross-linking of the native protein with the short
bifunctional reagent difluorodinitrobenzene yielded dimers and tetramers
in ;reference to trimers, which indicates two types of subunit inter-
acgions (105). The isolation of a dimeric fragment from the octameric
protein and the results of cross-linking support a tetramer of dimers
structure for the native en;&he (105). The quaternary structure of the
bifunctional enzyme i$ i]]ustrated‘iﬁ Figure 3. .

o

The identity Qf the subunits suggests that each polypeptide must
conta%n the two enz}mig activities. The activities are apparently due to
separate sites sin%? %ach can be ipactivated selectively by chemical
modification (49,184 h.- Moreover, the transferase.activity is retained
after~chqu;ryptic tréatment of the native enzyme (102,105) and can be

isolated as a.separate active fragment (105). Kinetic observations also

suggested independent catalytic sites (185). When H, folate was added to

.a mixture of transferase active enzyme and unmodified native enzyme, the

extra formiminoH, folate intermediate produced in the assay could result

"in increased production of methenylH folate (185). The results of

chemical modification of the bifunctional enzyme with the reagent DTNB
indicated that one su1fhyd}yl/p01ypeptide is required for deaminase
activity (184). 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 location on the
protein are not clear, a kinetic advantage resulting from the presenee of
both activities on a single polypeptide ¢ould be denonstrated. The

product of the transferase is not released in the medium but is trans-
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FIGURE 3
Schematic representation of the quaternary structure of transferase- i
. deaminase. J -
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ferred preferentially to the deaminase site when H PteGlug is used as a

{
substrate (49). When H PteGlu, and H PteGu, were used, a pronounced lag

: Y
in the time course of appearance of the final methenyl product indicated

that“thg formimino intermediate had to accumh]ate to high enough concen-
'_tration ;n the medium to result in significant prodqction of methenylH -
PteGlup (49). There was no lag in the time course of appearance of
final product with H PteGlu., substrate but the formimino interﬁediate
accumulated, indicatiné tha£ channeling occured only partially with this
substrate (49). To differentiate between a true channeling process and

the possibility that formiminoH PteGlu. was not detected in the medium

because it bound to the deaminase with a high affinity, the experiment

was repeated with mixtures of enzyme chemically modified to retain either

transferase or deaminase activity (49).- When the two activities were on
separate molecules, the methenyl product appeared with a distinct lag
using H, PteGlu, while the t{me course of appearance of intermediate and
final products weré unchanged with H, PteGlu, (49). These results
strongly support channeling between active sites, and the polyglutamate
chain has peen suggested to act as an “"anchor" by 1n£eracting with a
ﬁolyg]utamate binding subsite during the transfer of the pteroyl moiety
between catalytic sites (49). The channeling is a function of the number
of glutamyl residues in éhe substrate malecule: 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 pentaglutamate is of the optimum length to assist channeling
between sites, but with the heptaglutamate the anchor is too long such

that probability for dissociation approximates probability for transfer

(49). b
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Both activities show greater affinities for the polyglutamate forms

of folate derivative than for the monog1utaméfe (49). The kinetic

properties of the native transferase and of the transferase active frage

ment with the H PteGlup (n = 1,5,7) substrat;s indicate that the trans-~
ferase fragment has lost the specificity for the polyglutamate substrates
(105). These data suggest that the protein could have only one
poﬁyg]utamate binding site per pair of transferase-~deaminase catalytic
sites, and that this site is closely associated with the deaminase site
which has been removed by proteolysis (105). With the bifunctional
transferase-cyclodeaminase, the function of the additional y-glutamyl
residues is thus to provide substrates with greater affinities and to
assist channeling of an intermediate which has no other metabolic
function and which is a potential inhibitor of other folate—mediated
reactions (105,185). This enzyme constitutes an ideal system to study
the ro)e of both multifunctional proteins and folylpolyglutamates.

1.3.3 Statement of the problem

The overall objective of the research is to understand the mechanism
of channeling of folylpolyglutamates between transferase'and deaminase
active sites. This mechanism must ultimately be reconciled with the
unique quaternary structure of the bifunctional protein.

To achieve this goal, two types of approach have been used. The ,
f1r$} was concerned with the physical interaction Between the transferase

and deaminase catalytic sites, and the polyglutamate binding subsites,

.and involved binding studies. If the two active sites are separate with-

in the polypeptide chain, each activity could bind one folate mo]eculg‘
(8 + 8 folate binding sites); if they are subsites of a single larger

site, each catalytic pair would bind only one folate at a given time (8 .
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sites). The folate molecule could also bind to sites formed at a sidgle
typé of subunit interface (4 sites).” In addition, the number of poly-
glutamate binding subsites may not eﬁua1 phe total number of active sites
{f there is only one such site per pair of transferase-deaminase
activities. Determining the number of polyglutamate binding sites wou!d
help to decide whether a monomer (8 or 16 sites) or a dimer (4 sites) is
the smallest possible structure required for channeling. The number of
folylpolyglutamate binding sites and the specificity of the enzyme for
chain length were explored by studying the binding of tritiated
H,PteGlup (Chapter 3). The H PteGlup compounds are substrates of the
transferase and inhibitors of the deaminase, and thus bind to each of the
active sites on the native octameri The binding studies required
synthesis of the radiolabeled H,PteGluy of high specific activity and
the method for their preparation i; described in Chapter 2.

The mechanigm of channeling was also 1nve§?ﬁzated by a kinetic«-
5pproach to determine if the efficiency of chgnne]ingqreigtes directly to
affinity. It is possible that increasing éhe number of glutamates in the
polyglutamate chain allows 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.
6n the other hand, the process could require an appropriate length of-
chain to assist the transfer of the jntermediate in a favourable position
for catalysis. The specificities of the transferase and deaminase
activities for their fo]y]pofyg]utamate substrates was measured
kinetically (Chapter 4) to determine if they ref]eéz the specificity as

measured by binding studies. These results were compared with the

..
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polyglutamate specificity for the efficiency of channeling, to establish

i} whether a steric requirement is involved in the mechanism for iMs

process.
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CHAPTER 2

Preparation of Tritium Labeled Tetrahydropteroylpolyglutamates
of High Spec{fiq Radfoactivity

4
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,PREFACE .
The following Chapter will be published in Analytical Biochemistry
(1985), Volume 145, under the title "Preparation of Tritium Labeled
Tetrahydropteroylpolyglutamates of Higﬂfgpecific Radioactivity", by J.
Paquin, C.M. Baugh, and R.E. MacKenzie.

N\ The pteroylpolyglutamates were kindly providié by Dr. Charles M.
Baugh of the University of South Alabama, USA. The
formiminotransferase~cyclodeaminase enzyme, the transferése activ}ty of
which was used to assay the tetrahydrofolates, was purified by Leonora C.
Bortoluzzi, a technician 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

is appreciated. -
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SUMMARY

Tritium labeled [6S J-tetrahydropteroylpolygTutamates of high radio-
specific activity were prepared from the corresponding ptéroylpolygluta-
mates. Malic enzyme and [2-3H]-D,L-malate were used as a generating
system to produce [4A-3H ]-NADPH which was coupled to the dihydrofolate
reductase catalyzed reduction of chemically prepared dihydropteroylpoly-
glutamate derivatives. Passage of the reaction mixtures through a column
of immobilized boronate effectively removed NADPH, and the tetrahydro-
pteroylpolyglutamates were subsequently purified by chromatography on
DEAE-cellulose. Overall yields of the [6S J-tetrahydro derivatives were
-

18-48% and the radiospecific activities were 3-4.5 mCi.pmol-1,

&
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INTROdﬁCTION .
o The natural. forms of -folate derivatives in cells §reJthe f61y1p91y—
y-g1utqmaté& (1-6). They‘were fi?st thought to de storage forms of
folate but their importance és functional units is now established and
has been reyviewed recently (7-9). The po1yg1u¥amates 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 low intracellular folate concentrations (7-13). It is
possib]e that they could p]ay an important ro]e in the requlation of
Qne- carbon metabolism if the flux in d1fferent fo]ate-dependent pat@yays
can be affected by spec1f1c1t1es of the enzymes for the number of gluta-
mates in the substrates (14-19). Folate metabolism in eucaryotes
involves multifunctional enzymes and the polyglutamate chain has been

‘ propo§ed to ascist the transfer of the tetrahydropteroyl portion between
*consecutive active sites in such enzymes (20,21). There is also é

possibility for channeling-to occur within complexes formed by the non-

covalent association of folate-dependent enzymes (22,23).

B

The role of fo]y]polyglutamatesfhaé~feceived increased. attention and

the study of their functional advantages can require the use of radio-
1abe1ed compounds. Radiqlabeled pteroy1po]yg1utamates have already been
used to study the absorption and metabo]tsm'of fo]ates (24 26}, the
biésynthesis of folylpolyglutamates (15,27Y, aﬁd to label a folylpoly-
glutamate binﬁing site (28). Sevgra] synthe;ic routes ‘to the polyglutd-
mylation of pteroic acid have been pub1ishe§ {ncluqing mixed-anhydride
coupling on solid-phase (29) or in solution (30,31), carbodiimide

coupling (31,32) and active ester condensation (31). kadiq]abeling of

pteroylpolyglutamates was done during the condensation reactions by using

:
-
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labeled pteroic acid (24,25,30) or by incorporating l“C-glutamyl

residues (24,?@). To function as active coenzyme, the pteroylpolygluta-
ﬁates mist be reduced to the [ésl-tetrahydro form. This paper describés
another strateqy to prepare tritiated EGSJ-tetrahydroptEfoylpo]ygluta-

mates from the unlabeled pteroylpolyglutamates as well as their purifi-

cafion free of Tabeled NADPH.
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‘MATERIALS AND METHODS "

Pteroylpolyglutamates were synthesized as described by Krumdieck and
Baugh (29). Cis-oxaloacetic acid, malic enzyme and sodium dithionite
were from Sigma. MNADPH was purchased from Boehringer Mannheim,
glycylglycine from Aldrich Chemicals, DL-alanine from BDH Chemicals and
Aquasol-2 cocktail and standardized tritiated toluene were from New

England Nuclear. Lactobacillus casei dihydrofolate reductase was a gift

from Dr. Roy Kisliuk, Tufts University. Immobilized boronic acid
(N-(m-diﬂydroxyborylaminopheny])po]yacrylamide) and DEAE-cellulose
(DE 23) were purchased from Pierce Chemicals“CO. and from Whatman,
respectively. Common chemicals were.reagent grade. Buffers were
adjusted to the desired pH at room temperature. Chromatographicwsteps
were carried out at 4°C.

Formiminoglutamate: tetrahydrofolate formiminotransferase
(EC 2.1.2.5)-formiminotetrahydrofolate cyclodeaminase (EC 4.3.1.4) was
purified from frozen pig liver as described previously and the trans-
ferase activity (14 umol min-! mg-1) was used to assay the tetrahydro-
pteroylglutamates (33).

‘ (3H]-D,L-malic acid (8.2 mCi/umol) was obtained by the catalytic
reduction of cis-oxaloacetate with tritium gas in a custom synthesis by
New England Nuclear. Although this method will incorporate some label in
position 3 in addition to position 2, no effort was made to determine the
distribution of tritium in the product. A sample of the labeled malic
acid has been chromatographed on DEAE-cellulose and ‘eluted as a single

radiocactive peak. The tritiated malic 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
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(34). Excess malic enzyme was added to a one-ml assay mix containing
1.25 pmole NADP, 4 pmoles MgCl,, 70 wmoles triethanolamine HC1, pH 7.3
and approximately 0.08 to 0.12 umoles 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 e3,9,, = 6,220 cm-! M-1, The assay was checked using 0.10 pmole of

L-malate from a solution of known concentration. Only one isomer
of malate is utilized in the enzymic assay and observed values have been
doubled to express all concentrations as D,L-malate.

