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AB5TRACf

Formiminotetrahydrofolate: gl utamate formi minotransferase (EC 2.1.2.5)

formiminotetrahydrofolate eyclodeaminase (EC 4.3.1.4) is a bifunetional enzyme arranged

as a eireular tetramer of dimers that exhibits the ability to effieiently channel

polyglutamylated folate between eatalytie sites. A novel. full-1ength eDNA clone encoding

the porcine liver formiminotflUlsferase-eyclodeaminase was isolated and inserted into a

prokaryotie expression veetor. TIle recombinant enzyme is expressed as a soluble protein

in Escherichia coli and was purified to homogeneity using a multistep seheme. Deletion

analysis of the cDNA indieated that eaeh subunit eonsists of an N-terminal transferase­

active domain and aC-terminal deaminase-active domain separated by a short linker

sequence. 'nlese domains were expressed in Eschelichia coli and demonstrated to exist

as monoflUletional dimers. This provides direct evidenee for the existence of two types

of SUblUlit interfaces and suggests that both eatalytic aetivities are dependent on the

formation of speeific subunit interfaces. Because ehannelling is not observed between

isolated domains. only the oetamer appears able to direetly transfer pentaglutamylated

intermediate between active sites. Thus we have established direct support for Findlay and

MacKenzie's model (Findlay, W. A. & MacKenzie, R. E. (1987) Biochemisll)' 26,1948­

1954) that the octamer is the functional unit of the enzyme. The purified dimers show no

tendcncy 10 associate, suggesting that the linker mediates the only substantial domain­

domain interaction. TIle isolated domains and the full-1ength enzyme were subjected to

urea-induced denaturation in order to characterize the properties of both domains in and

outside of the octamer. At low concentrations of urea, both domains undergo a

cooperative 10ss of fluorescence and activity. while maintainmg their secondary structure

and the majority of their quatemary structure. When the urea concentration is increased,

coincident unfolding and dissociation of the isolated domains to monomers is observed.

While one of the octameric subunit interfaces is disrupted under the same urea

cuncentrations as the domains, dissociation at the second interface occurs at significantly

higher concentrations of urea, indicating that one of the domains exhibits increased

stability when part of the full-length enzyme.
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La formimll1otetrahydrofolateg\utamate formlmll1otransferase (Fe 212 '\­

formlmmotetrahydrofolatè cyclodesammase (EC .j -' 1 .j) est unc cnzyme blfon,'tl\lnl"'\\"

form~U1t lU1 t~tramère de dimères circulaire 'lUt peut dTic~h:cmcnt Iransl\.'l"cl" iL, slIhslLl1

pol\'glutamylé entre les sites catalytiques. Un clone ongll1a\ ,1' ..\DNc de p!L'mc 10ngu"ul

codant l'enzyme d'origine porcine fut isole et mscrc dans un ,'ccteut' d'l"IHeSSI~H1

procaryote. Ltenzyme recotnbinmlte est exprllnce sous forme de prntclIle solubh.· dl L'/.

Esche/7chia coli et fut purifiée jusqu'à homogénéité. en plusieurs étapes La crcalion de

délétions dans l'ADNc a permi de déterminer que chaque Imité de l'enzyme est Cllmposce

d'lm domaine transférase amino-terminal et d'lm domaine cyclodesanllnase carboX\'­

termina\. séparés par un court "Iinker". Chaque domaine. exprimé chez E, coli. forme des

diméres monofonctionnels. Ceci démontre directement l'existence de deux genrcs

d'interfaces entre les unités chez l'enzyme d'origine et suggere quc les deux acll\'ltès

dépendent de la formation d'interfaces spécifiques à chaque activité. On n'observe aucun

transfert d'intermédiaire de l'un à l'autre des domaines isolés et donc seul l'oetamère

semble pouvoir transférer l'intermédiaire pentaglutamylé entre les sites actifs. CecI appuie

directement le modèle de Findlay et MacKenzie (Findlay. W. A. & MacKenZie. R E

(1987) Biochem istly 26. 1948-1954), où l'octamère serait l'unité fonctionnelle de l'enzyme

Les dimères purifiés ne démontrent aucune tendance d'association, ce qui suggère que le

"Iinker" pourvoit à la seule interaction essentielle entre les deux domaines. L'enzyme

d'origine et les domaines isolés furent assujettis à la dénaturation par l'urée afin de

caractériser les propriétés des domaines lorsqu'ils sont isolés ainsi que dans l'enzyme

d'origine, Des faibles concentrations d'urée entrainent une perte coopérative dc

fluorescence et d'activité chez les deux domaines, en maintenant leur structure secondaire

et la majorité de la structure quaternaire. De plus fortes concentrations d'urée entrainent

le dépliement et la dissociation simultané~ de chaque domaine en monomères. Dans

l'enzyme d'origine. une des interfaces se dissocie dans les mêmes conditions que le

domaine isolé alors que la deuxième interface de dissocie à des concentrations d'urée plus

élevées, ce qui indique que l'un des domaines exhibe une stabilitè accrue dans l'enzyme

d'origine,
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FOREWORD

Pans of tills the"s llldude the tcxt of ongillai papers pubhshed or submltted for

publlcallon ln comphance \Vith the Facult~· of Graduate Studies and Research regulallons

the followlllg exccrot l'rom the "Guidelines for thesis pr~paration" is provided

"C<mdldates have the option of including. as part of the thesis. the text of a paper(s)

submitted or ta be submitted for publication. or the c1early-duplicated published text of

a published paper(s). TIlese texts must be bOlU1d as an inlegral part of the thesis.

If this option is chosen. connecting lexts that provide logical bridges bet\Veen different

papers are mandatory The thesis must be \Vritten in such a \Vay that it is more than a

mere collection of manuscripts; in other \Vords. results of a series of papers must be

integrated.

'nle thesis must still conform to ail other requirements of the "Guidelines conceming

thesis preparation". The thesis must include: A Table of Contents. an abstract in English

,md French. an introduction which c1early states the rationale and objectives of the study.

a comprehçnsive review of the literature. a final conclusion and summary. and a thorough

bibliography or reference list.

Additional material must be provided where appropriate (e.g. in appendices) and in

sufficient detailto allow a c1ear and precise judgement to be made of the importance and

originality of the research reported in the thesis.

ln the case of manuscripts co-allthored by the candidate and others. the candidate is

reqllired to make an ell:plicit statement in the thesis as 'to who contributed to such work

lmd to \Vhat extent. Supervisors must allest to the accuracy of such statements at the

doctoral oral defense. Since the task of the exarniners is made more difficult in these
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PREFACE

111C rcsults prcscntcd in Chapters 2 1Uld 3 ofthis thcsis have been published in the

following joumals:

l1lC Nucleotide Sequence of Porcine Formiminotr1Ulsferase-Cyciodeaminase: Expression

,mJ Purification l'rom Escherichia coli. L.L. Murley, N.R. Mejia, ,Uld R.E. MacKenzie.

(1993) 1. Biol. Chem. 268,22820-22824.

'1l1C Two Monofunctional Domains of Octameric Formiminotransferase-Cyclodeaminase

Exist as Dimers. L.L. Murley and R.E. MacKenzie. (1995) Biochemislly 34, 10358­

10364.

l11e work presented in Chapter 4 has been submilled to PlVleill Sciellce under the

title "Urea-induced denaturation of formiminotransferase-cyclodeaminase and ilS

monofunctional domains", by L.L. Murley and R.E. MacKenzie.

Ali experiments described in this thesis were performed by myself, with the

following exceptions. N. Mejia prepared the polyclonal anti-FTCO antibody which was

used throughout these studies. He also prepared the cyanogen bromide cleavage fragments

of FTCO which provided confirmatory amino acid sequence, as described in Chapter 2.

Moreover, he and 1 worked together to design a scheme to purify recombinant

f,JTtlliminotransferase-cyclodeaminase and he provided Figure 2.5. and Table 2.1 which

dcscribe this purification. Further acknowledgements, specifie to each chapter, are

included at the end of Chapters 2, 3 and 4 and Appendix A.

Dr. R. E. Mackenzie provided the normal advice and supervision appropriate to

his role as research director.
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'Ille Import<mœ of 11lerarc1l1al structure IS e\"ldent III almast ail aspecls of \lIol,,;:!,'al

orgmllzation (as re\'lewed in Kurg,mo\', 1993 l, Every le\'e1 can he \"Iewed as a s,sl,'1Il

containing a set of clements l'rom a lower lier, where the propenies of the illgh,'r kld

are gre.lter ùHm the sum of the properties of lts components The muillfunctl\lnai en/Xlll,'

formiminotransferase-cyclodeamlllase IHO\'ides ,m exœllent example of hlcrarc1l1al

organization, 11le covalent association of two sequential enzyme (lcll\'itles results III

properties which are specific to ùle bil\mctional enzyme mul not observed III the

component domains, ln me following pages 1 will discuss the hlerarc1l1al strueture of

proteins. stressing in particular me domain and quaternary structure of enzymes Examples

of enzyme organization and meir consequences are considered, A brief review of protem

denaturation and folding. wim a section concentrating on multidomain (md/or ohgomenc

proteins is offered, A short overview of mammalian folate metabolism is presentel! ,ml!

me previously established properties of me folate-dependent formiminommsferase­

cyclodeaminase are described,
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1 1. l'RüTEIN STRUCTURE.

Most globular protcins adopt a spccific. compact conformation undcr nativc

conditions. 'l1lis structurc results from Ù1C intcraction of the amino acid sequence of ùle

protcin with the solvcnt/cnvironmcnt in which it exists. Protein conformation is generally

described as a hicrarchy of diffcrent structural elements. proceeding in order from the

primary to t}w quatcmary levcl.

/././ The primai)' sll1Iclllre of proleills

Primary structure invoives the sequential order of the amino acids. as specified by

thc mRNA transcript encoding the protein. The residues in amide linkage provide the

backbonc of thc protein (ùle structure of which is described in Creighton. 1993). As any

of 20 diffcrcnt natural amino acids can be specified at any position within the sequence,

thc primary structure provides an initial level of protein diversity. The amino acid

scquencc conveys ail ùle information required to fold a protein into its specifie 3­

dimcnsional conformation in a particular environment. The acquisition of 3-dimensional

struclure provides an additionallevel of struclural diversity. Additionally. many proteins

are muilimeric and must associate with other identical or non identical protein chains

<md/or prosùletic groups to achieve their native structure.