Absorbance measurements were made§on a Gilford 2000 recording
spectrophotometer. Radioactivity in samples was determined in Aquasol-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 pmoles) was reduced to
the dihydro derivative under conditions described by Blak%ey (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
sotution to pH 2.8 and after 30 minutes was recovered by centrifugation
(20 min. at 7,000g, 4°C). The unpurified dihydrofolate was dissolved in
one ml of 0.05 M glycylglycine, 0.14 M 2—mercap£oethano], pH 7.5, and the
dihydrofolate solution was adjusted to pH 7.5 with 0.1 N NaQH. The

dihydrofolate was then converted to the tetraﬁydro compound using
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N FIGURE 1
The enzymatic system for the reduction of dihydropteroy‘lglutamte to
tritiated [6S J-tetrahydropteroyiglutamate. .
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dihydrofolatg reductase and an NADPH-gené;Sting-system with malic enzyme

as outlined in Fig. 1. From the stock solution of tritiated malic acid,
a 2-ml sample containing 30 pmolgf of D,L-malic acid was withdrawn,
gently dried 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 pmoles MgCl,, 0.75 umoles NADP; 11 units of
malic enzyme (as defined by Sigma Chemical Co.), the neutral dihydro-
folate solution and 3-5 mg of dihydrofolate reductase (6.6 ntol.min-1-
.mg'l-wheﬁ assayed as per Mathews et al. (36)). The volume was adjusted
to 6.0 ml with 0.05 M glycylglycine, pH 7.5.

The tube containing this final incubation mix was kept protected

from 1ight and under vacuum in a é50 ml sucgion flask which contained 20
ml of 50% v/v 2-mercaptoethanol. After 90 min. at room temperature, the
tetrahydrofolate formed was assayed enzymatically with formiminotrans-
ferase. The yield of tetrahydropteroylpolyglutamate formed from the
- corresponding pteroylpolyglutamate ranged between 30 and 60% prior to

purification. 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 7

directly chromatographed on DEAE-cellulose {step ¢). Otherwise, the
fncubation mix was treated as follows:

(b) Chromatography on immobilized boronate - The incubation mix was

adjusted to pH 8.5 with 0.1 N NaOH, and solid MgCl, was added to give a
final concentration of 0.1 M. This sample was applied to a column (1 x
18 cm) of immobilized boronate previously equilibrated with elution

buffer containing 0.1 M alanine, 0.1 M MgCl,, pH 8.5. The flow rate was

reduced to 4 ml/hour for two hours to allow maximal formation of complex

A e Y i ek %
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between NADPH and the tetrahedral form of boronate (37). The flow rate
was then increased to 40 mi/hour. The early fractions contained the
tetrahydropteroylpolyglutamate, were pooled (approximately 12 ml),
diluted 5-fold with 0.36 M 2-mercaptoethanol and purified by ion-exchange
chromatography.

{¢) Ton-exchange chromatography - The diluted sample from (a) or (b) was

applied to a 0.7 x 6 cm DEAE-cellulose column in the chloride form,
washed with 5-10 ml of 0.36 M 2-mercaptoethanolcand 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 m1 of the same buffer containing 0.6 M NaCl in the
upper reservoir. Fractions absorbing at 298 nm with the same specific
activity (cpm per absorbance unit) were pooled and assayed for tetra-

hydropteroylglutamate. Tritiated [6S ]-tetrahydropteroylglutamates were

stored at -20°C in 1-ml sealed ampules.

~
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RESULTS AND DISGUSSION
Several approaches to the ‘synthesis of radiolabeled pterdylpon-
glutamates have been described 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 reduced to the tetrahydro forms. Tritiated tetra-
hydropteroyimonoglutamate with a'specific activity of 0.3 or 3 mCi/umole
has been prepared by the enzymatic reduction of dihydrofolate using
chémicg]ly (38,39) or enzymatically (40) prepared and purified
[4A-3H ]-NADPH, or by using a glucose-6-phosphate dehydrogenase system to
generate catalytic amounts of [4B-3HJ-NADPH (38). A simple method for
the preparatign of (S)-tetrahydropteroylpolyglutamates of very high
specific 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 tgtrahydrofo]ates, it is not as useful for
synthesis of the tritiated compounds because of the requirement for
[1-3H }-glucose-6-phosphate in sufficient amounts. In addition, the
radioactivity is diluted by the amount of unlabelled NADP used, because
the: generating system and dihxdrofo]ate reductase have differeﬁt gtereo- \
specificities for NADPH. ) )
The malic enzyhe coupled NADPH generating system pggsentshadvantages |
when compared to the above methods: (i) the malic enzyme‘system satisfies
the stereochemical requirement for the "A" side of NADPH, theoretically

allowing the complete incorporation of tritium into the tetrahydro-

i
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pteroylglutamate, (ii) tritiated malic acid of very high specific
activity can be obtained commercially or prepared conveniently (41) in
sufficient quantities and at reasonable cost and (iii) the label is
incorporated at the last step of the synthesis at position 6 of the
molecule (39,42).

The malic enzyme-coupled NADPH generating system in conjunction with
the usual folate reduction system using dihydrofolate reductase yielded
Yabeled [6S]-tetrahydropteroylgliutamates of very high specific radio-
activity. In all cases the excess [3H ]-D,L-malate and potentially some
labeled [3-3H]-pyruvate were well separated from the tetrahydropteroyl-
glutamates by chromatography on DEAE-cellulose (Fig. 2B). Approximately
80-85% of the radioactivity present in the final reduction incubation
mixture was eluted prior to fraction 30. Malate has been found to elute
differently from the DEAE-column depending upon the composition of the
malate-containing sample applied to the column. An increase in the ionic
sfrength of the sample or particularly the presence of MgC1,, increased’
the proportion of malate eluting before the application of the gradient.

In contrast to the efficient separation from [3H]-D,L-malate,
[3HJ-NADPH eluted from the column in the same }ange of the gradient as
the tri- and tetraglutamate compounds. Although contamination of tetra-
hydrofolates with small amounts of NADPH (or its degradatton products) is
not often of concern when these compounds are used as substrates for
various 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 to purification by

b
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FIGURE 2

Purification of tritiated tetrahydropteroylglutamates on DEAE-

cellulose. (A) A reaction mix (320 mCi) containing 0.79 pmole [4A-3H]-

NADPH, 8.0 umoles [3H]-tetrahydropteroyltetraglutamate, [3H]-D,L-malate
and [3H]-pyruvate was applied to a column of immobilized boronate.
Fractions contaiﬁing the tritiated 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. (B) A reaction mix (266 mCi) containing 0.75 umoles
[4A-3H J-NADPH, 2.9 pmoles [3HJ-tetrahydrOpteroy1hexag]utamate, [3H]-D,L-
malate and [3H]-pyruvate was directly chromatographed 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 (o), absorbance
at 340 nm (e), absorbance at 298 nm following a 50-fold dilution (a),

salt concentration (x).
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ion exchange cﬁromatography rémoéed NADPH as shown in Figure 2A. Both
absorbance at 340 nm and radioactivity measurements were at background
lTevels in the fractions where NADPH would normally elute. The NADPH
bound to the boronate column was recaovered (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 from NADPH.
Alternatively, the complete separation of tritiated NADPH from tetra-
hydrofolates would have required repeated ion-exchange chromatography or
gel chromatography on Sephadex (48).

The overall yields of purified'tetrahydropteroy1po1yg1utamates
obtained from the corresponding folate derivatives are summarized in
Table 1. These yields are similar to those observed when NAdPH is
generated by the glucose-6-phosphate dehydrogenase system (unpublished
results). Treatment of the tri- and tetraglutamate derivatives by
passage through a column of immobilized boronate prior to purification
reduces their overall yield by approximately 10%. The slightly hfgher
specific 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 materia]nbased on specific activities. The ultraviolet ~
absorption spectrum of each tetrahydropteroylpolyglutamate was ’
characteristic of that of tetrahydrofolate (1). The first-derivative
scan between 250 and 390 nm did not detect any dihydrofolate derivatives
at 282 nm (1).

The overall yields of radiolabeled tetrahydropteroylpolyglutamates

are influenced significantly at the stage of recovery of the dihydro-

At e~ 470
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TABLE 1
Summary of synthesis of tritiated [6S]-tetrahydropteroylpolygiutamates. N
No. of glutamates PteGlu, . H,PteGlu, T
in PteGlu, : |
yield specific activity ;
n pmo] % mCi.mo1-1! ;
,S
3 5.6 - 213 3.2 '
4 12,2 328 3.9
5 4.8 48 4,50
6 ‘ 7.1 " 34 3.3
7 7.1 18 3.0
. - o

Abbreviations are: PteGlu, pteroylglutamate; H PteGlu, tetrahydropteroyl-
glutamate.

a) The incubation mix containing [3H1-[6S]-H PteGlu, and [3H]-NADPH was
chromatographed on a column of immobﬂizea boronate before application
on DEAE-cellulose.

b) Tritiated [6S]-H, PteGlu. was prepared using [3H]-D,L-malate having a
specific activity of 9.8 mCi/pmo1 instead of 8.2 mCi/pmol.
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folate derivatives. The 1onger polyglutamates precipitate less
efficiently. It might be po;;ib1e&to increase the overall yield of the
heptaglutamate by substitution of gel filtration for pH precipitation,
doward et al. (49) studied the production of dihydropteroylpolyglutamates
which they purifiéd by ion exchange chromatography in yields ranging from
27 to 57% for derivatives with 3, 5, and 7 glutamates. The incorporation
of additional chromatographid steps and the possibility of dealing with
more dilute dihydrofolate solutions for subsequent enzymic reduction
diminish the potential advantage of using such procedures. The
advantages of the pH precipitation are both an opportunity to concentrate
the dihydrolderivatiyes, and to complete each synthesis and purification
within one day. .

The final tetrahydfopteroylpo!yg1utaméte solutions are 150 to 300
uM in concentration but contain relatively high concentrations of NaCl. )
Dilution of the tetrahydropteroyl derivatives to the concentration range
used in many studies (1-20 yM) would increase only slightly the ionic ' \E%V
strength of the resultant solution. Baggott and Krumdieck (14) have
pointed out the necessity of considering ionic strength in determining
interaction of the po1yg]utamates‘w1th enzymes and this point shouTd be.

considered for each use of the compounds. If neceéssary, the tetrahydro-

- folates can be desalted by gel' filtration on Sephadex (29,48).
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CHAPTER 3

Binding of Tetrahydropteroylpolyglutamates to the Mative

Octameric Transferase-Deaminase




PREFACE

fhe content of this Chapter has been submitted for publication-in
the Journal of Biological Chemistry. The article, the first of two
characterizing the interaction of folylpolyglutamates with the trans-
ferase-deaminase, is entitled “Formiminotransferase-Cyclodeaminase from
Pig Liver. 1. Binding of Tetrahydropteroylpolyglutamates to the Native
Octamer” by J. Paquin, C.M. Baugh and R.E. MacKe;zie.

The pteroylpolyglutamates were kindly provided by Dr. Charles M.
Baughy of the University of South Alabama, USA. The preparation of large
quaniities of the transferase~deaminase enzyme by Leonora Bortoluzzi, a
technician in our laboratory, is gratefully acknowledged. Formyltetra-
hy@rofolate synthetase was prepared by Narciso Mejia, another technician
in our laboratory, and (R,S)AHufo1ate for routine use was prepared by Dr.

Robert MacKenzie. Typing of the manuscript by .Maureen Caron, and

criticism and proofreading by Wendy Findlay are gratefully appreciated.
. rr
—~

A pa&t of this“chapter has been communicated to the Canadian
Fede(ation of Biological Societies (1983) under the title “Thé binding of
folylpolyglutamates to formiminotransferase-cyclodeaminase”, and to the
Association Canadienne-Frangaise pour 1 'Avancement des Scienced (1983)
under! the title "L 'utilisation des folylpolyglutamates par une enzyme
bifonctionnelle". A part of the results will alsa be presented to the

Canadian Federation of Biological Societies (1985) under the title

"Structure and Function of an Octameric, Bifunctional Enzyme".
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§UHHARY
The number of bipding sites on fhe bifunctional formiminotrans-
ferase-cyclodeaminase for foly]ﬁolyglutamaté coenzymes was determined by
studying the binding of (6S)-tetrahydropteroyl(glutamate)p.(n =
1,3,4,5,6,7) which are sﬁbstrates of the transferase and inhibitors of
the deaminase. The enzyme, a circular tetramer of dimers of identical
subunits, binds only four tetrahydropteroylpolyglutamates per octamer,
indicating that a dimer is 1ikéﬁy its functional unit. Differential
inhibition of the transferase and deaminase activities by (6R)-tetra-
hydrofolate supports the conclusion that the activities are separate
catalytic sites, but share a common polyglutamate binding subsite. The
afffnity of the enzyme for tetrahydropteroy1polyg{utamates increases with
addition of each glutamyl residue to a total of six; addition of the

seventh resulted in a slight decrease in affinity. The large decrease in

T
free energy (5.7 kJ) in binding the fourth glutamate indicates that this

residue is particularly important in anchoring the substrate to allow

kinetic channeling of" the intermediate between the active sites.
. )
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INTRODUCTION
It has been widely recognized that intracellular folates exist as

polyglutamate derivatives with additional glutamyl residues attached in
y-linkage. Several folate dependeﬁt enzymes have been shown to prefer
the polyglutamate derivatives; generally an increase in the chain length
of the H PteGlu 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 concentrations encountered inside cells (6).