/./.2 The secolldalJ' sll1lcllIre of proleills

Secondary structure refers to the local conformation of the polypeptide chain,

involving ùle peptide backbone atoms on\y. It inclurles structural elements such as a­

helices. ~-sheels. reverse tums, loops and disordered regions. as weil as others. These

slructures are formed in response to the protein's structural requirement to be compact and

to balance buried polar groups by pairing them in hydrogen bonds. Several excellent

rcviews describe the features and packing of these secondary structure elements

(Richardson, 1981; Chothia, 1984; Chothia & Finkelstein, 1990). The interaction of 2 or

more secondary structural elements leads to formation of supersecondary structures. This

includes the assembly of secondary structure elements and the connecting peptide chain.

3
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Protein structures can bc classificd on the hasis oftheir seeondary structure content

(Chothia. 1984). More than 60% of the residues in ali-a proteins fortn <:t-heliees. \Vhieh

can interact by stacking arolmd a central core or fonning la~'er structures. :\11-11 proll'illS

consist primarily of l3-sheets and always include at least 2 sheets. usually antiparallcl.

which pack against each other. a + 13 proteins contain both helices and sheets. in separalc

parts of the structure. For example. there may he one antiparallcl shcct \Vith hcliccs

c1ustered at one or both ends. In a/13 proteins. the helices and shects ean inlcract. oncn

along the peptide backbone, with l3-sheets fonning layer structurcs with hclices and/or

other l3-sheets.

J. J.3 The tenial)' stl7lctllre of globlliar pl'Oteills

Tertiary structure involves the spatial arrangement of ail atoms in a single

polypeptide chain. The three dimensional arrangement of the polypeptide chain. or the

protein fold, (reviewed in Jaenieke, 1987) describes several things: the secondary

structures present, Ùleir relative arrangement and the chain topology, or path taken by lhc

polypeptide chain, Ùlrough Ùle structure. It also includes the packing of amino acid side

chains, which mediate the long range interactions required ta slabilize lhe fold of a

protein. The chain topology is subject to specific limitations. Firsl, chains do not cross

each oÙler or make knots. Secondly, pieces of secondary struclure which ure ,Idjaccnl in

sequence are often adjacent wiÙlin the fold and generally pack in an anli-parallcl fashion.

Finally, in I3-X-13 lUIits (where Ùle l3-strands are parallel and X is an a-hclix, a 1001', or

a l3-strand from a different sheet) Ùle chain connections formed bclween secondary

structure elements are generally right handed.

Several proteins can be circularly permutated, such that Ùle original N- ,md C­

termini are joined by a linker sequence and new termini are constructcd in a surfacc 1001'

(bovine pancreatic trypsin inhibitor, Goldenberg & Creighton, 1983; dihydrofolale

reductase, Buchwalder et al., 1992; aspartate transcarbamoylase, Yang & Schachmml,

1993a; T4 lysozyme, Zhang et al., 1993). These circularly permuted proteins onen rold

and flUlction quite efficiently and have physical properties in common with Ùleir wildlype

cOlUlterparts. Likewise, complementary fragments of proteins such as l3-galactosidase,
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(UllnuID ct al, 1967) bamasc (Sancho & Fcrsht, 1992), alaninc racemase, (Galaktos &

Walsh, 1987) mld aspartatc transcarbamoylase (Ymlg & Schachman, 1993b) can fold and

associatc to fonn active specics. While placement of Ùle chain termini and c1eavage sites

at nondisruptive positions wiÙ1in surface loops is likely crucial for the proper folding of

thesc protcins, these experimcnts indicate Ùlat chain continuity and the sequential

arrmlgcment of secondary structure do not necessarily dictate tertiary structure.

111e advent of structural biology has provided an explosion in Ùle number of

known protein structures. A surprisingly smail number of folds describes the tertiary

structure of most proteins, such Ùlat similar folds can be encoded by proteins WiÙl

dissimilar amino acid sequences (Rao & Rossman, 1973; Finkelstein et al., 1993; Laurents

et al" 1994). After analysis of the protein structures in Ùle Protein Structure Databank,

·nlOmton et al. (1995) have suggested that there are 71 folds represented by only a single

structure and nine superfohl structures which account for 46% of ail nonhomologous

proteins in the databank. The superfolds consist of: the globin; the trefoil; the up-down;

the immunoglobulin fold; the alpha-beta sandwich; the jelly roll; the doubly wound; the

UB alpha-beta roll; Ùle TlM barrel.

Examination of protein families with similar three dimensional structures but

different primary structures, mutagenic analyses of designated positions within a fold, and

studies of proteins recovered From random sequence libraries provide generalities

conceming the relationship between amino acid sequence and tertiary structure (Knowles,

1987; Lim & Sauer, 1989; Bordo & Argos, 1990; Reidhaar-Olsen & Sauer, 1988;

MatÙlews, 1993). The interior of a protein is mainly occupied by nonpolar residues and

occasionally neutral amino acids. Polar atoms within the protein interior form specifie

hydrogen bonds with other atoms within the same secondary structural unit, such that the

surfaces of each secondary structure are also hydrophobie. Highly solvent exposed

residues, such as those on the protein surface, are often polar or neutral residues which

can interact with the solvent. The sequestering of hydrophobie residues inside the protein,

combined with Ùle hydrogen bonding of polar backbone and side chain atoms within

secondary structures, resuJts in stably folded globuJar proteins.

111e overall tertiary structure of most small globuJar proteins is roughly spherical
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and c1ose-packed. but with 'ID irregular surface. Typically. the accessible surface area of

a small monomeric protein can be approximated by thc equation A, C (l~Oll\lr)"-\ nm'

(Janin et al.. 1988). illustrating the relationship between a protein's surface area and Ils

molecular weight. lllis value is only 23-45% of the surface area that is aseribed to the

unfolded polypeptide chain, indicating the degree of eompactness observed in globular

proteins. Water is generally exc1uded l'rom protein interiors. When it is pre~enl. it may

hydrogen bond with the backbone atoms or with the side chain of an intemal polar group.

ln other cases it may funetion in filling holes. lntramolecular cavities are a\most always

present in proteins of greater than 100 residues. however. they generally constitute only

a small fraction (less than 2.3%) of the total protein volume (Hubbard. Gross & Argos.

1994).

Larger proteins (greater than 200 residues in length) arc often subdivided into 2

or more structural units known as domains. While the literature definition of a domain is

very subjective (more on this in section \.1.4). general consensus il'lliet\les that domains

represent structurally and functionally discrete regions of a single polypeptide chain.

Although different domains may interact to various degrees. the interactions of secondmy

structure clements within the domain are generally stronger than interactions betwecn

domains. Domains may be composed of smaller modules of approximately 5 kDa, cach

with specifie functions such as ligand binding or protein interactions (l'raut, 1986). l'mut

suggests that these modules are stable folded structures. corresponding to the ml10unt of

polypeptide encoded by the average exon.

1.1.4 The domain stmct/lre of protei/ls

The term "domain" has been used to represent many different concepts of protein

organization. As noted by Garel, (1992), the definition of a domain is largely dependent

on the method by which the domain has been identified. Limited proteolysis or protein

engineering is often used to isolate discrete stable fragments, or domains, of a larger

protein. Domains have been defined as compact structural units visible in the crystal

structure of a protein, or as functional units responsible for a specifie purpose such as

eofactor binding. Sometimes domains are identified by amino acid sequence homologies
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to othcr protcins or cstimatcd from exon-intron gene structure. Privalov (1989) has

suggestcd that a domain is a thermodynamic unit. a region of a protein which can fold

,md unfold in a co<;~crativc manner, existing in one of two macroscopic states, native or

dcnaturcd. Historically domains have been viewed as independent folding units. as defined

by Wetlaufcr (1973).

TIle Rossman fold is a dinucleotide binding domain which displays several of the

above propcrties. This domain can be identified in many dinucleotide binding proteins by

its consensus sequence. Gly-X-Gly-X-X-Gly, and characteristic l3-a-B supersecondary

structure. The dinucleotide binding domain can be stably isolated from many proteins

through proteolysis or protein engineering (Jecht et al., 1994), and behaves as an

ind~'Pendent fol ding unit. However, the definitions outlined above do not apply to ail

domains. as illustrated by structural analysis of the a subunit of tryptophan synthase.

Proteolysis of this subunit produces a stable 20 kDa N-terminal fragment and a 9 kDa C­

terminal fragment. The cleavage site, however, does not reside within the loops

connecting the structural domains identified in the crystal structure of tryptophan synthase

(Hyde et al., 1988). In sorne instances, the existence of extensive interdomain interactions,

necessary for stability, may prevent the isolation of a properly folded domain (Rossman

& Argos, 1981).

Often domains are identified through inspection of the crystal structure of the

protein. Richardson (1981) and others have identified domains which represent structures

that might remain stable if independent, that could undergo rigid-body-like movements

with respect to the entire protei:l, or that had structural similarity to known single-domain

proteins (reviewed in Islam et al., 1995). Liljas & Rossman (1974) utilized a method

which analyzes the distance between inter-residue contacts. Wodak & Janin (1981) have

evaluated the minimal interface area between domains versus a cleavage point to

determine domain boundaries. Rashin (1981) identified domains on the basis of buried

surface area.

Historically, proteolysis has been used to determine the domain structure of

proteins whose crystal structure is not known. In fact, the first domains identified were

the stable fragments produced by proteolysis of the light and heavy chains of
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immunoglobulins (reviewed in l'oggins & Hardie. 1986. and Cushley. 198hJ. 11l1s

technique has been successful because nuUlY domains are formed l'rom contiguous

stretches of polypeptide sequence and connected by exposed surface 100ps. knO\\11 as

hinges or linkers. which are more susceptible to proteolysis t1uUl the compact domains

themselves. More recently this technique has been combincd with dclction mutagenesis

and independent expression of individua! domains. to further definc domain structure.