Two additional important functions have been postulated for the
folylpolyglutamates: regulation of one-carbon metabolism (6) and
promotion of “channeling" (7). The hypothesis that 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 chain length within a given ;xidation
‘level of one-carbon units (15-17). It ha; been demonstrated that folyl-
polyglutamates transfer preferentially between active sites of a
bifunctjonal en;yme, and the polygiutamate chain has been suggested to
act as an "anchor" by interacting with a polyglutamate binding subsite
during-channeling of the pteridine moiety (7). The existence of other
multifunctional enzymes (i8-23) as well as the copurification of some
non-covalently associated enzymes (24-25) in'folafe metabolism raise the
possibility of more éxtensivé transfer of folylpolyglutamates within such

complexes. \\ .
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The bifunctional formiminoglutamate:tetrahydrofolate formiminotrans-
ferase (EC.2.1.2.5)-formiminotetrahydrofolate cyclodeaminase
(EC.4.3.1.4) utilizes the polyglutamates of folates and thus provides a
useful system to study both the metabolic advantages of multifunctional
proteins, and the significance of folylpolyglutamates [see ref. (26) for
a review on this enzyme]. Physical and electron microscopic 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‘transferase channels through the deaminase site when_the
pentaglutamate but not the monoglutamate substrate is used (7).

The unusual quaternary structure of the protein, its bifunctionality
and the occurrence of channeling Between sites raise questions concerning
the number and interaction of the two catalytic sites. The identity of
the subunits would suggest that both activities are the respo;sibility of
each monomer but it is not cf:ﬁr as to how many folate binding sites
exist on the native octamer. One folate could bind to each transferase
and deaminase active site if they are separate (8 + 8 sites); to each
catalytic pair (8 sites) #f they are subsites of a single larger site; or
to sites on each dimer (4 sites) formed at a subunit intérface. 1In
addition, the number of polyglutamate binding subsites may not equal the
total number of active sites if there is only one such;site per pair of
transferase-deaminase activities. The number of folylpolyglutamate
binding sites and the specificity of .the enzyme for chain length were

explored using tritiated H PteGluy. ‘
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MATERIALS AND METHODS

Pteroylpolyglutamates were synthesized as described earlier (27).
[G-3HFolic acid potassium salt {5 Ci mmol-l) was purchased from Amersham
Corp.; [14CJ- and [3H]toluene, and Aquasol-2 scintillation cocktail were
from New England Nuclear. Common chemicals were reagent grade generally
frofm Fisher. The ultrafiltration cell was purchased from MRA
Corporation, Florida, and was provided with PM-10 filters (Amicon) of 7mm
diameter: Nitrogen gas of highest purity was from Médigaz (auebec).

Absorbance measurements were made on a Gilford 2000 recording
spectrophotometer. Radioactivity in samples was determined in 10 ml
Aquasol-2 scintillation cocktail using a Beckman LS-250 scintillation
counter. Radioactivity in each sample was between 1,000 and 200,000 cpm
and was counted for 10 or 20 min. Radiodisintegration rates were
calculated by use of experimentally determined quench curves comparing
counting efficiency with the external standard ratio.

Preparation and assay of native enzyme

i,
Formiminotransferase-cyclodeaminase was purified from frozen pig

liver (28,29) and had a transferase specific activity at 30°C of 32-38
pmol min-! mg~! (dry weight) when assayed as described earlier (29). The
purified enzyme solution (approx. 2.5 mg/ml) was stored at -20°C and
contained 0.1 M potasfium phosphate, pH 7.3, 36 mM 2-mercaptoethanol, 40%
glycerol. For use in binding studies, volumes from 0.4 to 2 m{>were
withdrawn from the stock enzyme solution and dialysed overnight against
100 ml of 0.1 M potassium phosphate, pH 7.3, 36 mM 2-mercaptoethanol.

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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assaj’has been previously found to underestimate the dry weight of the
transferase-deaminase by 7% (19) and all results were corrected to dry
weight values.

In kinetic studies, the transferase activity was measured as
described earlier (19,29) in an assay mixture containing 4.5 mM
formimino-L-glutamate, 0.2 M 2-mercaptoethanol, 100 mM potassium
phosphate, and 45 mM triethanotamine. HCl, pH 7.3, different concentra-
tions of (6S)-H,folate, and enzyme in a total volume of 1 ml. Cyclo-
deaminase activity was assayed by monitoring the rate of formation of
5,10-methenylH, folate at 355 nm in a 0.5 ml assay mixture containing the
same concentration of 2-mercaptoethanol, potassium phosphate and
triethanolamine«HC1, pH 7.3, as the transferase mixture above, and
different.concentrations of (6S)-5-formiminoH folate. Because of its
lability under the assay conditions (32,33), the substrate was added
separately just before the addition of enzyme. Formiminoglutamate was
present in the deaminase assay mix because of its presence in the

formiminoH“folate stock solution and was found not to affect the

deaminase activity. )

Preparation and assay of tetrahydropteroylpolyglutamates
. 7

(R,S)-H folate for routine use was prepared as before (28).
Unlabeled (6S)-H PteGlup substrates were prepared as previously
- reported (7). (6S)-[7,9-3HMH Folate (0.1 mCi pmol-l) was obtained
following the same protocol with the addition of approximately 250 uCi of
"[G-3H]folic acid. A 2-3 mM solution of unlabeled (65)-H;f01ate was
?btained by scaling up the procedure as follows: the enzymic reduction
mix contained approximately 90 pumoles unpurified H,folate, 0.56 mmole

glucose-6-phosphate, 4 umoles NADP, 30 units glucose-6-P dehydrogenase

e .
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(as defined by Sigma) and 5-7 mg of dihydrofolate reductase [6.6 nmo)
min-! mg-! when assayed as per Mathews et al. (34)] in 20 m1 of 20 mM
TriseHCl, 0.29 M 2-mercaptoethanol, pH 7.5. After 90 min at room
temperature, the sample was diluted with an equal volume of 0.36 M
2-mercaptoethanol and applied to a 0.8 x 12 cm column of DEAE-cellulose
in the chloride form, washed with 10 ml1 of 0.36 M 2-mercaptoethanol and
eluted with an exponential gradient formed with 65 ml of 0.075 M
triethanolamine-HC1, 0.36 M 2-mercaptoethanol, pH 7.3 in the closed
vessel, and 55 ml of the same buffer containing 0.6 M Natl in the upper
reservoir. (6S)-[6-3HIH PteGluy_, (3-4 mCi pmol-1) were prepared
following a scheme similar to that for the preparation of un]abe]ed v
derivatives except that the NADPH-generating coupled sysfem used malic
enzyme, NADP and [2-3HImalic acid (35)!. Purified H PteGlu, were
assayed using the formiminotransferase with 5 mM formiminoglutamate and
4.5 1imiting concentrations of each reduced folate, and were stored in
.sealed ampoules at -20°C. (6S)-5-FormiminoH folate was prepared
enzymatically from (6S)-H folate [accompanying paper (33)]2 and assayed
spectrophotometrically at 350 nmm in 0.36 N HC1 after 1£; conversion to’
methenylH, folate (36). (6R)-H folate was prepared by converting“the 8
S-isomer of the racemic mixture to 10-formylH, folate with formyltetra-
hydrofolate synthetase (EC 6.3.4.3)"in a modification (Rios-Or]andi;and
" MacKenzie, unpublished) of the method of Curthoys)and Rabinowitz (1).

;

The unreacted D-isomer was purifieq by chromatography on DEAEige11u1ose

s

with a 1inear"gradient of sodium ch]oride‘(40 to 250 mM, total volume 60 ¢

-

ml) ®and assayed in 36 mM 2-mercaptoethanol using e,qgnm =

129,400 cm-1 M-1,
\ s N

lReference 35 is actVéTTy Chapter 2 in this thesis.
2The .accompanying paper (33) is actually Chapter 4 in this thesis.

-]
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Filtrate binding assay

Binding was carried out by the “forced dialysis"™ technique (37)
using an ultrafiltration cell originally designed by Paulus {38), with
PM-10 filters. The protein-1igand mixtures contained 170-190 ug native
transferase-deaminase, 0.06 M potassium phosphate, 0.17 M 2-mercapto-
ethanol, 0.03 M triethanolamine<HC1 and different concentrations of the
tritiated H,PteGluy 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 (5-10 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 to five consecutive samples (5-30 pl1) of filtrate were taken from

each channel during the filtration. After each sampling, the residual
volume of filtrate was removed by suction. Approximately 2 pl of buffer
is retained by the filter (see filter binding assay and Table I) leading
to a 5-10% underestimation of the concentration of free 1igand in the
first microliters of filtrate. The first filtrate sampling was thus not
considered in ‘the calculation of free ligand concentration. The radio- 5
activity remained constant in the subsequent filtrate samplings. Greater
than 92% of the native enzyme transferase activity was retained after §
hours; the average time for a complete binding study was about 2 hours.
In the absence of enzyme, H folate was totally recovered in the filtrate
up to a concentration of 500 uM, ‘and the polyglutamate derivatives in the
concentration range used for binding studies did not bind to the PM-10
membrane . The very large native transferase-deaminase [M, = 5x10°

(28)] was easily retained by the PM-10 membrane. A 10 to 40-fold range
in concentration of ligands was used in binding studies: 1 to 30 pM for

H,PteGlu,.,, and 2.5 to 160 uM for the mono- and the triglutamate

N
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derivatives. For the two latter compounds, the concentration was
increased up to 400 yM in some studies. In binding assays, the value of
the ionic strength, calculated from the contribution of buffers and salt,
varied from u = 0.113 to 0.139 with the H PteGluy 1igands having n > 4.
The variation of ionic strength was greater with the mono-fand trigluta-
mate derivatives: the value ranged from p = 0.113 to 0.168.

Filter binding assay

When direct determination of the amount of bound ligand was
required, the binding was measured using the Paulus ultrafiltration
method (38). After collection of the filtrate samplings as described
above (filtrate binding assay), 40 psi of nitrogen pressure was applied
for 3 hours to ensure complete filtration. The membranes were then ‘
r‘lnsed‘from the bottom with 1 ml ethylene glycol as described by Paulus
(38), transferred to vials containing 1 ml of water, and soaked over-
night. T;e scintillation cocktail was then added for determination of
radioactivity. This procedure was sufficient to dissolve all the radig-
activity trapped on filters. Treatment of the membranes with Protosol
(NEN) for 8-16 hours was found not to release more radioactivity. The
Ph-lo membranes retained about 2 ul under the conditions of filtration.
As shown in Table I, this small volume appeared to be constant from one
channel to another, independent of the folate ligand concentration, and
independent of f:he presence or absence of enzyme as demonstrated by the

use of trace amounts of [1% Jglycine which did 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

correction was done as per Markus et al. {39), assuming that the

e
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TABLE I

[}

Control Filtrations through PM-10 Nembranmes

-

Yolume Retained

FOLATE ~Enzyme? +Enzyme

(uM) . (ul) (ul)

AV
Q

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 1.8

The binding mixtures in absence of enzyme contained varying concen-

\ trations of

[3HH, folate (0.1 mCi pmol=1),

bThe binding mixtures in the presence of enzyme'contained varying

concentrations

of folate, 1.15 M of octameric protein, and 4.5 x 106

dpm/ml of [1“CJglycine (112 mCi mmol-1).
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concentration of free ligand was the same in the retained volume as it

was in the filtrate. s

-

Treatment of binding data ' N .