Minard et al. (1989) have shown that the two domains of phosphoglycerate kinase reside

within residues 1-184 and 186-415. Hum & MacKenzie ( 1991) used dcletion <Ulalysis to

10calize the dehydrogenase/cyclohydrolase and synthetase domains of human

methylenetetrahydrofolate dehydrogenase-methenyltetrahydrofolate cyclohydrolase­

formyltetrahydrofolate synthetase to residues 1-301 and 304-935 respectively. The

regulatory and catalytic domains of rat tyrosine hydroxylase c~Ul be expressed

independently in E. coli (Daubner et al.. 1993). Likewise. C-terminal trwlcations indieate

that the redox and DNA-repair activities of Ref-1 reside in non-overlapping N- and l'­

terminai domains (Xanthoudakis et al.. 1994).

The combination of protein engineering and knowledge of the crystal structure of

the protein ean be used to isolate domains which display significant interdomain

interaction. The interface domain l'rom dimeric glutllatltione reductase makes hydrophobic

contacts with the other three domains within the subunit. While this domain c~Ul be

expressed independently, it is subject to nonspecific aggregation (Lesitler & Perhmn.

1994). Replacement of 3 amino acids which make contacts with the NADPH binding

domain and 4 additional residues which interact with the FAD binding domain produces

a soluble stable interface domain which is no longer prone to aggregation.

Domains are not always formed by continuous segments of the polypeptide chain.

Several multidomain proteins contain crossover linkages where the C-terminal terminus

of the protein interacts with the N-terminal domain (Thomton & Sibanda, 1983; Russel,

1994). Protein engineering can be used to link nonsequential parts of the domain. 1'0

express the discontinuous dinucleotide binding domain l'rom the Thenllologa mari/ima

glyceraldehyde 3-phosphate dehydrogenase, Jecht et al. (1994) constructed a cDNA with

the N-terminal residues 1-148 ligated to the C-terminal lX helix (residues 313-333) by a
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4 amino acid linker connecting residues 148 and 313. Expression of this cDNA in E.co/i

produces a stable dinucleotide bindmg domain with native-like structure.

Domain interfaces are generally not as weil packed as protein interiors or as

optimally matched as some subunit interfaces, however they do retain reasonably good

shape complementarity (Lawrence & Colman. 1993: Hubbard & Argos, 1994).

Approximately 90% contain cavities or packing defects (Hubbard & Argos, 1994). Clefts

between interfaces are often functionally important. and may house ligand binding sites

or full catalytic sites involving residues from both domains. Additionally they may

provide increased flexibility belween domains, perhaps allowing for conformationa1

changes and domain movements resuiting from a combination of hinge and/or shear

movements between domains (Rashin et al.. 1986: Hubbard & Argos, 1994: Gerstein et

al.. 1994).

/./.5 The qllo/emmy s/mc/ure of pro/eills

Quatemary structure refers to the overall arrangement !)f subunits within a protein.

Most proteins exist as aggregates of identica1 or nonidentica1 subunits. The individual

subwlits are usually distinct globular monomers which then interact with eacn other. In

some cases the subunits are more intimately associated such as the two entwined chains

of the dimeric trp repressor (Schevitz et al., 1985) or trimeric dihydro1ipoy1 transacetylase

(Mattevi et al., 1992) which extends a beta strand out of each monomer to interact with

a neighbouring subunit.

Most dimers contain iso10gous interactions which invo1ve the same protein surface

on both monomers, thus producing dimers with a two fold axis of symmetry. Even­

numbered species are often constructed as n-mers of iso10gous dimers. For examp1e each

monomer of tetrameric lactate dehydrogenase contains 2 surfaces invo1ved in different

iso10gous interactions.

Heterologous interactions invo1ving two different non-overlapping complementary

surfaces can forrn open-ended structures; for example, the polymerizing actin chain, or

c10sed cyclic structures such as the trimeric chloramphenicol acetyltransferase (Leslie,

1990), or tetrameric Mn-dependent superoxide dismutase (Ludwig et al., 1991). A
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heterologous dimer would be prone to further aggregmion un1css dimerizatilln dTccti"c1y

blocked the tmpaired contact sites remaining on each mllnomer.

Recently, the structural and chemical properties of subunit interfaces ha"e Clltlle

lUlder considerable attention. Cherfils et al. (1991) suggested that the interface regilln does

not significantly di l'fer l'rom the rest of the protein surface in terms of its content of

hydrophobie or charged residues. In contrast, Yotmg et al. (199-1) suggest that

hydrophobicity is very important for protein-protein interactions, since the strongest

hydrophobie c1uster on the protein surface correlated to the interaction site in more than

two thirds of the 38 protein complexes analyzed. Most subtmit interfaces have a

composition which is intermediate in both its hydrophobie and charge properties (Miller,

1989, Janin et aI.. 1988). The centre of the interface is often dominated by hydrophobic

residues and is similar in composition to the interiors of monomers, while the interface

periphery is more reminiscent of the protein exterior and may inc1ude loops involved in

hydrogen bonding (Miller, 1989). Miller (1989) has identified several structural motifs

occurring at sublUlit interfaces: (i) an extended beta sheet which forms across the interface

as observed at the SUblUlit interfaces of several enzymes inc1uding prealbumin, Concavalin

A, and Àcro; (ii) tertiary helix-helix packing which forms most of the interfaces of

melitten, citrate synthase and cyctochrome c'; (iii) face to face or aligned paeking of beta

sheets as observed in the interface of glyceraldehyde-3-phosphate dehydrogenase; (iv)

loop interactions which occur to sorne extent at almost all sublUlit interfaces. These loops

commonly interact by hydrogen bonding to other loops or ends of adjacent secondary

structures.

The most consistent aspect of SUblUlit interfaces is that they are complemcntary

in both shape and hydropathy (Kom & Bumett, 1991). Protomers interact by matching

hydrophobic centres of adjacent sublUlits and, similarly, matching hydrophilic centres. 'l1le

interface formed by wheat germ agglutinin provides a good example of this. It inc1udes

both hydrophobic and hydrophilic contacts and has very high hydropathy

complementarity, with over one third of the interface interactions occurring betwecn

identical residues and even more between conservative residues (matching hydropathies).

As well, Korn and Bumett (1991) proposed that the level of complemcntarity and the
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functiona! role of the interface may be related. Interfaces with high hydropathic

complementarity may form inflexible. static interactions. necessary for accurate

positioning of subunits. Subunit interfaces which are dominated by hydrophilic forces and

have lower hydropathic complementarities are more dynamic and more commonly found

in enzymes which undergo allosteric conformational changes. such as haemoglobin.

To determine the degree to whieh subunit interface residues are conserved. Grishin

and Phillips (1994) analyzed five different enzyme families which contain active sites at

their sublmit interfaces. They concluded that while many of the active site residues are

highly conserved. the subunit interface evolves almost as ôapidly as the entire sequence

and can accommodate amino acid substitutions as long as packing, hydrophobicity and

charge are maintained. Hubbard & Argos (1994) have suggested that because they might

be more capable of tolerating mutationally prone loops than domain cores, the mutationaI

pressure might be higher at domain and subunit interfaces.

Eisenberg has suggested a method by which oligomeric proteins might evolve from

monomers (Bennet et al., 1995). 3D domain swapping occurs when a domain or sorne part

of a domain from one subunit is replaced by the equivalent region of an identical subunit.

111is can resuIt in intertwined dimers as has been observed for the dimeric form of

diphtheria toxin (Bennet et al., 1994). It could also promote formation of higher order

cyclic structures or open-ended oligomers which might be prone to aggregation. Domain

swapping could occur through a single mutation which would destabilize the monomer

relative to an oligomer. For example, a deletion in the loop connecting two interacting

domains might stericly prevent domain c1osure. A second subunit could then interact with

the eXl'0sed surface of the interdomain interface, producing a dimer which has comparable

energies to the original monomer (since the same interfaces are formed by the swapped

domain in the monomer and the oligomer). This is a much more efficient method of

generating oligomers than the "sticky billiard ball" model, where several rounds of

random mutagenesis on the interface surface of a monomer might be required to form a

stable dimer.
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/./.6 COl/sequel/ces of o/igomeri=aliol/

Oligomerization can oflen influence protein stability. Afler reviewing the literature

conceming the urea-induced denaturation of dimeric proteins which undergo a two-state

transition, Neet and Timm (1994) noted that the conformational stabilities of these dimers

were significantly greater than the stabilities observed for monomcric proteins (a change

in free energy of unfolding of 10-27 kcallmol for each subunit in the dimer vcrsus h-14

kcallmol for the monomer). TIIey estimated that qmItemary interactions might provide

between 25 and 100% of the conformational stability in such proteins. This stabilization

is due primarily to interactions between sublmits and is related to the size of the subunit

and the structure of the interface. Neet and Timm (1994, <Uld referenccs therein) have

eompared the free energies of dissociation and unfolding for several of thcsc protcins. For

sorne proteins, sueh as the arc repressor, the free energy of dissociation is almost idcntical

to the free energy of unfolding, indicating that the monomer is not stablc. Othcr proteins

(nerve growth factor, HIV-I protease, troponin C peptidc) fonn monomcrs thal arc

stabilized by only 1-2 kcallmol monomer in the absence of quatemary interactions, also

suggesting that the monomer is not stable. A few proteins show considcrable stability as

a monomer. To illustrate this, the human growth hormone monomer displays a c1HUlge in

free energy upon unfolding of approximately 11.5 kcal/mol. Unlike some of thc other

examples, this protein is functional as a monomer, since it interacts with a receptor in this

form.

The IOle of oligomerization in providing stability has also been studied by

mutating interface residues. Nordhoff et al (1993) have shown that a double mutant

G446E/F447P in the interface domain of dimeric human glutathione reductase produces

an inactive monomer with a non-native FAD-binding domain, NADPH-binding domain

and interface domain. The instability of the dinucleotide binding domains is somewhat of

a surprise as these domains are thought to be independent fol ding units.