Moles of bound ligand were obt3ined directly by measur1ng‘the radio-
activity present on the filters after correction for retained voluﬁé, or
indirectly by subtracting the free from the total ligand present
initially. . Samples éf the séock 1igand solution were counted with each
experiment for Qetermination of the ligand specific activity. The molar
binding ratio, R, represents the moles of bound ligand per mole of
octameric protein present ,in the sample [the molecular weight of one
subunit was taken “as 62,000 (28)] and results were represented as a
Scatchard plot (40). The binding parameters were determined by fitting
the experimental hyperbolic curve of R versus free ligand concentration
using the program KINFIT (41). In the kase of curved Scatchard plots,
additional binding studies using excess unlabeled 119anq were performed

to correct for non-specific binding (42).

W
\r

= 4




RESULTS ‘ ) y ,

H, PteGlup are subsérates of the transferase and inhibitors of the
deaminase activities, and can thus bind to each catalytic site of the «
bifunctional enzyme. Their_binding to the native protein has beén
studied using the filtrate binding'assay (Fig. 1) to determine both the
number of sites hndrﬁgg value of K4 for each compound. With |
H,PteGlup having 4 oF\more glutamates, the results clearly indicated
the presence of approximately 4 h%éh aéfinity sites on the octamer for
the binding of folylpolyglutamates. At least four sites can also bind-
the triglutamate derivative but with much lower affinity. The limits of
the sensitiQity of the filtrate binding assay have been reached with this
ligand: only 4% of the ligand is bound to the enzyme at high concentra-
tion of the ligand. The binding of the triglutamate deriQ;tive and:also
that of the monoglutamate was examined further using the more sensitive

* filter assay. |

Curvature of Scatchard plots for values of R> 4 in the binding of
H,PteGlu,., indicated that some non-specific binding may have contributed
to the total binding. The importance of the non—specifi; binding

component was determined with the pentaglutamate derivatiyve by adding

excess unlabeled ligand (50 pM) to saturate the high affinity sites. The .

values of the parameters of the specific binding did not significantly
differ from those of the total binding. With H, PteGlup ligands having
o> 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 specific binding. The reproducibility of the values of the binding
parameters had been assessed by additional determinations with the penta-

glutamate ligand using different enzyme preparations. The values

|
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FIGURE 1 2

A

Scatéhard plots of the total binding of [3HIH PteGlup
(q = 3,4,5,6,7) to khe native octameric transferase-deaminasé.i‘Symbq]s
used are for the different values of‘ nnen=30 4® 5; A6; and\ ™y
A 7. Data were fit by the program KINFIT as described in Materials and‘
Methods. Only values of R/[free] > Oig we;e used except in the case of
n = 3 where all the points were taken. Scatchard plot of the total"

biﬁding of the triglutamate derivative is shown inset with an expanded

R/[free] scale.
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TABLE 11 ‘ ¥ .
| » ' \
{
I 4 |1
) "Binding Parameters of the Transferase<Deaminise with,
H,Pteroylpolyglutamates ‘
‘ i
_ . ' H,PteGlup Kd Number of sites/octamer
o L (n) (uM)
1! 35+6 3.2 + 0.3
;3 12+1.6 5.0 + 0.2
4 " 0.60 £ 0.05, 4.1 ¢ 0.1
7 - 5 -« . . 0.81+0.02 4.4 + 0.1
‘\\'\ 6 0.16 + 0.01 RVEEAT
\J/
(o y 7 0.22 & 0.01 /4.7 + 0.1
- )_‘”/—J>
(’ ) -Yalues were obtained from computer fitting of the total Scatchard plots,
//i " and expressed with the standard deviation of the fit.
f
\\ 4
i
j
N
4
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obteined from five separate experiméﬁts were 0.40 + 0.09 pﬂ for the value
of the dissociation constant and 3.9 + 0.5 for the number of sites;,
The total and the Specgfic binding of H,PteGlu, and of H\,,Ptemu3 to
)ﬁ\\\\(:“) the native enzyme were studied using both the filtrate and the filter
assays, ihe latter permitting the direct measurement of bound 1igand.
Results by both procedures. agreed and an example of a binding study is
‘given for each ligand in Figure 2. In addition, the specific binding for
the monoglutamate has been hetermined in three otheriseparate experi—‘
ﬁents, using either 75 pM unlabeled folate or 130 pM unlabeled Hb%olate
to measure the non-specific binding. For the four studies, the values of
the binding parameters averaged 377 + 1.1 sites per octamer with a
dissociati>n constant of 10 + 4 yM. The choice of the concentration of
the unlabeled excess 1i§and is not an\easy,task, especially when working
i at the Timits in éénsitivity of the binding assay, and may result in
incomplete separation of the specific and non-specific binding componeﬁis
(43). The contribution of the non-specific binding can also be estimated
graphically (43). With the mono- and triglutamate ligands, the values of-
the non-specific binding parameters obtained by the graphical method were
similar to the values obtained directly by addition of an excess of .
.unlabeled lTigand. A theoreticél curve for the total binding of H PteGlu,
was dr&wn using a twc-component binding function (48) for which the para-
meters of the first component (i;e. specific binding) were experinentally
determined. The chosen va]ueg for the parameters were as repoéted in the
legend of Fig. 2. Within the same range of free ligand concentration,
an essentially identical curve is obtained assuming 8 sites with a K4
’v§1ue of 500 M for the second binding component. A tﬁeoretica1bcurve is

(‘ ’ not drawn for the triglutamate 1igand because this compound is more
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, FIGURE 2 .

Scatchard plots of the total (e) and specific (a) binding of
[3H]H“?teG1un (n = 1,3) to the native octameric transferase-deaminase.
The specific binding was obtained from the difference between the tdtal
and the non-;Lecific binding plots of R vs [freel, and fitted using the
program KINFIT. Top: The curve of the total Binding was drawn using a
two-component binding function (48), and assuming the following values:
Kdy = 12 uM; Kg, = 200 yM; n, = n, = 4 sites. :The non-specific bind-

S|

ing was determined by additfon of 75 ;M unlabeled folate. Values of the

specific binding parameters are: 3.4 + 0.6 sites with a K4 = 14 + 7 uM,

Bottom: The curve of the total binding was drawn by eye. The non-
specific binding was determined by addition of 130 uM unlabeled
H,PteGlu;. Values of the Epecific binding parameters are: 2.8 + 0.5
sites with a'Kg = 6 + 4 ;M.
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1ikely to bind to a polyglutamate binding subsite as well as to each \ .

catalytic site, thus possibly introducing a third component in the

model. ‘ ‘

The transferase-deaminase showed a 15- to 50-fold greater affinity

for H,,Pterun having 4 or more glutamate residues than for the mono-

and the triglutamate derivatives. The highest affinity was observed with

the hexgg]utamate derivative and a decrease in affinity was obtained by

'Iéngthening further the polyglutamate chain. Values of dissociation '
;g«\constants were used to calculate the free energy decrease associated with

binding of the glutamyl residues of the polyglutamate chain moiety of

H,PteGlup to the native enéyme (Fig."3). There was iittle difference

in affinity between the mono- and the triglutamate 1igands, and binding

of the second and third glutamate residues can be associated with a free

energy decrease of about 1.05 kd (0.25 kcal) per residue. A large
decrease of 5.7 kJ (1.36 kcal) in free energy 1is observed by binding a
fourth glutamate, while binding of additional glutamyl residues modified ;
the value of the free energy by approximately 1.25 kJ (0.3 kcal) per
residue. , .
- One can postulate that the H,folate ligand lacking the polyglutamate
. tail could bind to both transferase and deaminase catalytic sites. The
Tow affinity of the enzyme for H, folate as reflected by the relatively
high‘va1ue of Kqg (14 pM) does not allow for an accurate determination
of the number of sites within the limits of the binding assays. At least

A

4 sites on the octamer, can bind this monoglutamate Héand. However, it

#s not clear whether these folate-bindi ng sites are common to both "\1
transferase and deaminase catalytic sites or belong to only one type of

- sfte. In the latter case, a second type of site of much lower affinity
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FIGURE 3
Relative free energy changes associated with the number of g1utamy1
residues upon binding of H, PteGluy to the native transferase-deaminase.

Values of the dissociation constant wevle taken~ from Table II for n>4,

and from legend of Fig. 2 for n‘:—vi,/:i. - )
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for folate would not have been detected by the binding assay;. A kinetic
approach with inhibitors was used to attempt to distinguish two types of
pteridine-binding subsite. As shown in Figure 4, the transferase and
deaminase activities were not inhibited to the same extent by
(R)-H,falate. This compound is a poor inhibitor of the transferasé with
an estimated Kj value of 400 yM. In contrast, the deaminase has much
higher affinity for this inhibitor qhich exerts a gregter effect oh the -
slopes of double-reciprocal plots thangon the intercebts of these plots.
Replots of both slopes and intercepts as a function of inhibitor

concentration are linear and indicate Kj values of respectively 8 and o

21 uM.

»

e
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FIGURE 4

Double reciprocal plots of the transferase (A) and deaminase (B)
activities obtained at different concentrations of the (6R)-H, folate
inhibitor: zero (e), 9 (o) and 18 (x) M. Data were fitted using the
KINFIT program. Replots of slopes (4) -and intercepts (A) are shown inset

for the deaminase.
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DISCUSSION
The advantages and the validity of the filter and filtrate binding

-~ assays have been discy§sed by other investigators (37-39,44,45). .
" Sensitivity, rapidity and equilibration within one co?partment were
important advantages as was the‘requirement for only small quantities of
’ enzyme and folate {igands. Although the filtrate assay is more rapid,

the filter assay can be more accurate in cases of low affinity because it

measures bound ligand directly. Scattering in results is also observed
‘ witﬁ the latter assay because a 10% error exists in the determination of

the volume retained by filters (Table I).  However, both assays gave

similar results in the estimation of binding parameters in the present
study. +An additional requirement was to maintain the integrity of the
binding capacity of the enzyme throughout the filtration process. The

( constant -amount of radiocactivity present in the filtrate during the

course of the filtration indicated that concentration of enzyme during

the procedure, changes in the viscosity of the ligand-protein mixture, or. g
s adsorption of protei? to the filter did not affect the binding

parameterst The data from binding studies were checked on semi- i

logarithmic plots to ensure that saturation of at least one class of

sites was obtained, as described by Klotz (46). Because of the classical

Michaelis-Menten kinetics shown by the enzyme with all substrates,

cooperatiyity in binding was not considered in tgeating any non-linear

Scatchard b]ot.

The results of .binding of H, PteGlu, derivatives to this ¢

bifunctional enzyme composed of identical subunits arranged in an unusual

Py

¢ircular structure clearly demonstrated the presence of four high

affinity polyglutamate binding sites on the. oltamer. The number of sites '

[




" interface. Because the polyglutamate subsite is requined for kinetic
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for channeling to occur. The four sites also suggests that

activities.
A more difficult problem arises iﬁ attempting to determine th
number of catalytic sites. One could Hostuiate that a folate analbg
could bind to both transferase and deamjinase catalytic sites, if it did
not contain the polyglutamate portion. |If there are ipdeed two separate

catalytic sites, these could show different affinities for the folate

1igands. - The low affinity of the enzyme for the mono- and triglutamate

derivatives suggests that these 1igands bind to ca¢a1ytic sites, bu -
poorly. As indicated by their sﬁecific binding, there are at least 4
sites for the éinding of the pteroyl portiwq of folates. The value of
Kq for the specific binding of H, folate [14 + 7 \M (Fig. 2)] is simiiar
to the value of Ky for the transferase éxtrapo]ated to zero formimino-

glutamate [18 uM (data not shown) ]; the Ki value of the same compound

.against thé deaminase is 64 + 4 uM (data not shawn). Thus it is likely

that the specific sites observed with the ménoglutamate 1igand represent
the transferase catalytic activity. The technique would not detect a '
sécond class of sites with K4 approximately 60 uM.

' Are there then two classes of catalytic sites? No folate ligand QaS‘
found to have sufficiently low values of K4 to address %ﬁis question by
binding. Instead, evihgnce for two classes of folate binding sites was
obtained by the different extent of ihhibition of each catalytic activity

using (R)-H, folate. The non-competit{ve pattern of inhibition observed

Na

5
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with the deaminase was unexpected although a similar pattern was obtained
with methylenetetrahydrofolate dehydrogenase using PteGlup, 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 1ikely possibility is that (R)-H folate binds to the
conformer of the enzyme which binds methenylH folate, the product of

the reaction. In converting 5-formiminoH, folate to the methenyl
derivative, the bridging of nitrogens 5 and 10 requires a significant
shape change in the molecule, and consequently an altered enzyme
conformation. The S<isomer of H,folate is simply a competitive 1nh1b1to}
of this activity (K1‘= 64 uM), and perhaps binds only to one enzyme
conformation. Despite its more complex characteristics, (R)-H folate is
a'vegy guod inhibitor of the deaminase and a very poor inhibitor of the
transferase. That the two activities form separate sifes was also
suggested by ;hemical modification of each activity (7), by the isolation
of a transferése frag&ent (20), and by the kinetic observations presented
earlier (47), and in the accompanying paper (33), which demonstrate that
both activities can function independently and simultaneously. Currently
it appears that there are four polyglutamate sites, possibly four trans-
ferase catalytic sites and an unknown number of deaminase catalytic sites
on the octamer. Because of the limits of the binding assays, a Kq < 3

M is required to accurately determine the ;otal number of binding sites
and we w§re unsuccessful in finding a suitab]é 1igand. Neithe} (R)« nor
(S)«tholhte, the ‘most promising 1igands, meets this condition. In

addition, difficulty in the interpretatjon of binding data may arise due

Tt the/complex‘inhibition pattern obseﬁved with the R-isomer.
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Although the number of sites cannot be‘determined with thg Tow
affinity ligands, a reasonable estimate of K4 was obtained from their
specific binding and used to ca1cu1ate)the variation in relative free
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 anchoring the substrate at the
polyglutamate binding subsite during the transfer of the pteroyl moiety
between active sites. The free energy profile of the polyglutamate
specificity of the transferase-deaminase when compared to the profile of
four other foiate-dependent enzymes from pig liver (11-14) appears to
constitute a fifth patte}n 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‘fo1y1polyglutamates with a maximum at
the hexaglutamate derivative (11). Both enzymes have a narrower
specificity for folylpo]yglutamafes than has methylenetetrahydrofotate ]
dehydrogenase (13}. However, the observed decrease in free energy
between the mono- énd the hexaglutamate derivatives is smaller with the
H,PteGlup substrates of the transferase-deaminase (10.9 kJ) than with

the H,PteGlup inhibitors of the reductase (16.3 kJ). In contrast to

_the reductasecwhich shows a regular decrease in free energy by adding one

¥

gldtamyl residue at a time, the transferase-deaminase exhibits a very

large decrease (5.7 kJ) upon addition of a fourth glﬁtamyl residue. A
similar extensive decrease in free energy upon binding of only one more
glutamyl residue is reported for thymidylate synthase [éﬁB kd (14)] and

for serine hydroxymethyltransferase [5.0 kJ (12)], but is observed upon

WWWMWM«MQJ o~ et e e



2

~
-

\
BB s %o = r L 20N e E e ot U 5 EN s N Cla i b e A LR e by e - IR st R s etk S ke 2t 4o et s merop vy e v 4

, -95-

/

addition of a second glutamyl residue in these two cases. Such a

o~
r

\/ variation between profiles within one species’ tends to support the

e possible regulatory role of folylpolyglutamates in folate-dependent one-
{ . carbon metabolism. The specificity of the transferase and deaminase

! > activities for their folylpolyglutamate substrates was measured'kineti-
cally in the accompanying paper (33) to determine if it reflects the
specificity as measured by binding studies. These specificities were

also compared to that of efficiency of channeling between sites to better

characterize that process. p
L8 )
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PREFACE
This Chapter t;as been submitted for publication in the Journal of

Biological Chemistry as the second paper of two characterizing the
interaction of folylpolyglutamates with the transferase-deaminase. The
A

paper is presented under the title "Formiminotransferase-cyclodeaminase

from pig liver. 2. Channeling between the active sites" by J. Paquin,

CM. Baug';h and R.E. MacKenzie: N

The pteroylpolyglutamates were supplied by Dr. Charles M. Baugh of
the University of South Alabama, USA. The transferase-deaminase enzyme
\;Jas prepared by Leonora Bortoluzzi, a technician in our laboratory.
(R,S)«Tet'rah_ydrofo1ate for routine use and methenyltetrahydrofolate are
prepared by Dr. Robert MacKenzie. Criticism and proofreading of the
article by Wendy Findlay are appreciat;ed, as is the secretarial
assistance of Maureen Céron in typing the-manuscript. h

A part of thisX work was communicated to the Canadian Federation of
Bi_ql\ogica] Societies (1984) under the title "The Relationship Between the -
Activities of‘a Bifunctional Enzyme". The results constitute a part of a
communication that will be presented to the Canadian Federation of v
Biological Societies (1985) under the title "Structure and Function of an

Octameric, Bifunhctional Enzyme".

.
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SUMMARY

Each activity of the formiminotransferase-cyclodeaminase
bifqnctiona] enzyme was examined separately for its specificity for the
appropriate tetrahydropteroyl(glutamate), substrates where n =
1,3,4,5,6,7. Catalytic efficiency of both activities (Vp/Kp) is much
greater with substrates coritaining four or more glutamates, but this
property does not show specificity for-a given polyglytamate. With all
substrates, Vg of the deaminase is greater than that of the trans- .°
ferase, allowing for potential channeling between these active sites.
Only with the long (n > 4) folylpolyglutamates does the enzyme channel
the formimino-intermediate between active sit\es, supporting the concept
that the polyglutamate structure acts as an anchor during the transfer of
the pteroyl moiety. The specificity for channeling among the physjo-
Togically relevant folylpolyglutamates (n > 4) does not correlate with
affinity as measured kinetically or by ligand binding. The optimum
length of 5 glutamates for complete transfer between sites supports a
steric requirement and not simply tight binding to explain the mechanism
of channeling. Kinetic observations indicate that transferase and

deaminase activities are independent catalytic sites but share a common

polyglutamate binding subsite. -

‘
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.

INTRODUCTION &

5-Formiminotetranydrofolate: L-glutamate N-formiminotransférase
(EC 2.1.2.5)-p-formiminotetrahydrofolate ammonia-lyase (cyclizing)

(EC 4.3.1.4) catalyse the following consecutive reactions in the pathway

of histidine degradation in mammals:

Formiminogiutamate + H, PteGlup » 5-formiminoH PteGlup + glutamate

5-.Form1m1'noH,’PteG]un + 5,10-metheny1H PteGlup + NH +

The transferase-deaminase enzyme is composed of eight identical
subunits (1) arranged in a rin’g (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 on the ;Iative octamer for the bindirg
of the polyglutamate tail of folylpolyglutamates (4)!, which suggests
that only one polyglutamate binding site exists per pair of transferase-
deaminase activities, and raises the potential for site formation between
subunits. The, enzyme shows increased affinity for H PteGlup with
increasing numberrs of glutamyl residues to a total of six. The relative
free energy associated with the binding of H,PteGlup to the enzyme ‘
decreases by approximately 1.25 kJ (0.30 kcat) per glutamyl residue, with
one exception. 'Tr;e difference is four-fold greater for binding the
fourth glutamyl residue, suggesting that a minimum chain length of 4
glutamates is required _for the H,PteGlu, to maintain interaction
between the polyé]utama':te binding site and at least one active site.

A
Channeling of the formimino-intermediate between the transferase and

»

lReference 4 is actual ly Chapter' 3 in this thegis.
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deaminase sites has been observed when H PteGlug but not when H folate
%tself is used as substrate (5). The pinding of the polyglutamate tail
to a subsite on the enzyme was postulated to participate in the transfer
of the pteridine portion by "anchoring” the folate coenzyme molecuyle
(5).

Knowing how the covalently associated transferase and deaminase
sites interact could help to evaluate the poténtial transfer of fo]yl;

pol yg]u‘tamates between other physically associated sites in folate

metabolism. In this paper, we have assessed the kinetic specificity of

each activity for the number of glutamates in their respective
H,PteGlup substrates to better understand channeling between catalytic
sites in this particular enzyme. The specificity of the enzyme for
folylpolyglutamates as measured by catalytic efficiency (Vp/Kp) has
been compared to specificity as measured,by efficiency of channe]ing to
determine if simply tight binding or a steric regulirement for. a given
length of the polyglutamate chain is critical in channeling. Kinetic
studies have been performed to demonstrate that the transferase and

deaminase catalytic sites can function separately and simultaneously.
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MATERIALS AND METHODS ’ , \

Decolorizing charcoal Norit A was from BDH Chemical Co.;\}iillipore
Corp. was the source of Millex-GS 0.22 pum filter units, and CF-25
Centriflo membrane cones were from Amicon Corp. Common chemicals were
reageht grade from Fisher Chemical Co. .
Formiminoglutamate-hemibarium salt was obtained from Sigma Themical
Co. and converted to the sodium salt by precipitation of the barium with
jIO% molar excess of sodium sulfate. Formiminoglutamate was as§ayed using
the formiminotransferase assay (6) with 0.25 mM (R,S)-kao1ate. A Zi
limiting concentration of formiminég1utamate (between 25 and 125 M) was -
fncubated in duplicate with Lunit of the transferase (1 umol min=1) and
the reaction was stopped with 2.0 ml 0.36 N HC1 after 30 min incubation
at 30°C. These conditions ensure complete reaction; neither additional
enzyme nor longer incubations 1ncreasé the yield. Formiminoglutamate
concentration determined by the assay was 90% of the concentration
obtained by weight. ‘
Absorbance measurements were made on a‘Gilford 2000.récordfng
spectrophotometer while fluorescence units were obtained on a Perkin-
Elmer LS-5 spectrofluorometer (excitation 350 nm, emisgion 465 mm).
Fluorescence measurements were made with a fil;er in the emission beam to '

restrict passage of light to wavelengths > 430 nm.

Preparation and assay of tetrahydrofo]éte derivatives

(R,S)-H,Folate for routine assay and (S)-H PteGlup were synthe-
sized, purified, assayed and stored as described before (1,5) and in the
accompanying paper (4). Preparation of (R,S)-5,10-methenylH, folic acid
was by the procedure of Rowe (7). A1 mM stock solution was prepared in

0.54N HC1, 0.36 M 2-mercaptoethanol and filtered through a 0.22 M
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Millex-GS filter unit. The concentration of methenylH, folate jn the
filtered solution was measured in 0.36N HC1 using €350nm = 24,900.

In 1.0N HC1, the absorption rétio E359nm/E 3g5nm varied between

— -~ —

-

2.46 and 2.54 indicating a puﬁF material (8).
(65)-5-formimino-H, PteGluy (n=1,3-7) were synthesized by
converting the corresponding (65)-H4Pte61un to the formimino derivative

using the transferase-active fragment. An incubation mix containing

" 1imiting amounts of the tetrahydrofolate (150-2500 nanomoles) and a

50-fold excess of formiminoglutamate in 1.3-1.9 ml of 0.075 M
triethanolamine-HC1, pH 7.3, 0.36 M 2-mercaptoethanol was adjusted to pH“
6.7 with HC1. The H,PteGlup was| completely converted to the formimino
product after 2 min at room temperature following the addition of 15 ug
of the transferase fragment. The incubation mix was c061ed on ice and
acidified to pH 3.8 wftﬁ HC1. The transferase frqgment was removed by
ultrafiltration through a CF-25 Centriflo membrane. This solution was
stable for several hours at 0°C, protected from light (Results). To
standardize conditions in kinetic studies, a pH 3.8 blank solution was
made containing the same concentrations of triethanolamine-HC1,

2-mercaptoe£hano1 and formiminoglutamate. The formiminoH PteGlup were

assayed by converting them to the 5,10-methenyl derivatives in 0.36N HC1.

To complete the conversign, the test tubes were heatéd in boiling water
for 55 sec (9) and cooled in ice. The absorbance at 350 nm immediately
éfter addition of the formiminoH, PteGlup to the acid was used as a
blank value (10). Essentially quantitative conversion (> 98%). of

H,PteGlup to formiminoH PteGlup was obtained.