In several enzymes, active site residues are donated by both polypeptide chains,

thus forming shared catalytic or binding site(s) at the subunit interface (also known as a

shared active site). While isologous interactions generally form two active sites per

subunit interface, heterologous interactions produce a single site at the interface.
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Quatemary structure may play an important role in enzyme regulation through

allosteric cooperation between subunits. Aspartate transcarbamoylase (ATCase) and

phosphofructokinase are classic examples of oligomeric allosteric enzymes. ATCase is

composed of two catalytic trimers linked by three regulatory dimers (Krause et al., 1985).

Upon binding earbamyl phosphate and aspartate, this enzyme undergoes a concerted

allosteric transition involving changes in quatemary contacts, to reaeh a more active

conformation (Kantrowitz & Lipscomb, 1988). Likewise, binding ofphosphoenolpyruvate

or ADP to a regulatory site at a subunit interface within the homotetrameric

phosphofructokinase produces a ehange in the relative orientation of subunits, whieh ean

result in activation or inhibition of the enzyme (Schirmer & Evans, 1990).
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\.2. PROTEIN FOLDING

111e field of protein folding inc1udes a tremendous amoun! of theoretical and

experimental data. Out of necessity, this discussion will be limited to a description of

factors affecting protein stability and denaturation, and a review of proposed in \'illn

protein fol ding and assembly pathways. One approach successfully used to elucidate

protein fol ding pathways has been the identification ~md characterization of intermediates

observed in unfolding and/or refolding pathways. While the majority of fol ding studies

have involved single-domain monomeric proteins, most proteins are much larger and their

folding and assembly mechanisms are expected to be more complicated.

/.2./ The thennadynamie hypothesis and the kinetie Jo/ding pl'Oblem

The pioneering work of Anfinsen and colleagues (1966) on the lU\folding und

refolding of RNaseA indicated that the amino acid sequence of a protein contains ail the

information necessary for successful folding. Except in cases where irreversible covalent

changes occur upon folding, this hypothesis has held true. It has becn suggestcd that a

folding code, analogous to the RNA/protein code, cou\d specify the three dimensional

conformations of proteins l'rom amino acid sequence alone. Several years of research has

indicated that the protein folding question is much more complicated than simply breaking

a code. So how does a protein fold? Anfinsen's work suggested that folding is a

thermodynamically controlled process, where "the three dimensional structure of u native

protein in its normal physiological milieu ... is the one in which the Gibbs free energy of

the whole system is lowest; that is, that the native conformation is determined by the

totality of interatomic interactions and hence by the amino acid sequence in a givcn

environment" (Anfmsen, 1973). The evidence for the thermodynamic hypothesis includes

the fact that the folding and unfolding of most small proteins is reversible and that the

same native conformation is reached through folding in vivo and in vitro for many

proteins. As Levinthal pointed out, a random examination of ail possible conformations

in order to attain the one most thermodynamically stable is outside of the time frame

under which protein folding takes place (Levinthal's paradox, 1968).
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Thcrcforc, thcrc must be a mechanism in place to direct fol ding towards more

favourablc conformations. Schindler et al. (1995) have summarized sorne methods of

limiting this scarch. The early formation of partially folded intermcdiates may restrict the

scarch to a small number of productive conformations. Cis/lrans isomerization of proline,

in particular, and disulphide bond formation and isomerization are sorne of the slow

folding reactions which may synchronize the folding process. Generally the low energy

side chain and main chain conformations populated in the unfolded polypeptide are also

observed in the native protein. NMR analysis of short peptides has identified locally

preferred conformations which are also represented in the folded protein (Dyson &

Wright, 1991). Kinetically foldable proteins appear to have evolved to avoid the kinetic

traps separating misfolded and native states (Wolynes et al., 1995).

Baker & Agard (1994) have argued that a protein's native conformation occurs at

the lowest energy state within a neighbourhood of kinetically accessible states, as opposed

to the global free energy minimum. Several examples suggest that folding may be under

kinetic control. Refolding of several mature proteases requires the presence of the pro

region, either in cis as the protease precursor or in Irons on a separate chain. The pro

region may function by increasing the rate of the forward folding reaction or by

decreasing the rate of aggregation. Metastable proteins such as plasminogen activator

inhibitor, and influenza virus haemagglutonin have been shown to undergo dramatic

conformational changes in fol ding. Vpon renaturation, plasminogen activator inhibitor

initially adopts a biologically functional conformation, which slowly converts to a latent

form. Influenza virus haemagglutonin undergoes a transition at low pH from an initial

metastable structure to a more thermostable conformation. This change is irreversible and

the low pH conformation cannot be induced back to its original conformation. The

implication is that the more stable state is not initially accessible.

1,2.2 Prolein stabi/ity, jo/ding, cooperativiry and denatllration

While the thermodynamic hypothesis suggests that the native conformation

occupies the global energy minima, it is only slightly more stable than the unfolded states.

ln fact, the free energy difference between a folded and unfolded polypeptide has been
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estimated to be in the range of only -\-20 kcal/molc. in aqueous solutIon at room

temperature (Creighton. 1993). and this murginal stahility is detennined hy the halanee

of relatively large opposing energetic forces. When the interaction hetween thl'

polypeptide chain and its environment is altered. a structur'll change may oeeur produelllg

a non-native or denatured conformation. 'nIe term "denatured" encompasses 'III non-native

states. and includes intermediate states as weil as l'ully IUlfoldcd protein. Denaturation ean

occur in response to changes in temperature. an incrC<lse in pressure. pH changes. addition

of chemical denaturants to the solvent (including uren. guanidinium chloride and organie

solvents). removal of cofactors required for stability. or changes in the amino :leid

sequence.

In most single-domain proteins. denaturation occurs as a reversible. cooperative

two-state transition between two macroscopic states. the native (N) and an unfolded (LI)

species. Privalov (reviewed in 1979 and more recently in 1992) provides a thennodynamie

analysis ofprotein unfolding gained l'rom thermal denaturation studies. Prior to unfolding.

conformational change is limited to minor changes such as roI increase in chain flexibilily

and local alterations in structure. During this period. the heat capueity of the protein

increases in a slow. temperature dependent manner. Unfolding occurs as a coopemtive

transition over a limited range of experimental conditions. In smull proteins (less thun 20

kDa) denaturation produces a sharp peak in the heat absorption. which coincides with the

midpoint of the transition. Following denaturation. the heat capacity of the protein uguin

inereases slowly and in a temperature dependent fashion. Experimentully. this two-stute

transition is characterized by the coincidence of sigmoidal unfolding curves us meusured

by different conformational probes, a lack of observable unfolding intermediates. and

approximately equivalent calorimetric enthalpy and van'tHoff enthalpy (a measurement

of the temperature dependence of the unfolding transition equilibrium constant). Privulov

has suggested that the cooperative unfolding transition involves the breaking of

intramolecular bonds which stabilize the compact native structure, to form an unstable

transition state, followed by hydration of internai groups within the protein.

It was originally thought that the heat eapacity increase observed upon protein

unfolding was dependent on the method of denaturation employed, and that complete
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wlfolding occurred only under highly denaturing conditions. However. Privalov has ShO\\11

that if the effects of prefercntial binding of protons or of denaturant molecules arc taken

into account. no difference is observed in the increase in heat capacity as caused by

temperature shift. pH change or chemical denaturants (pfeil & Privalov. 1976. Pfeil ct al..

1986). Earlier studies suggested that differences in Ùle conformation of denatured and

l'ully lmfolded proteins eannot be distinguished thermodynamically (Privalov. 1979; 1992).

and that Ùle denatured state is best represented as an ensemble of intereonvertible

molecular conformations. exhibiting similar free energy values. within the same

macroscopic state. More recently. analyses of proteins which thermally unfold through a

molten globule intermediate state have indicated that changes in heat capacity can be

measured for the transitions betwecn native and intennediate and between intennediate

lmd lmfolded states (Carra, Griko & Privalov. 1995). ln the three proteins studied. the first

tnmsition was cooperative and involved a significant increase in entropy, however the

second transition showed variable cooperativity and heat absorption. Privalov suggests 'hat

the sizable increase in heat absorption observed upon unfolding of certain intennediates

correlates to independent unfolding of intact domains. Unfol ding of a true molten globule

involves a small heat absorption and does not conslÎtute a first order reaction (Carra,

Griko & Privalov, 1995).

Tanford's classic denaturation experiments suggested that an unfolded protein will

adopt the hydrodynamic properties of a random coil (Tanford, 1968). Recent data

indicates that unfolded proteins exist in a variety of conformations, sorne compact, others

more e:o.panded (reviewed in Dili & Shortle, 1991). Even under strong denaturing

conditions such as 6 M GdnHCI or 9 M urea sorne proteins may still retain significant

residual structure (Shortle & Meeker. 1989; Shortle & Abergunawardana, 1993). As weil,

mutagenic analysis of proteins has indicated that the primary sequence of a protein can

affect the unfolded confonnation (Shortle & Meeker, 1986; Shortle et al., 1990; Flanagan

et al, 1993). Comparison of the refolding of the 132 subunit of tryptophan synthase l'rom

denaturation in 6M GdnHCI or at acidic pH indicate,< that while identical molecular events

occur with the same kinetics, the refolding pathways involve intennediates with different

structures (Murray-Brelier & Goldberg, 1989), suggesting that the denatured confonnation
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will affect the mechanism of refolding.

Dili and Shortle havc used hctcropolymcr thcory. where the polypeptide chain is

modelled as a polymer linking polar ,md nonpolar monomcrs. to predict changes to the

conformation of the polypeptide upon denaturation (rcviewed in Dili &. Short le. IlJ'J 1).

Any solvent will be a good solvent for some amino acids within the chain but " poor

solvent for others, and the free energy of interaction will vary bctwcen the solvent and

different residues. Water is a poor solvent for protcins which, on avcrage. contain hetween

25-50% nonpolar residues. Addition of a denaturant such as (> M GdnHC'I transfonns

water into a good solvent for most proteins. However lUlfolding transitions usually oecur

at lower denaturant concentrations, ie, 1-4 M GdnHCI, where the aqucous solvcnt remains

poor. Under these conditions. the unfolding transition is predicted to producc a compact

denatured species. Increases in denaturant concentration beyond thc lUlfolding tnmsitional

midpoint are predicted to result in graduai expansion of the spccics, as the solvcnt

improves. Heteropolymer theory predicts that protein volume ,md behaviour upon

denaturation is dependent on the hydrophobicity of the polypeptide chain.