\.
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Enzyme and transferase fragment

Formiminotransferase-cyclodeaminase was purified from pig liver (1)

{

and a transferase fragment (24-28 ymol min=1 mg~!) was prepared as

described earlier (3). Protein determination was as described the

accompanying paper (4). \

Assays of transferase-deaminase

For determination of kinetic constants, the transferase was assayed
'1n\1.0 ml of 0.1 M potassium phosphate (pH ?\3), 0.14 M 2-mgrcapto-
ethanol, 4.5 mM formiminoglutamate, 15 mM triethanolamine<HC1 (pH 7.3),
and vary1ng concentrations of the H,PteGlup, The reaction was )
1n1t1ated by the addition of enzyme and stopped with 25 ul of 9.6N HC1
PR (spectroﬁgg;ome ’é/assay) or with 2.5 ml of 0.36N HCI (f]uorometric
assay) after Z to 10 min incubation at 30°C. Blanks were prepared in the
(' . _same assay co ditions except that enzyﬁe was replaced by buffer. The
test tubes were’heated in boiling water for 55 sec and cooled in ice.
The 5,10-metheny1H, PteGlu, formed in the sample was then measured
spectrophotometrically at 330 nm:against the correéponding blank. N}th
HtheG1u%_7,'the methenyl final product was assayed using_g more
sensitive fluorometric method (11) with a Perkin-Elmer LS-5 ;pectro-
f1ﬁorometer. Samples and b]angs were excited at 350 nm (using a slit
width of 15 nm) and their emission was measured at 465 nm (using a slit
width of 20 nm). Four different concentrations of pure (R,S)-5,10-
metheny1H, folate were used as standérds and a fluorescence calibration
\curv; was determined for each kinetic run. Standards were measured under
the same assay conditions as the samples except thaf boiling was not

necessary. The fluorescence varied linearly with the amount of methenyl-

( H,folate from O to 0.25 nanomoles when 1 ml of a§§qy mixture is combined
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1

with 2.~5 ml of 0.36N HCl. The fluorescence of H PteGlu, is 10 times
weaker than that of methenylH, PteGlu, under the assay conditions. This
small contribution to fluorescence measurements from the tetrahydro-
folates introduted as mudq*h as a 10% underestimation of the real velocity
of the reaction. However, velocity values are reported without "
correction. The fluorescence of tetrahydrofolate-containing samples
increased slowly with time following boiling, and was thus measured

immediately after this treatment. A 5-fold decrease in background level

was obtained by using the following procedures. Vessels were trea%ed in

boiling 1IN HC1 whenever possible, carefully rinsed with distilled water,
and dried. Also, solutions of 0.36N HC1 and of 1 M potassium phosphate
(pH 7.3) were treated for 30 min with decolorizing charcoal (1 gsper
liter of solution) and filtered (Whatman).

. . The kinetjc constants of the dgaminase activity were determined at
30°C by monitoring the appearance of methenylH, PteGlup at 355 nm (1),
The 0.5 ml assay mix contained 0.IM potassium phosphate (pH 7.3), 0.3M
2-mercaptoethanol, 67 mM triethanolamine«HC1, and varying conc;entrations
of the formiminoH,PteGlun. The formiminoH, Ptelilun substrates were
added 30 sec before the addition of enzyme because of their lability

under the conditions of assay [(10) and Results]. The final assay mix

'was pH 7.3, essentially unaltered by the addition of the acidic solution

of substrate. Formiminoglutamate was present in the deaminase assay mix
(from .03 to 10 mM) because of its presenée in the formiminoH PteGlup
stock sotution. The concentration of formiminoglutamate was not
standardized in the assay mix because its presence did not affect the

deaminase activity. For example, the velocity curve obtained by varying

A
i
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the concentration of formiminoH PteGlu, was the same in the presence of

0.7 ™ or 5.3 MM formiminoglutamate, _
The relative iénic strength changed less than 20% in almost all

" kinetic runs by varying the concentrations of H PteGlup and of .

formiminoH, PteGlup. The values calculated from the“égﬁtributiop of
buffers and salt ranged from p = 0.164 to 0.194 in the transferasé'assay,
and from p = 0.197 to 0.225 in the deaminase assay.

Kinetic constants were calculdted by fitting the experimental data
to the Michaelis-Menten equation using the program KINFIT (12). An
unweighted procedure was used, and no significant difference was seen ,
when points were weighted as 1/v2, |

The time course for the appearance of the products of the
transferase-deaminasé used to monitor ‘channeling' of the formimino
1n§ermediate was determined in an assay mix containing 0.1 M potassium
phosphate, 23 mM triethanolamine+HC1, pH 7.3, 0.17 M 2-mercaptoethanol,
4.5 M formiminoglutamate and 50 yM H PteGlup.

The mechanism of‘channéling was investigated by the addition of
either formiminoH, PteGlu, or formiminoH PteGlu, to assay mixtures
containing either H PteGlu, or H PteGlugs. Formation of the methenyl
product was monitored at 355 nm in an assay‘mixtqre containing 67 mM
triethanolamineHC1, 100 mM potassium phosphafe ﬁ 7.3, 0.3 M 2-mercapto-
ethanol, 4.6-4.9 nM'form1m1noglutamate and the 59 age substrates iq a
volume of 0.5 ml. In this series of experiments, the transferase
activity was saturated with its H PteGlup substrate. These assays were

conducted at room temperature. :
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RESULTS

The kinetic properties of the formiminotransferase-cyclodeaminase
enzyme were determined separately for each actiQity using the appropriate
tetrahydrofolate derivatives as substrates. The transferase activity was
examined for substrate specificity using H,PteGlu,. The Ky values of
polyglutamates were very low and were not adequatel; measured by the
spectrophotometric stopped assay because 30% or more of the substrate was
converted to product at substrate concentrations .below the apparent Km.
With tﬁese substrates, a fluorescence assay has been adapted using
methenylH, folate as standard. The fluorescence assay was approximately
10 times more sensitive than the spectrophotometric assay and good rates

could be obtained with only 5-10% of the substrate converted to product.

. Because H, PteGlu; provided complete channeling {5), formation of the

methenyl final product was alse determined by direct épectrophotometriﬁ
monitoring which was found to be 3 to 4 times less sensitive than the
fluorescence stopped assay. The values of Ky (2.1 * 0.5 uM) and Vp °
(36 + 2 pmol jﬁn‘l mg-1) obtained with the pentaglutamate substrate using

this assay agreed quite well with the va1ue€ obtained by the fluorescence

assay (Table 1) considering the difference in sensitivity of the two :

methods. The fluorescence assay was thus adopted because of its higher
sensitivity and also because the continuous spectrophotometric assay is
not applicable to all HuPtealun [(5) and Results]. Values of Vy were

not greatly affected by lengthening the polyglutamate chain; there was at
most a two-fold decrease. However, H PteGlu, having 4 or more

glutamates have 40 to 80 fold lower Values of Ky than do the mono- and

triglutamate derivatives (Table I). Values of Ky do not differ

1
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TABLE I =

Kinetic Properties of Native Transferase

(GS)-H,,P.teGNn Kny Yy
n . N 1 uM _umol min-limg-1
1 5 48 + 14 58 + 18
3 4 21+, 3, . 2%: 2
K 6 0.7 03 ' 29+ 14
5 5 0.7 + 0.3 35 + 10
6 5 0.6 + 0.2 04 7
7 7 ; 6

0.7 + 0.3 41

" Values are expressed as averages + S.D. for N separate determinations.

Values were obtained from spectrophotometric (n = 1 qu 3) or fluoro-
metric (n > 4) stopped assays.
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significantly among the longer polyglutamate substrates (n » 4) and we
cannot distinguish an optimum chain length using this parameter.

The deaminase assay required synthgsis of the formimino derivative
of H, PteGlup for use as substrate. Because of limited amounts of
H,PteGlup, the established preparaéion methods were not practical
(9,10,13): chromatography is needed to separate the formimino derivati?e
from the unreacted H,folate, and during the isolation procedure, the
formiminoH,folate is partly cyclized to the 5,10-methenyl derivative. In
addition, purification of the formiminoH,PteGlu, would have required
drastic conditions for elution of the desired compounds (13). Instead,
the formiminoH, PteGlu, were prepared with the approach used by Tabor
and Wyngarden for H, folate (9), except that conditions were found to
quantitatively convert the H,PteGluj to their formimino der1vatives;

This conversion occurred in fact veéry rapidly, and the reaction mixture
could quickly be adjusted to conditions allowing for stability of the
product. The formiminoH,PteGlu, stock solutions were prepared in
concentrations varying from 50 to 600 yM and were “stable for several
hours at pH 3.8, 0°C, according to both chemical assay (Fig. 1) and

3

enzymic assay with the deaminase. The loss of formiminoH PteGlup was

.

o

" mainly due to a very slow cyclization to the methenyl derivative. )
Although unavoidable, this cyclization was kept to a minimal level. On
~the other hand, the half-life of formiminoH, folate at neutral pH and 30°C
was estimated to be 53 min (Fig. 1) using the deaminase assay, and is
similar to that determined by Rabinowitz (10).

With the deaminase activify; the length of the polyglutamate chain
of the formiminoHiPteGiun substrates affects both the va]ue; of Ky

and V. The value of the latter decreases 10-fold going from the mono-
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FIGURE 1

.Stability of S5-formiminoH, folate at pH 3.8, 0°C (e), and at pH 7.3, x
30°C (A). Inset are the data at pH 7.3, 30° presented as a semi-

Togarithmic plot.
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TABLE II

tic Properties of Native Deaminase

4

(6S)-5-HCNH-H,PteGlu, K Vi
n N WM umol min-lmg=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.

i
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to the hexaglutamate substrate (Table II). The addition of two
glutamates to the monoglutaﬁate substrate decreased the apparent value of
Km by a factor of 7. One more glutamyl residue reduces the value
10-fold, while further increase in the chain 1enq;h introduces only
another factor of 2. The kinetic affinity is clearly the

highest with the hexaglutamate substrate. However, because of a parallel
décrease in the vaiue of Vp, 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 trans<
ferase activity does not distinguish’pa%qgen H“Pteslun/substrates

having 4, 5, 6 and 7 glutamyl residués, in terms of catalytic efficiency.
With both activities the discrepancy in catalytic effidiency between
short and long polyglutamate substrates is pronounced indicating that
H,PteGlu, having n > 4 are the physiologically relevant substrates.

A major interest in measuring the kinetic specificities of the
transferase~deaminase for the H PteGlup derivatives is to relate these
specificities with the efficiencies of channeling of the intermediate
i.e. the extent to which the product of the first reaction is pre-
ferentially transferred to the second site. With H PteGlu;, as well as
with the H, PteGlu, (5), accumulation of the formimino intermediate was
observed and theQ}inaT metheny] product appeared with a significant lag
(Fig. 3). This lag ihdicafed that the intermediate had to accumulate to
high enough concentrations before production of the final product can be
detected. Although there was accumulation of the intermediate with
H“PteGlu“ and H, PteGlu, subst(atés, the lag in the appearance of the .
final product disaneared, indicating that a fraction of the formimino

intermediate has been preferentially transferred to the deaminase site.
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FIGURE 2

Cgta]y}ic efficiency of the formiminotransferase (aA) and cyclo-
. ! . .
deaminase (o) with their respective H,PteGlup substrates containing B
different numbers of glutamyl residues. Values are averages + S.D. for 3

"to 6 separate determinations.
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.

FIGURE 3

Time course 6f appearance of products, using 50 pM H, PteGlup (n =

——

3,4,5,6), 4.5 WM formiminoglutamate, and 42 ng transferase-deaminase.

Symbols represent: (&) total methenyl- and formiminoH,PteGlup, and (o)

-

metheny]H“PteGlgﬂ/glone.
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Channeling is complete with the pentaglutamate substrate as indicated by
the lack of accgmulatién of formimino 1n£ermed1ate in the medium. As |
shown in Figure 4, channeling can occur with n = 4, 5, 6 and 7 gluta- {
mates, but the optimum length is clearly 5 glutamatgs. /
Because of instability of the formiminoH,folate and its chemical
convergion to methenyl, it has not been possible to examine the
properties of the channeling process by the classical approaches of ‘

-«

following the enrichment or dilution of radiolabeled products. The
question was approached by providing tﬁe enzyme with extra formimino
intermediate ip the assaylmixture. figure 5(A) demonstrates that it is
possible to add formiminoH, PteGlu, to the transferase-deaminase assay
where the trqnsferase activity was 902 saturated'with H“Pfeelul, and N
obtain extensive additional production of metheny1 product. Similarly,
significant .addition of formimino intermediate could also occur when at
least one componeﬁt of the H, PteGlup/formiminoH, PteGlup pair was a
monoglutamate (B and C) but not when the two components were
pentaglutamate derivatives (dat? not shown). In the latter case,
significant addition of the fdrm1m1noH“PtéGlu5“1ntermédiate could be
observed only if it was provided in amounts suffjcient t9_compete with

the H PteGlug substrate (D).
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\ FIGURE 4

\

\
~ The efficiency of channeling as a function of the number of gluta-
mates in H, PteGlup. Conditions were as in Methods and Figure 3.

Efficiency is expressed as a ratio of the initial rate of appearance of

"methenyl/initial rate of’the transferase.
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FIGURE 5§ ..

Rate of appearance of the enylH, PteGlup product. using 36 ng

tran;férase-deaminase and 4.6-429 mM fgrmiminoglutamate reaction mixture
containing: A. (o) 450 uM (S)-H;PteGlu,; () 81 M formiminoH, PteGlu,;

(o) both substrates at once.' B. a similar experiment with 17 uM
(5)-H,PteGlug and 92 uM formiminoH PteGlu,. C. 462 M (S)-H,PteGlu; and |
1.4 .M formim1noH,,l‘>tleG1u5. D. 36 MU(S)-ﬂ“PteGMs and 6.3 pM formimino-

H,PteGlug. -
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DISCUSSION

. The polyglutamates of the H, folate coéenzymes are preferred
substrafgé for several énzymes, in gehenal having much lower values of
K than the corresponding monoglutamate derivatives while the Vp
values are only moderately if- at all affected (5,14-25). The polygluta-
mate chain has a similar effect on the kinetic parameters of H, PteGlup
with the tranﬁferasé, thus providing for tighter interaction of the
substrates Qith the enzyme. The values of Kd'for binding H, PteGluy,
to the native enzyme has shown a 20 to 80-fold increase in affinity
between short (n = 1 and 3) and 1ong‘po1yglutamaté (n =4, 5, 6,7)
derivatives (4). The catalytic efficiency (Vp/Kp) of each activity
discriminates similarly between the short and the long polyglutamates,

«

indicating that folylpolyglutamates with 4 or more glutamates are the

physiologically relevant coenzymes of ‘these activities.at the Tow concen-,

pa

trations of folates encountered in the cells.

With the deaminase activity, a decrease in values of Vg (10-fold)
accompanied a decrease in values of Ky (100-fold) on lengthening the
polyglutamate tail of the sqbstrates, suggests that dissociation of
products is slower with polyg1utam$te than with monoglutamate deriv-
atives. The slower rate of release of products is probably not rate
1imiting in the overall reaction of the transferase-deaminase since under,
jdentical conditions the catalytic turnover of the deaminase {s greater -
than that of the transferase (Fig. 5D).

The mechanism of cpannéling must be reconciled with the uﬁiqué
tetramer of dimers structure of the native enzyme. Formation of dimers
may be needed fd} channeling since only 4 folylpolyglutamate binding

sites have been observed on the octameric protein (4). The large

NI
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decrease in free energy observed with the binding of a fourth glutamyl B

residue to the enzyme suggested this glutamate to be important in

‘

\
anchoring the folate molecule during theé movement of the pteroyl nniegy
between catalytic sites. The observation that channeling only occurs
with H PteGlup having n > 4 supports the postulated 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 |
1 :

i

H,PteGlu ring, is about 20-25°A, allowing for a considerable maximal

’
1

Based solely on kinetic parameters for a two reaction sequence, as
presented by Benkovic and his coworkers in a very interesting model (26), .

channeling in this case could be expected to follow affinity of the

P S
b st St ' e . ek £

deaminase for its formimino substrate, which appears to be maximal for

the hexaglutamate. However, the specificity for channeling (5> 6 =

4 > 7) does not correlate either with affinity as measured by binding .
studies (6 > 7> 5 > 4), nor with values of catalytic efficiency (4 = § =
6 .~ 7), which suggests that complete transfer of the intermediate between i
active sites requires an appropriate length of chain, not simply a
tighter sequestering of substrate on the enzyme surface. Covalent
associationhbetween active sites (or possibly strong association

generated by a stable quaternary structure) can provide appropriate ; ;

conditions for kinetic channeling. The active sites of the transferase-

deaminase appear tﬁhs to be optimally spaced for the pentaglutamate |

derivative. )

- {
As mentioned earlier, classical radiolabeling approaches cannot be
/
used to study the properties of the channeling process with this enyyme.

Previously (27) we dembnstrated by using mixtures of transferase active

6\
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enzyme wi%h unﬁodif1ed enzyme, that the extra formimino formed in the
assay could result in increased produéﬁfon ;f final methenyl when
H,PteGlu, but not H“Pteru5 substrate was used. This approach permitted
study of the behavior of only substrate/intermediate folate pairs with
the same number of glutamates. Because formiminoH ,PteGlu, can now be
prepared, the use of heterogeneous pairs Qas also possible. When the
native enzyme has its transferase agtivity saturated with the H, PteGluy
substrate, small quantities of exogenous formimino intermediat€4§3: be
addéd to the system and increase the production of the methenyl product
if at 1e§st one of the H, PteGlup/formiminoH PteGlu, pair is a mono-
glutamate. These results indicate that the two catalytic sites act
1ndgpendent1y. The active sites can also be differentiated by chemical
mod;fication (5) or by kinetic inhibition using a folate derivative (4).
Thé observation that an increase in the production of methenyl with the
pentaglutamate/pentaglutamate pair can occur only at high concentration
of added formimino intermediate ééuggests that the pentag]utamate
substrate and the pentaglutamate intermediate compete for the same
binding site, namely the polyglutamate binding site. This is consistent
with the existence of a single polyglutamate binding site per pair of-
transferaseudeahinasé activitie;,as suggested by having dnly four folyl-
polyglutamate binding sites on the octamer. Although it is now clear
that the transferase and the deaminase sites form two classes 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 9ne
or both of the two types of subunit 1nteract1on are needed for cata]yt1c

°

activity and channeling.

The transferase-deaminase enzyme provides an appropriate system to
!
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study the transfer of folylpolyglutamates between catalytic sites, within
or potentially between subunits, and may thus help to understand the
possible channeling of folates between non-covaleﬁtly associated sites.
Aﬂs far as we are aware, the transferase-deaminase is the only folate-
dependent enzyme that completely channels a folate intermediate (28,29).
In additfon to increasing the efficiency of the overall reactions,
channeling with this particular enzymes is also beneficial in reducing
the concentration of a labile intermediate for which there is no other
known metabolic function and which may compete in other folate-mediated
reactions. But, is there 3)physio1ogica1 advantage to the clear
specificity for the pentaglutamate derivative, which is not the
predominant form in pig liver (30)? While there is as yet no clear cut
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 fraction of cellular folates present as pentagluta-

) mates, with no change in hexa- and heptaglutamate levels. They suggested

{
that efficient histidine catabolism in vivo may have a strong requirement

for H,PteGlug, an observation consistent with the specificity in
efficiency of channeling of the folylpolyglutamates by the transferase-
deaminase. The difference between the pentaglutamate and the other poly-
glutamate derivatives with respect to thanneling adds another element to
the growing number of observations supporting the possible regulatory
function of folylpolyglutamates in folate-dependent one-carbon unit
,»metabolism. In addition to st}ict specificity in affinities, the
regulatory 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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residue(s) distal from the p'éeridi ne ring could be considered as -

candidates for potential site-site interaction via transfer of the

pteroyl moiety.
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The formiminotransferase-~cyclodeaminase enzyme catalyzes two .
sequential folate-dependent reactions. The natura]ly*occurr1hg folyl-
polyglutamates certainly have a role with this enzyme, Each activity has
higher affinity for the polyglutamate forms of the folate coenzymes as
seen in both binding (Chapter 3) and kinetic studies [Chapter 4 and
(4Q)], and shows an increased catalytic specificity with these
derivatives (Chapter 4). The folylpolyglutamates thus provide a, means to
operate at low intracellular folate concentrations. In addition, the use
of polyglutamate 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 is transferred preferentially to the deaminase site
[Chapter 4 and (49) 1.

Kinetic observations and the results of binding studies bring out
some features of the mechanism of channeling with this particular enzyme.
There are four folylpolyglutamate binding sites per octameric protein,
and their high affinity for the longer palyglutamate derivatives
indicates the importance of the polyglutamate moiety of these ligands in
binding (Chapter 3). In additiog, only the polyglutamate substrates for
_which the enzyme exhibits high affinity result in channeling (Chapter 4),
thus supporting the concept that the 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
polyglutamate bindihg sites suggests"that at least 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

oy




1 e e g 4am e e e

~136- <
fragment (105) also support a common polyglutamate binding subs'ite.. The
transferase and deaminase sites can function separately and
simultaneously [Chapter 4 and (185)] indicating that they form sepa'r'ate‘
sites. This conclusion is consistent with the isolation of a transferase
fragment (105) and the results of chemica)l modifications (49). The
presence of additional glutamyl /r/esidues on the H folate substrates

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. However, it has been demonstrated that the
efficiency of channeling dges not depend only on the maintenance of high
local concentration of suﬁstrates but also on a specific steric
requirement in the Jendt’h of the polyglutamate chain to assist the
transfer of the intermediate in an optimal position for cata1ys1s\.

The relationship/between catalytic sites of the transferase-
- deaminase within 1ts/lum'qt;e quaternary structure still needs further
1nve§t19at1‘on. Hoyéver, the results of the present studies raise
interesting aspect/é of the relationship between active sites in multi-

enzyme systems in /general, and in folate-dependent pathways in

particular. Some/ comments and perspectives for future studies are

developed in the following sections.

5.1 Role of the quaternary structure in catalysis/channel‘fng ’

.T.he number and the location of the two active sites of the
transferase-deaminase enzyme are still not resolved. The observation of
four folylpolyglutamate binding sites on the native octamer (Chapter 2)
and the ocgurrence of two types of subunit interaction {105) raise the
potential of formati‘on of sites between subunits. The existence of

intersubunit sites for catalytic activity has }een proposed in several

?
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- cases. For eiample; experimental evidence suggested that Ehe pyridoxal

phosphate site of tryptophan synthase from E. coli is formed at the sjte

“of interaction of the two p-monomers (188). Simitarly, the four folate

binding sites of the tetrameric formythfolate synthetase from

Clostridium cylindrosporum may be formed by the association of the

identical monomers {189). The p-ketoacyl synthase activity of both yeast
(64) and animal (58) fatty acid synthase requires the juxtapositfon of an
active cysteine-~-SH of one « subunit and of a pantetheine-SH of the
adjacent o 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 they are formed at a subunit interaction involves additional binding -

studies. It is reasonable to 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 likely possibilities for the number of catalytic
sites on the octameric protein. There may exist 4 + 4 sites if each
activity is formed at a subunit interface, 8 + 8 sites if each monomer is
responsible for both a;tivifies, or possibly 4 + 8 site§ in a mixed
situation. The "4 + 4 sites” would be the clearest situation since the
observation of 8 sites for a given activity can result from the formation
of two equivalent active centers by one type of subunit association, as
has been shown for the mammalian fatty acid synthase (58). The results
of binding studies using H, folate present the possibility of four trans-
ferase site§ but the affinity of the enzyme for this ligand was not high

enough for accurate determination (Chapter 3). Trials to find a folate
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l1gand of suitable affinity for one or both activities have been Unfruit-
ful so far, but folate analogs are potential candidates. The binding of
a folate derivativg could also be studied 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 could possibly occur through a slight conformation change 1in
the protein, and this change could affect the affinity of the enzyme for
the pteridine ring of folate ligands. The presence of polyglutamate
peptides may appear useful for determination of the number of deaminase
sites since it has been suggested that the deaminase site and the po1y;
glutamate binding site are closely associated (105). The number of
transferase sites can possibly be determined using analogs of formimino-
glutamate which is the other substrate of the reaction; formiminog]utae'
mate itself does not have high affinity with the enzyme. The binding of
a formiminoglutamate analog can be studied in the presence of a pteroyl-
polyglutamate since folylpolyglutamates 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 affinity label into the active sites, as

has been done with the trifunctional folate~dependent enzyme (191). o

The role of the quaternary structure in activity can also be
approached by trying to dissociate and reassociate the subunits of the
enzyme. Possibly, conditions can be found for the formation and isola«

tion of stable monomeric and dimeric intermediates. The intermediatés

‘could then be assayed for transferase and deaminase activities. Because

/

the octamer is assembled by two types of subunit 1nteractf6n. two dimeric

Riazpe N
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species can be obtained, thus caution is needed in interpreting data
obtained with intermediates of the dissociation/reassociation processes.
One simple way to distinguish the twg interactions would be to look for
polyglutamate specificity since the four folylpolyglutamate binding sites
observed are likely formed at a subunit interface. Studies can a[so be
carried out with the dimeric transferase fragment obtained from 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 necessarily close since a distance
of 20-254 can easily exist bet&een a polyglutamate binding subsite and
each of the catalytic sites (Chapter 4); this distance is slightly less
than the size of a subunit-[dfameter = 324 (104)]. The distance between
active sites can be estimated by energy transfer using fluorescent probe§
as has been done for example for the tryptophan synfﬁase complex (74).