1.2.3 Compact intennediales

White many proteins unfold Via a two-state meclHmism, other proteins, \Il

particular those containing discrete domains, unfold through one or more intennediate

states (reviewed by Kim & Baldwin, 1990; Ptitsyn, 1992; Fink, 1995). In several cases,

intermediates observed in denaturation studies are similar to species identificd on the

folding pathway, fuelling an interest in their structure as possible models of transient

folding intermediates.

The moiten globule is the name given by Ohgushi and Wada (1983) to the acid­

denatured state of cytochrome c. This intermediate is compact and retains native-like

secondary structure and fluctuating tertiary structure. There is no unique conformation for

compact intermediates and this lack of uniformity has eontributed to the controvcrsy

surrounding the importance of compact intermediates to protein fol ding. This is

compounded by the fact that a protein may form structurally distinct intermediates when

exposed to different experimental conditions. As weil, an unfolding reaction at equilibrium
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lI1ay contain more than one species, i.e. both native and interll1ediate or both native and

unfolded, leading one to question what species is being characterized. Others have

suggested that compact intermediates may represent misfolded, off-pathway species wim

questionable relevance.

Despite these uncertainties, a list of key properties characterizing compact

intermediates can be assembled (Fink, 1995). First, they retain significant, often native,

levels of secondary structure. Second, much of the native side-chain packing has been

lost, and in some cases the tertiary structure is disrupted. However, Peng & Kim (1994)

have recently shown that the CI. helical domain of CI.-Iactalbumin retains ils tertiary fold

even in the absence of tight packing. Third, me protein is in a collapsed conformation

relative to the fully unfolded state, almough less compact than me native state. Fourth,

the hydrophobie core of me protein is retained almough mere is substantial exposure of

hydrophobie surfaces, as measured by binding of hydrophobie dyes. As weil, me

intermediate is increasingly prone to aggregation. Fiftll, the intermediate does not retain

biological function. Sixm, there is a variable amount of structure and compactness which

is dependent on me protein sequence and the experimental conditions. Seventh, me heat

capacity of the intermediate is often similar to mat observed for me native state. Finally,

the transition from intermediate to an unfo!derl s~.ale is less cooperative man mat observed

from native to unfolded.

ln contrast to Privalov's position mat me intermediate and me unfolded protein are

part of the same mermodynamic state (outlined in section 2.2), Ptitsyn proposes mat me

molten globule represents a separate state (Ptitsyn & Uversky, 1994). Thus denaturation

produces an all-or-nothing transition between the native state and the molten globule, and

unfolding involves another first order transition between me intermediate and me unfolded

state. Ptitsyn suggests mat the bimodal distribution of protein elution volumes upon

GdnHCI-induced unfolding of a molten globule, and the molecular mass dependence of

slopes for native-to-molten globule and molten globule-to-unfolded transitions provide

evidence mat both transitions are first order in nature (reviewed in Ptitsyn et al.,

1995).

Fink (1995) has described a model for denaturation via intermediates which is
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based on the two following assumptions. First. there are two types of tertiary intenlctions~

one between autonomously folding tUlits (corresponding to structural subdomains) and the

second within these same folding tUlits. Second. the initial expansion to a compact

intermediate involves signifieant hydration of the protein interior. Compact intermediates

arise when the hydrophobie interactions between subdomains me disrupted. allowing

solvent penetration between folding tUlits. Native-like seeondary structure and tertiary

structure is limited to within the subdomains. and eoupled to an expansion in the radius

of the protein. Less compact intermediates fonn when subdomains unfold. as dietated by

their intrinsic stabilities. This model is remarkably similar to the modular. coopenltive

unfolding and refolding reactions described for cytochrome c by Englander's group (Bai

et al.. 1995). ln contrast. Ptitsyn. suggests that tUlfolding involves two separate transitions

coinciding with loss of tertiary paeking followed by loss of tertiary fold (Ptitsyn ct al..

1995). While side-chain packing may loosen upon formation of the intcrmediate. the

solvent remains exc1uded from the hydrophobie core. <md the volume increase mises as

a consequence of unfolding in the rest of the protein.

While the properties of compact intennediates are still controversial. these

intennediates are found in an increasing number of folding and unfolding pathways.

1.2.4 Prolein fo/ding patillvays

Anfinsen (1973) suggested that protein folding initiates at nuc1eation sites on the

unfolded polypeptide chain. These nuc1eation sites transiently adopt their native

confonnation. Stabilization of these structures could result from formation of specifie

interactions, formation of secondary structure, hydrophobie collapse, or some combination

of the three (reviewed in Matthews, 1993). ln order to understand early folding events,

inve~tigators have sought to determine the structure and properties of the intermediates

which appear in the first milliseconds of folding.

Perhaps the best eharacterized folding pathway is that of bovine panereatie trypsin

inhibitor (BPTI). Creighton (1988) was able to correlate the order of disulphide bond

fonnation of BPTI with the choice of folding pathway. This suggested that a specifie

interaction, in this case disulphide bond formation, could initiate and direct protein
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folding, but did not rule out the formation of sccondary structure or hydrophobie collapse

prior to disulphide bond formation.

Stopped-flow CD spectrometry has indieated that several proteins regain significant

secondary structure during an initial burst phase occurring within the deadtime of mixing

(cytochrome c and 13-lactalbumin, Kuwajima et al., 1987: dihydrofolate reductase,

Kuwajima et al., 1991: staphylococcal nuclease, Sugawara et al., 1991: 13, subunit of

tryptophan synthetase, Chaffotte et al., 1992). Likewise quench-flow NMR studies

measuring hydrogen exchange of backbone amides indicate that significant protection of

amides within helical segments of several proteins occurs within Ùle first 10 ms of

refolding. Such is the case for cytochrome c (Roder et al., 1988), bamase (Bycroft et al.,

1990: Matouschek et al., 1992), T4 lysozyme (Lu & Dalhquist, 1992) and hen lysozyme

(Radford et al., 1992). I3-Sheet formation has also been observed in ùJis time range for

ribonuclease A (Udgaonkar & Baldwin, 1990). bamase (Bycroft et al., 1990) and T4

lysozyme (Lu & Dalhquist. 1992), as has protection of some amides in the I3-sheet

domain of hen lysozyme (Radford et al., 1992).

Hydrophobie collapse has been implicated in stabilizing transient elements of

secondary structure in me burst phase. Stopped-flow fluorescence studies on me binding

of a hydrophobie dye, 8-anilino-I-naphmalene sulphonate (ANS), indicate mat non-polar

surfaces are present in several burst phase intermediates, including mose of carbonic

anhydrase and human a lactalbumin (Semisotnov et al., 1991), dihydrofolale reduclase

(Jones el al., 1994), me a subunit of tryplophan synmase and me trp aporepressor

(Malthews, 1993). Shastry & Udgaonkar (1995) have reported mat refolding of bamase

in 1 M GdnHCI produces a burst phase intermediate which binds ANS but shows no

evidence of secondary structure, suggesting mat hydrophobie collapse may precede

secondary structure formation, at least in mis instance. ANS fluorescence increases as

hydrophobie regions are sequestered from me solvent (Goldberg et al., 1990: Semisotnov

el al., 1991: Ptilsyn et al., 1990) indicating mat ANS is binding non-specifically to

hydrophobie regions which subsequently become buried as fol ding proceeds.

Several investigalors have reported me formation of partially folded species in

intemlediary time frames, between 5 and 1000 ms (reviewed in MatÙ1ews, 1993). The
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available data suggests that these intennediates are more stable than their earlier

precursors and can contain native-like secondary and some tertiary structurcs which arc

retained in the native protein (Udgakonkar & Baldwin. 1990~ Radford ct al.. 1992) ln

sorne instances these intermediates can be recognized by monoc\omll antibodics (Goldbcrg

et al.. 1990) or can bind ligands (Frieden. 1990~ Herold & Lcistler. 1992). suggesting th·:

presence of tertiary folds corresponding to structural subdonHlins and domains. Howcvcr.

these structural elements are not properly docked and the side-chains arc more mobile

than in their native conformation.

Exc\uding proline isomerization. disulphide bond formation ~Uld association with

a required prosthetic group. the rate-limiting step in protein folding is generally the final

one and involves the development of native side chain packing and native hydrogen bonds

throughout the protein (reviewed in Matthews. 1993; Dobson et al.. 1994). lt is al this

stage that conforrnational entropy is sacrificed so that the noncovalent forces which

stabilize the elosely packed native state can form. Investigators have used mutagenic

analyses and ligand binding studies to determine the barriers which precede formation of

the transition state. Beasty et al. (1986) established that the rate limiting slep in formation

of the (J( SUbW1it of tryptophan synthase involves the association of two fol ding units. 1'0

determine the structure of the folding transition state of bamase. Fersht and colleagues

have eompared the effects of extensive amino acid replacements on the stability of a late­

folding intermediate and the native conformation of bamase (reviewed in Fersht. 1993).

Kuwajima and colleagues (1989) observed that calcium binds weakly to a molten globule­

like interrnediate of (J( lactalbumin. more tightly to the rate limiting transition state IUld

most tightly to the native protein. Meanwhile. staphylococcal nuc\ease does not bind

calcium prior to attaining its native conformation (Sugawara et al., 1991). This difference

has been attributed to differences in the strueture of the calcium binding site. In cr

lactalbumin, the ealcium binding site is formed l'rom a continuous region of the

polypeptide ehain, while the site in the nuc\ease requires the rearrangement of

noncontiguous segments (Matthews, 1993).

A detailed study by Dobson and coworkers (1992) of different steps on the folding

pathway of hen lysozyme indieate that a burst phase in the appearance of far UV CD
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precedes the protection of amide protons from solvent exchange. 'fhis suggests that Ùle

first step in fol ding is acquisition of transient secondary structure, within the first 2 ms.

Stopped-now absorption studies (Kuwajima et al.. 1985; Ikeguchi et al.. 1986) indicate

thal this is coupled to hydrophobie colIapse. The next phase in fol ding involves protection

of the a domain amides in 50% of Ùle protein and protection of the 13 domain amides in

30% of the protein (Radford et al.. 1992). The remainder of the protein folds more slowly.

Different parts ofhen lysozyme become stabilized at different rates. ln particular, folding

of the a-helical domain generally precedes development of specifie tertiary structure, as

measured by appearance of near UV CD signal, and protection of amides in the l3-sheet

domain. The rate-limiting step in Ùle fol ding of hen lysozyme is thought to involve

improving side chain packing and rearrangement of Ùle a-helical and l3-sheet domains

(ltzhaki et al., 1994).

11le refolding of hen lysozyme demonstrates the tenets of several different fol ding

ùleories. The appearance of transitory secondary structure and hydrophobic collapse

precede formation of specific tertiary structure as predicted by the frame work, diffusion­

collision and hydrophobic collapse models of initiation of fol ding (Lewis et al., 1970;

Karplus & Weaver, 1979; Rose & Roy, 1980). The independent fol ding of the a-helical

and [3-sheet domains of lysozyme (Miranker et al., 1991) coincides with the modular

assembly model which suggests that proteins fold by parts and (sub)domains might serve

as folding intermediates. Finally, the observance of different folding pathways indicates

that parallel alternative pathways of fol ding can produce the same native structure, as

suggested by the jigsaw model (Harrison & Durbin, 1985), and different from a simpler

sequential model. The presence of multiple parailei fol ding pathways has also been noted

in the refolding of dihydrofolate reductase (Jennings et al., 1993) and RNaseA (Li et ai.,

1995) among others.

To summarize, folding of small proteins in vitro is a relatively quick process,

occurring within minutes of removal from denaturants. Factors such as prolyl isomerases,

disulphide isomerases and chaperones can increase the rate of folding by cataiyzing slow

reactions (isomerases) or inhibiting nonspecific aggregation (chaperones). Protein folding

pathways likely involve elements fOWld in both sequentiai and nonsequentiai models.
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Matthews (1993) has described the folding pathway as a funncl where eaeh step is

followed by a slower reaction which allows a thermodynamie equilihrium to form

between the conformations accessible at that stage. 111e transitions hetween different

classes of intermediates may involve significant activation barriers such as those involved

in disulphide formation. proline isomerization or rearnUlgement of tertiary structure. and

may represent moleeules becoming trapped in local energy minima (Wolynes ct al.. 19(5).

As folding progresses. the absolute number of avail<lble conformations decreases while

intermediates with increasing stability are formed and transition reactions become slower.

1.2.5 Foldillg of IIIl1ltidolllaill alld oligollleric proteills

Folding by parts or modular folding has been proposed to play a role in the

rapidity of protein fol ding. The independent folding of domains in multidomain enzymes

should increase the overall rate of protein fol ding while decreasing the opportunily for

nonspecific polypeptide interactions which would result in misfolded or aggregated

protein. Folding by parts is therefore a necessary mechanism for the efficient fol ding of

large multidomain proteins (reviewed in Jaenicke. 1987; 1991).

One approach to studying the role of domains in protein folding has been to

characterize the isolated eomponent domains and determine their ability to refold lUld

reassociate. The PLP coenzyme binding domain of aspartate aminotransferase ClUl be

expressed independently (Herold et al.. 1991). While the full length enzyme is dimeric.

the domain exists as a monomer but still binds PLP at one site with high affinity.

Denaturation of this domain produces a compact equilibrium intermediate. paralleling the

unfolding of the dissociated monomer of aspartate aminotransferase. Likewise. a stable

dinucleotide binding domain ean be isolated from D-glyceraldehyde 3-phosphate

dehydrogenase (Jecht et al.. 1994). This monomeric domain continues to bind coenzyme

strongly and undergoes the same GdnHCI-indueed unfolding transition as the native

tetrameric dehydrogenase.

Proteolysis of gamma II-crystallin produces an N-terminal domain which is

conformationally similar to that of the native protein (Sharma et al.. 1990; Rudolph et al..

1990). This domain is more sensitive to denaturation. presumably because it lacks

24



•

•

stabilizing interdomain interactions. Unfolding/refolding kinetics of the isolated N-terminal

domain indicate a bimodal equilibrium transition which coincides with that described for

the second phase of the three state unfolding/refolding of the intact protein. This supports

the authors proposai that folding of gamma Il-crystallins proceeds by the sequential

folding of the N- and C-terminal domains. The isolated C-terminal domain shows low

intrinsic stability (Mayr et al., 1994).

Proteolysis of the ~, subunit of tryptophan synthase has shown that it is composed

of an N- and aC-terminaI domain (named FI and F2, respectively) separated by a hinge

region. These fragments can be isolated and will refold independently. Blond & Goldberg

(1986) have shown that the N-terminal domain rapidly acquires native-like structure. As

wel1, non-specifie hydrophobie col1apse promotes the rapid fol ding of the C-terminal F2

fragment, producing a condensed non-native structure in less than 4 ms (Chaffotte et al.,

1991; 1992). Folded FI and F2 fragments wil1 associate to form a nicked ~ subunit,

analogous to formation of interdomain interactions in the native subunit, prior to subunit

association. Association of the domains involves a slow conformational rearrangement of

the N-terminal domain in response to interactions with the C-terminal domain within the

same chain (Blond & Goldberg, 1986). Two ~ subunits wil1 rapidly associate and undergo

a second slow isomerization step to form the native 132 dimer.

Yon and col1eagues have analyzed the unfolding and refolding of the isolated and

covalently linked N- and C- terminal domains of yeast phosphoglycerate kinase (1990).

Under most denaturing conditions phosphoglycerate kinase lUlfolds in a two-state

transition. Refolding of the isolated N-terminal domain of this enzyme occurs very

quickly. This has been observed for isolated domains from other multidomain proteins

(Garel, 1992) and emphasizes that domain pairing is often the rate limiting step in folding.

The authors proposed that the refolding of the C-terminal domain inc1udes a slow step,

perhaps proline isomerization. ln the full length phosphoglycerate kinase this slow step

is masked by the even slower rearrangement of domains, as has also been described in

the refolding of octopine dehydrogenase (Teschner, Rudolph & Garel, 1987).

Although the domains of phosphoglycerate kinase are known to interact, the

isolated domains do not reassociate, even after refolding together. Minard et al (1989)
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suggested that the noncovalent forces remaining after separation of the two domains of

phosphoglycerate kinase could not COIUlteract the increase in entropy occurring upon

cleavage of the hinge. making domain association IUlfeasiblc. When the polypeptide is

split within a domain. the two resu1ting fragments will complcment cach other 10 fonn

an ~ssociated and active phosphoglycerate kinase. presumably as a resu1t of the strength

of intradomain interactions (Pecorari et al.. 1993). ln a review of fol ding of mu1tidomain

proteins. Garel (1992) has noted that the stability of isolated domains is generally not

substantially modified by the presence of the rest of the protein chain. He concluded that

domain stability results primarily l'rom intradomain interactions.

These and other studies have lead to the following conclusions regarding the

folding of multidomain proteins. Early steps in the fol ding of mu1tidomain proleins me

analogous to those observed for folding of single domain proleins. However domains

within a protein may attain stable tertiary structure al differenl rates. depending on their

different kinetic parameters. and requirement for stabilizing interactions with other regions

of the polypeptide chain. Domain pairing involves minimizing the accessible surface arca

of the protein through the doeking and association of domain surfaces. This generally

involves tertiary rearrangements and desolvation to produce a recognition or interaction

surface, and often is the rate-limiting step in refolding of multi-domain proteins.

As multidomain proteins are composed of domains which represcnt indepcndcnt

cooperative units, they often display multiphasic transitions, with stable intermediates

observed in their folding and unfolding pathways. These intermediates may contain

domains with different levels of folding. Wu, Peng & Kim (1995) have recently used

disulphide variants of a-Iactalbumin to show that molten globule properties need not

encompass the entire polypeptide chain and may be limited to a single domain only.

Specifically, the structure of the A-state of a-Iactalbumin includes an a-helical domain

with native-like secondary structure and tertiary fold, but missing extensive tertiary

interactions, while the j3-sheet domain is unfolded.

In sorne multidomain proteins, the domains unfold independently and show little

or no evidence of interacting (ovomucoid, Privalov, 1982; domains of plasminogcn,

Privalov & Potekhin, 1986; cytoplasmic and transmembrane domains of band 3, Brandts
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el al., 1989). Mutual stabilization through domain pairing is probably insignificant in these

protcins. ûthcr proteins may cxhibit vcry strong domain interactions, where multiple

domains unfold co-operatively in a single transition. with no evidence of equilibrium

intermediates (heat denaturation of yeast phosphoglycerate kinase in the presence of

guanidine hydrochloride. Griko et al.. 1989). This level of interaction is no doubt

nccessary to allow domains to efficiently function together. A third class of proteins

displays an intermediate level of domain interaction (serum transferrin. Lin et al., 1994;

CD4, Tendian et al, 1995; DnaK, Montgomery et al.. 1993).

Presuming that the extent to which partially folded states become stably populated

is dependent on the strength of interactions between domains, Freire and colleagues

(Freire & Murphy, 1991; Freire et al., 1992) have developed a hierarchial algorithm which

makes use of the crystallographic structure of a given protein, as weil as thermodynamic

measurements, to irientify the cooperative fol ding units within the protein and estimate

the relative population of folding intermediates. To this end, Freire and colleagues (1992)

have classified sorne of the structural mechanisms which may result in cooperative

unfolding of domains. Unfolding of a domain may result in the exposure of hydrophobie

residues, both within the domain that is unfolding and the rest of the protein. While

exposure of the apolar residues in the unfolded domain is compensated by the free energy

of unfolding, the remainder of the protein is not compensated by an increase in entropy.