The importance of quaternary stru;ture'for the channeling of an
intermediate has been established only in a few cases. The quaternary
structure of 3 complex is obviously required for channeling when the
“first and the second active siies are on separate polypeptides as is the
case for the tryptophan synthase complex {72,74). Dimers but not
monomers of the bifunctional UMP synthase can ghannel the OMP inter-
mediate from one catalytic site to the other (76). In this case,
however, the formation of dimers was also apparently necessary for
activation of one of the two activities (76). In mammals, the overall
synthesis of a fatty acid requires the dimeric form of the multifunc-

tional fatty acid synthase since the active centers of the p-ketoacyl
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synthase component are created 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 multifunctional proteins within an o B,
structure. The activity of the p-ketoacyl synthase component requires
the juxtapositioning of two adjacent o subunits as seen for the mammalian
enzyme (64). Even though theoretically an «,p complex could carry out
the overall reaction, and even though «,8, and «,B, have been detected as
intermediate species, the «.f, structure is the active form of the
complex. 1Tt has been proposed that only the latter arrangement can
ensure the optimal distance between the complementary thiol groups of
adjacent g-subunits for¢cata1ytic activity of the ietoacyl synthase

(64).

According to the results of binding studies with the transferase-~
deaminase, a dimer is theoretically the minimal structure for realization
of channeling. However, as observed for the yeast fatty acid sjnthase,
the ‘octamer may be the only active structure for channeling, especially
if the two types of subunit interaction appear to be required for the
catalytic activities. The quaternary structure may also be important for
regulation or con%ormational stability.

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 exgé;les of
channeling collected so far (sections 1.1.3 and 5.1) 1ndicate\;hat 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 is channeled between active sites
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which are located on. different types of polypeptide in the tryptophan

synthase complex. As far as I am aware, channeling of an intermediate

between separate sites within a mohomeric multifunctional protein has not

been reported. Whether the juxtapositioning of adjacent identical poly-

peptides is necessary, as seen for the UMP synthase, cannot be decided

A,
e lackhof examples. In these two examples, the intermediate

because of

has been prioposed to rate between active sites within a cleft created

by the agsembly of the “subunits. At the other extreme, both reactions

can occ at a common active site. The chorismate mutase-prephenate
dehydtogenase enzyme, and the dehydrogenase-cyclohydrolase activities of
the trifunctional folate-dependent pretein illustrate this situation.
Between these two extremes, the multifunctional enzymes fatty acid
synthase and formiminotransferase-cyclodeaminase can be regarded as
examples of "partial overlap”. The‘catalytic sites in each system are
independent but share a common subsite, that is the site of attachment of
the "swinging arm" which effects the transfer of intermediate between
sites. The tra3§ferase-deaminase system differs from the fatty acid
synthasé system in that the mobile arm interacts with the enzyme most
Tikely through electrostatic forceé rather than covalent linkage. - This
is suggested by the negative charges carried by the polyglutamate chain
of folylpolyglutamates, and by the effect of salts on'the.activity of =
fo]atg-dependent enzymes with their folylpolyglutamate coenzymes
(136,172,192). Whether there exists some limitation in the arrangement

of sites for channeling is not yet clear. The study of the mechanism of

channeling in other systems can be helpful in this regard.
In addition to 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 utilization, the channeling of dintermediate may offer other advantages

as hqg been.proposed in several cases. The channeling of indole in the

tryptophan synthase complex presents4; 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 exponential growth {193). The abnormal lag was reduced by addition ;
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 catalytic Ectivities of UMP synthase are founa on a

bifunctional protein only in mammals (76). The channeling of OMP inter-

mediate in this system may be beneficial since mammalian cells 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

occurs via an enzyme-substrate-enzyme complex (7?). It s suggested that

the formation of this complex could ensure the correct or most effective -

transfer of this unstable intermediate (77). Thermodynamically, the 1
concentration of this intermediate must bg low. In folate ﬁetabo]ism,
the formiminoH, folate and }he methenylH folate intermediates are
channeled between the transferase-deaminase [Chapter 4 and (49)] and

between the dehydrogenase-cyclohydrolase (48,49) activities respectively.

- Reasons for channeling could relate to the fact that these intermediates

are labile, that they are potential inhibitors of other folate-dependent
activities,‘and that they have no other known function (120,185).

However, some aspects of their channeling remain obsgire. The mono- and
polyg1utémate forms of methenylH folate are both channeled between sites

but this transfer, although preferentié], is not complete (48,49). Only

~
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the long polyglutamate forms of formiminoH, folate are channeled, and
complete channeling requires a pentaglutamate [Chapter 4 and (49)]. A
deeper comprehension of the mechanisms regulating folate metabolism could
help to delineate some metabolic advantage for these different features.
In addition, the channeling of the methenyl and formimino intermediaies

has been studied in only one direction. The extent to which channeling

. occurs in both directions could give useful information regarding

mechansin.
T In summary, the examples cited in this section illustrate some of
the advantages (outlined in section 1.1.2) which could result from the
compartmentation of intermediates in multienzyme systems. These
advantages relate to the trapping of important intermediates (e.g.
indole), the protection of labile compounds, and the prevention o; inter-
ference between related or competing pathways. In addition, the channel-
ing process can direct the flux of intermediates toward specific sites
for utilization. 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 fs

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 to
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

responsible for the interconversion of one-carbon H folate derivatives.
e
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The fMetabolic sequences formed within this organization could be,

)
o

eXample: ’ ‘

1. bseriﬁe hydroxy&eth;ltransfe(ase'+ thymidylate ;ynthase >
H,folate reductase, . )

2. ,serine hxdroxymethx]irahsferasé;* methylenéHd folate dehydro- .
t‘éenase - metheny]Hufoiate cyc1oﬁydfbiase + GAR transformylase
(or AICAR transformylase). )

3. ﬁqrmjminoglutamate:kaolate'formiminotransferase - formimino-
H,folate cyclodeaminase + methenytH, folate cyclohydrolase + GAR
transformylase (or AICAR transformylase).

4. formylH, folate synthetase » GAR ‘transformylase (or AICAR trans-,
formylase). . \ |

5. meth&]eneH“fo1ate“dehydrogenése - métheny1H“fola£e cyclohydro- -

1$se + 10-formylH, folate dehydrogenase, for the disposal of

¢ f

excess one-carbon units (48,82,96). ‘
The copﬁrificatibn of seriﬁe hydroxymethyltransferase, GAR and AICAR
transformyTases, and the activities of the trifunctional protein (methy-
leneH, folate ﬂehydrogenage-metheny}H“foigfé cyclohydrolase-formylH, folate
synthetase) from avian liver (115,116) suggests that a high degree
“of org;nization may occur in folate metabolism. This organization may be
important in the regulgfion of flux through the different pathways and
may offer protection to the labile folate intermediates.

Weak interactions between enzymes may not be de;ected because they
do not withstand the conditions of the purffication procedures. |
Approaches to study physical 1nteﬁactioﬁ§’jﬂ.Xiirg\may involve cross-

Tinking and sedimentatien analyses (116). ‘A possible role of folylpoly-

glutamates in promoting association of folate-dependent enzyme activitfes'
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has not been studied and may be a promising avenue of investigation. As
has béen seen with formiminotransferase-cyclodeaminase (Chapter 4), the
,polyglutamate chain of folate coenzymes offers two advantages in this

regard. The polyglutamate chain tightly anchors the folate molecule on

. the enz}me surface through interaction with a binding site. If distal

‘glutamyl residues of the chain are involved in this interaction, the
pteroyl moiety of the coenzyme can cover a considerable distance from one
active site to another. For example, the mobile portion of a folylpoly-
glutamate, measured from the a-carboxyl group of the fourth glutamyl
residue to nitrogen 5 of the pteridine ring, is approximately 20-25&.
These part}cu1§r features, tight binding and great mob$1ity of the folyl-
polyglutamates, could perhaps be sufficient to effect the transfer
(channeling) of folate substrates between different enzymes. Such
functional site-site interaction could possibly 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 in vitro'for two glycolytic enzymes, glyceraldehyde-3-
P-dehydrogenase and g-phosphoglycerate kinase (77). The enzymes which
sgow high affinity for distal glutgmates‘of their folylpolyglutamate
coenzymes'are potential candidates for such association. In pig liver,
the formiminotransferase—cyc]odeaminas% enzyme {(Chapters 3 and 4), the

" activities of the trifunctional protein (49,163), and the activities of
serine hydroxymethyltransferase, thymidylate synthase, and methyleneH _
folate reductase (175) apparently exhibit this feature.

The formiminotransferase-cyclodeaminase enzyme can potentially

associate with the trifunctional folate-dependent protein since its final

product, methenylH folate, is a substrate of the trifunctional enzyme.

A o I W—
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The bifunctional protein could also associate with other activities of
the histidine degradation pathway. The planar structure of transferase-

deaminase is large and could thus offer a good surface area for further

enzyme-enzyme association. Its structure is similar to the "equatorial

plate-1ike structure"” formed by the multifunctional «-subunits of the
yeast fatty acid synthase (64). This equatorial plate is associated with
six subunits of another multifunctional protein to form the fatty acid
synthase complex (64).

5.4 Specialized functions of folylpolyglutamates

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 substrates [section 1.2.3 and (26)].
Potentially also, they can promote channeling of intermediate through
enzyme-enzyme associations (sections 1.2.3 and 5.3). This section
briefly covers two other functions of the polyglutamate derivatives:
stabilization of enzyme activities, and alteration of the kinetic
properties of enzymes (156). wrz ,

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 eﬁzyme activities. Protection against proteolysis has been
demonstrated in vitro for L. casei 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).

et
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.Generally, increased protection is observed with increased length of the

polyglutamate chain (190). The results indicate the importance of the
polyglutamate moiety in stabilizing enzyme activities.
Folylpolyglutamates can affect the kinetics of a reaction by
modifying the kinetic properties of an enzyme activity (156). Chanéeé in
Ky for the folate substrate and in Vp have already been reported |
(sections 1.2.3 and Chapter 4), but the Kp value/for the non-folate
substrate may also increase or decrease if polyglutamate derivatives 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 is the coenzyme
(156,163). The mode of inhibition could be modified by the use of poly-
glutamates instead of monoglutamates (156,163). Kinetics of the
transferase activity with the monoglutamate form of folate substrate

suggested that the reaction involves a rapid equilibrium random mechanism

* with formation of dead-end complex: enzyme-H folate-glutamate (186). . _

This type of mechanism indicates that each substrate (H, folate and
formiminoglutamate) binds independently to a part of the active site of
the enzyme, and that either substrate can add first. It may be possible
that one order of addition of substrates -is greatly preferred fn the
presence of a folylpolyglutamate substrate. It is also possible that the
binding of a polyglutamate derivative of H, folate could modify the Ky
for formiminoglutamate. The significance of such possibilities with the
transferase activity 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 requires
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further study. This bifunctional enzyme constitutes an excellent system
tb investigate the potential for enzyme-enzyme associations that could
occur in folate metabolism, and the role of folylpolyglutamates udtﬁ such® 7/

associations. Because of the physical association of its transferase and

deaminase activities, this protein leads us into the general area of ~

enzyme organization in cells. Characterizing its properties would help -

to understaﬁé how enzyme organization is useful in terms of metabolic¢

efficiency and regulation.
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