This constitutes the source of cooperativity in a hydrophobie interaction. Noncovalent

interactions including hydrogen bonds, van der Waals contacts, and salt bridges are often

found at the interface between domains. The unfolding of one domain is sufficient to

break these interface bonds, which may trigger cooperative unfolding of the second

domain. Likewise, if the domain interface includes a ligand binding site, and unfolding

of one domain results in dissociation of the ligand, this too may destablize the second

domain resulting in cooperative unfolding. Brandts et al., (1989) have developed a model

for determining the free energy of interaction between domains or subunits from scanning

calorimetry data.

The first step in denaturation of an oligomeric protein is often dissociation, as

observed in the denaturation of phosphofructokinase (Parr & Hammes, 1975), creatine

27



•

•

kinase (Yao et al., 1984), aminoaspartate transaminase (Herold & Kirschner, 199l)). and

pyruvate oxidase (Risse et al., 1992). Coincidence of inacti\'ation mlll dissociation

suggests that the oligomer is required for catalytie aetivity. Sometimes a conformational

change precedes dissociation producing ,ID inactive oligomeric species, as seen in the

GdnHCI-induced denaturation of glutathione tnmsferase BI (Saechetta et ,Il., 1993).

ln a few instanees, dissociation of oligomerie proteins produces active

intermediates. For example, GdnHCI denaturation of tetramerie aspart,lse produccs ml

active dimerie intermediate (Murase et al.. 1993). Dissociated forms of phosphoglycerate

mutase (Hermann et al., 1981). alanine racemase (Toyama et al.. 1991) ,md ereatine

kinase (Grossman et al.. 1981) also retain at least partial aetivity. 11le dis~'oeialed form

must contain a complete aetive site.

Dissoeiation studies can also provide information about the relative stability of

SUbWlit interfaees. Unfolding of aspartase indicates that the native tetrmner is better

deseribed as a dimer of dimers where the interfaee between di mers is weaker tlHm tlle

interface within the dimer (Murase et al.. 1993). Likewise denaturation of glutaminc

synthetase, a dodecamer arranged as two stacked hexameric rings, produces even­

numbered species which retain the SUbWlit interface between two rings, showing that the

inter-ring interface is more stable than that formed between SUbWlits of the hexamer.

Sometimes an Wlfolding intermediate will retain the native quatemary structure. 11le acid­

induced Wlfolding of creatinase produces a dimeric molten globule (SchunHmn &

Jaenicke, 1993), as does the thermal denaturation of acetylcholinesterase (Kreimer et al.,

1995). ln both examples, SUbWlit interactions are proposed to l'laya role in stabilizing tlle

intermediate.

While many oligomeric proteins denature through specific intermediates, otllers

Wlfold via a two-state transition, as described for the trp repressor (Gillelman &

Matthews, 1990), the arc repressor (Bowie & Sauer, 1989), and the Â. cro dimer (Pakula

& Sauer, 1989). The tetrameric oligomerization domain of l'53 Wldergoes thermal

denaturation in one step (N. to 4U) (Johnson et al., 1995). 58% of the total hydrophobic

surface area of this domain is buried at the SUbWlit interfaces, suggesting that the rapid

Wlfolding occurs with dissociation because the domain is stabilized by intersubWlit
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interactions as opposed to intrasubunit interactions.

Quatemary interactions between subunits are very specifie. Cook and Koshland.

(J 969) have shown that the presence of other protein species does not interfere with

rcnaturation. While hetero-oligomers have been renatured from mixtures of highly

homologous proteins from different species (triosephosphate isomerase. Sun et al.. 1992).

cross-hybridization appears to be an exception rather than the rule (Cook & Koshland.

1969; Jaenicke. 1987). The denaturation state of the protein and the method of

renaturation influence the yield of hybrid species (Lehrer & Quian. 1990; Brown &

Scachat. J985). indieating that the choice between symmetric and asymmetric associations

may be a kinetic one (Jaenicke. 1987; Gare!. 1992).

ln most proteins. extensive fol ding is required to produce a binding surface prior

to subunit association. For example. the appearance of the dimerization site of tetrameric

AK-HOH (aspartokinase-homoserine dehydrogenase) occurs at the same time as the kinase

active site (Garel & Oautry-Varst, 1980) and the ~ tryptophan synthase subunit dimerizes

after formation of several native epitopes (Blond & Goldberg 1987). Garel (1992) has

suggested that formation of a subunit binding site requires the same degree of fol ding

required to form a catalytic or ligand binding site. In contrast, the dimerization site of the

tryptophan repressor, an entwined dimer, appears to form early in the refolding pathway

(Gittelman & Matthews, 1990; Tasayco & Carey, 1992).

'!be folding pathway of an oligomeric enzyme is a succession of monomolecular

fol ding steps and bimolecular association steps, yielding a general kinetic scheme where

either first or second order processes may be rate limiting (Jaenicke, 1982):

n M* -+ n M -+ n/2 0* -+ n/2 0 -+ n/4 T* -+ n/4 T .

where M, 0 and T represent monomer, dimer and tetramer respectively, and the asterisk

refers to conformationally distinct forms. The overall rate of fol ding of oligomeric

proteins is dependent on protein concentration because, while the fol ding reactions are not

dependent on protein concentration, the association events are. Thus by lowering protein

concentration, one can enrich for pathway intermediates with different degrees of

association. At high protein concentrations, association is no longer rate-limiting, and the

pathway should shift to first order. The experimentally useful range of protein
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concentrations is limited by thc sensitivity of dctection at low concentrations of protein

and by aggregation at higher concentrations. lllis may prevent observation of the shirt in

the rate-limiting step l'rom first to second order.

lllis shift can be observed in the refolding of bactcrial luciferase. a heterodimeric

enzyme consisting of an a and a 13 subunit. When the protein conccntration is above 20

I-Ig/ml. the refolding of luciferase l'rom 5 M urea inc1udes several slow steps involving

refolding of each subunit before dimerization. ~md the isomerization of an inactive

heterodimeric intermediate to the active species following dimerization (Ziegler et al..

1993). Below 20 I-Ig/ml, a second order association step is rate limiting.

The refolding and association of luciferase also illustrates how the presence of a

polypeptide can modify the folding pathway of a second polypeptide (Waddle ct al..

1987). When the a and 13 subunits are expressed or refolded separatc1y, both SUblUlits

refold to form tight binding homodimers which will not associate with onc another.

suggesting that formation of the heterodimer operates as a kinetic trap on the folding

pathway of each subunit.

The early fol ding pathway of individual SUblUlits of most oligomeric proteins

resembles that of any single or multidomain protein, exeept that l'olding results in

production of a monomer with an exposed surface. competent for association (Jaenicke.

1987). The interface surface and the resulting interactions formed upon subunit association

are analogous to those used to secure interacting domains (Jaenickc. 1991). Like

multidomain proteins, fol ding and association of oligomeric proteins must be coordinated

to prevent aggregation through an exposed interface surface. Similarly. slow

conformational changes which produce the interface surface are often observed prior to

association, and following association to stabilize the dimer or allow further

oligomerization. Folding of oligomers that are more complex than di mers involves at least

two association events, one of which is usually rate-limiting. The 13 tryptophan synthasc

dimer undergoes a slow folding step prior to association with the a tryptophan synthase

dimer (Blond & Goldberg, 1985). During refolding of tetrameric lactate dehydrogcnase,

a dimeric intermediate, which precedes the rate-limiting formation of tetramers,

accumulates (Jaenicke, 1987). The rate-limiting step in the folding of tetrameric AK-HDH
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IS thc formation of di mers: ail subsequent events occur at thc samc rate (Martel & Gare!.

1')84) When reaclivation of an enzymc ,md a rate-Iimiting second ordcr step are observed

to coincldc. It suggests that the monomer is inactive (Rudolph & Jaenicke. 1976: Hermann

el al . 1981) AClivity may only be observed following formation of a catalytic site across

the dimer interface. or upon adoption of the native conformation as determined by subunit

interactions present in the oligomer. as discussed previously in section 1.1.6.
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1.3. MULTIFUNCTIONAL ENZYl\lES IN ENZYME ORGANIZ:\TlON

ll1e princip!e of hierarchial organization continul": '0 bc obscrycd al thc kyd 01"

the celL ll1e structural complexity of the cell nccessitalcs some ronn or cnzymc

organization for the efficient functioning or metabolic pathways. Enzyme org.anization

results in the formation of microenvironments. derined by Welch and Marmillol (1'1<) 1)

in the following manner:

" ... 3 subvolume ûf the cellular spacc in which the thennl',iynamiC/kinetic chnracter

of a metabolic })rocess is different l'rom the h~/pothetical situation with the reacting

components homogeneously 'dissolved' in the bulk cellular space"

The following pages provide a review of sorne of tit:;- meclHmisms and consequences 01"

enzyme organization. with emphasis on the formation ,md slructure 01" multil"unclional

enzymes.

/.3./ Mechallisms of ell=yme orgalli=atioll

Within the cell, melabolic pathways are compartmentaliLed into subcellular

organelles. separated by membranes. For example, the enzymes involved in the Krebs

cycle have been localized to the mitochondrial malrix. while Ihe enzymes 01" oxidalive

phosphorylation are fOood in the inner mitochondrial membnme (reviewed in Srerc. 19l15).

Compartmentalization provides several advanlages 10 the celL As Ihe membnme limils the

entry and exit of molecules, specifie chemical environmenls can be mainl"ined wilhin the

compartment. By limiting the diffusion volume available to enzymes and their subslrates

and cofactors, their effective concentrations are increased with fcwcr molcculcs.

Enzymes may localize to specifie areas of the cyloplasm by binding 10 subccllular

structures, such as cytoskeletal elements or membra~es.Glycolytic enzymcs bind 10 b,md

3 proLein of erythrocytes and to F-actin in the 1 band of skeletalmusclc fibres (Friedrich,

1985). Isoprenylated rhodopsin kinase translocates to the plasma membrane, where il

binds to photon-activated transmembrane rhodopsin (Inglese el aL, 1992). Like subcellular

compartmentation, binding to subcellular struclures serves 10 increase the local

concentrations of enzymes and substrates. As weil, it limits diffusion of enzymalic
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components to only one or Iwo dimensions (Srere. 1987). As proteins may revcrsibly bind

to these clements. loealizalion ean provide an effectivc method of ccllular regu!ation.

Multienzyme complexes. also known as metabolons. arc formed by thc

noncova!enl association of distinct cnzymes encodcd on differcnt polypeptide chains

(Wclch & Gacrtner. 1980; Srcre. 1987). Mctabolons have been observed in both anabolic

and catabolic pathways. including DNA and RNA synthesis. protein synthesis and

degradalion. and the metabolism of precursor molecules. Some mult> ~nzyme complexes

are very stable. persisting for the lifetime of the protein components. and may even be

purified intact. 'nle high molecular weight pyruvate dehydrogenase is a stable

multicnzyme complex consisting of multiple copies of at least three different enzymes:

pyruvate dccarboxylase (El), dihydrolipoyl transacetylase (E2). <md lipoamide

dchydrogcnase (E3) (Patel & Roche. 1990; Perham. 1991). Complexes from various

sourccs shows significant differences in both structure and subunit composition. For

cxample. the mammalian ver~ion includcs ;: 1 specific kinase. phospho-E 1 phosphatase

<md protein X as weil as the tluee common components. ln ail cases. the complex is

hi~~hly organized and shows considerable symmetry.

Other complexes display weaker interactions and may be mo~" dynamic. existing

only tnmsiently. They may form only in tlle high protein concentration environment of

the cell. in the presence of a speciflc metabolite, or in response to a particular metabolic

statc. 11le eukaryotic replitase (Reddy & Pardee, 1980) is a dynamic association of several

enzymes illvolved in DNA replication (including the DNA polymerase complex, dCMP

kinase. nllcleoside diphosphokinase, ribonllcleotide redllctase, thymidylate syntllase and

thymidine kinase). tllat preferentially channels dNDP's into DNA synthesis. It has only

been observed dllring tlle S phase of tlle cell cycle (Reddy & Fager, 1993). Enzymes

goveming DNA synthesis in prokaryotes may also form complexes (Flanegan &

Grcenbcrg, 1977; Allen et al.. 1983)

Evidence for tlle association of glycolytic enzymes into a dynamic metabolon

incllldes stlldies ~howi'lg specific interactions between sequenhal pairs of glycolytic

cnzymes and betwecn enzymes and subcellular structures, isotope experiments and

visualization of complexes by e1ectron microscopy (reviewed in Srere, 1987). Investigators
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continuc to dcbatc thc rolc of thls Illcch.mislll III controlllll" thc !lu, of IIltcIlllclhatl's

through gl~·col\'sis. suggcsting IIlstcad that landolll. non-spccli'lc IIltclactlllns m'I\ bc

lIl\'ol\'cd..-\d\'ocatcs of randolll aSSociatIon pOlllt to thc Illlsintcll1fctatlllll of klllCtlC ,iala

to suppon thCII \'icws. (rc\'icwed in Batkc. 1991) On thc othcl hand. SICIC (1 qX7)

suppons thc proposcd assocIations. argulllg that SIIlCC "lycol\'S1s IS Icss prnccsSI\'C than

othcr blosynthctic pathways.•md includes intcnnediatcs that ha\'c multlplc mctaboltc rnks.

a loose association of glycolytic enzymcs may c,ist. 111CSC dynamic complc,cs would bc

difficult to detect and isolate but better suited to the nccds of thc ccII

Multifunctional cnzymes (reviewed by Kirschner .md Bissw,mgcr, 197h) cons!:;l

of a single type of polypeptide chain with multiple catalytic l\mctions. In most cascs. thc

catalytic activities are part of the same metabolic pathway although not ncccssanly

sequential reactions. Multifunctional enzymes are more commonly fOlUld in (hut not

limited to) eukaryotes. A trend towards condensation of lelated aclivitics appcars

widespread throughout evolution. Prevailing theory suggests that most multil\Ulctional

enzymes arose by fusion of the genes encoding pre-existing I\Ulctional domains (Janin &.

Wodak. 1983). Fusion products which provided an advantage to the cell were sclcctcd for

and maintained. ln sorne cases the protein may have undergone sevcrnl gcnc fusion

events, producing a polypeptide with several enzyme activities. covalently linkcd by

connecting regions. The evolutionary history of a multifunetional enzyme Ctm ol'ten h"

surmised by comparing the distribution of its component activities in nature. phylogcnclic

analysis of the amino acid sequences encoding these activities. and analysis of the domain

structure of the enzyme. Examination of the structural org,mization of most

multifunctional enzymes disc10ses a modular arrangement.

1.3.2 The dOlllain s/mc/lIre of 1Il1l1/ijllnc/ional en=ymes

The bifunctional enzyme indole phosphate synthase-phosphoribosyl anthranilatc

isomerase (IGPS:PRAI) catalyzes two reactions in the tryptophan biosynthetic pathway.

Where the activities are covalently linked in E. coli, PRAl exists as a monofunctional

enzyme in yeast. The two domains of lGPS:PRAI were expressed as monofunctional

enzymes, in order ta detelThÎIle if ligation of these two activities provides a selective
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ad\'wllage (Ebcrhard. ct al. 1995) Prcviously. the crystal structure of IGPS PRAl

(WlII11Wlns. et al. 1'l92) had revcalcd elght putative hydrogen bonds and SC\'cral

hydrophoblc contacts bctwccn dOl11al11s. Howcvcr. the isolated domams no longer interact.

mdicatlng that covalent linkage IS cssential for interdomain interaction (Eberhard et al..

1995). 'Ille separatcd domains 'Uld the biflUlctional enzyme share similar catalytlc

efficlcncies As IGPS:PRAI shows no cvidence of substrate channelling. Eberhard et al

havc suggcsted that fusion of the PRAl domain may stabilize the more labile IGPS

acti vity.

'nIe pentafunctional AROM protein catalyzes five sequential reactions in the

conversion of 3-deoxy-D-arabino-heptulosonic acid-7-phosphate to 5-enol pyruvyl

shikimate 3-phosphate in the prechorismate section of the shikimate pathway of fungi and

ycast (reviewed by Hawkins et al.. 1993). Monofunctional prokaryotic versions exist for

each of the activities. Four of the five eukaryotic activities have been expressed

independently, with varying results. Both the N-terminal dehydroquinate (DHQ) synthase

Md the 3-dehydroquinase (fourth domain) can be independently expressed. While the C­

terminal shikimate dehydrogenase domain is refractory to independent e,.,.pression. it can

be coupled to the 3-dehydroquinase to produce a stahle bifunctional enzyme. The 5­

enolpyruvyl3-phosphate (EPSP) synthase (second domain) cannot be separately expressed

as an aclive enzyme but a bifunctional DHQ synthase-EPSP synthase is active. Thus the

AROM protein appears to be divided into two hàlves, one comprising the adjacent DHQ

synthase and EPSP synthase, the second including the shikimate kinase, 3-dehydroquinase,

Md shikimate dehydrogenase (domains three, four and five). Presumably critical domain

interactions occU! within each half of the enzyme.

Several steps in nucleotide metabolism are catalyzed by multifunctional enzymes.

TIle first three sleps in de novo pyrimidine metabolism are catalyzed by a multifunctional

CAD enzyme in mammals (reviewed by Evans et al., 1993). This 243 kDa polypeptide

includes glutamine-dependant carbamyl phosphate synthetase (Ç,PSase), aspartate

transcarbamylase (t!.TCase) and dihydroorotase (DHOase) activities, organized into

separate domains. ln yeast only the CPSase and ATCase activities are covalently linked

while the three activities exist separatelyin prokaryotes. The structural organization of
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thts enzyme has been determined by sequeneing two partial ~DN:\s "llI~h ell~lld~ the'

enl1rè protein and by analysls of the fragm~nts produ~ed b~' hnllted prlll~lll\'SlS The'

CI'Sasè cmd .\TCasé domains sharé a high degréé of homolog~' ,,·lth Ih~tr prokar\'o\l~

~olmterparts. Whereas the CI'Sase is composed of two différenl SUbtlllltS (.1 small~r

glutamll1c amidotr.msferase sublUlit which tr.msfers .m amll10 group to Ih~ a~\l\'~ site' t,f

the larger CI'Sase subwlitl in prokaryotes, the SUblUlItS aré eo\'aléntl~' Imkéd III \'~ast and

mammals 111e dihydroorotase domain is 'luite dissimilar l'rom monofunéllOnal dthydl'll'

crotases, and was postulated to have evolved independently l'rom thé Iinkér séquénees

separating the CI'Sase and ATCase domains. Ali three domains é.m be séparatèl~'

expressed as independent proteins, however Ùle isolated DHOase domain éxhtbtts IOWér

l'm", and higher Km values. suggesting iliat interactions WiÙl other C.\ D aélt vtliéS may

optimize its conformation.

Many multifllilctional enzymes can be dissected, through protéolysts or protélll

engineering. into ùleir component domains. Often the isolated domains I\Ulction 'Imté

similarly to iliose within ilie intact enzyme. suggesting that most multiflUlctional protcins

are arranged as independent modules linked by short connecting regions.

1.3.3 The raie of linker regions in 1II111tifllnctional en=Yllles

Connecting reiltons covalently link ilie domains wiiliin multifwlctional enzyméS.

These regions are often hydrophilic, solvent-exposed sequences which are moré

susceptible to proteolytic cleavage than sequences wiiliin a domain. Linker regions vury

in length l'rom only a few amino acids to more ilian one hllildred residues. Imd muy be

very flexible or rigid. Argos (1990) has reviewed ilie structure of Iinkers l'rom different

proteins (mostly between domains within monofunctional enzymes). and hus concluded

that most linkers are composed of mainly small hydrophilic residues in an extended

conformation. The length of the conneetor sequences ma)' be critical in sorne instances.

ln marnmalian CAO, the DHOase domain is fused to the C-terminal end of CPSase WiÙl

no apparent linker, however a hydrophilic 133 residue linker connects ilie C-terminal end

of the DHOase domain to the ATCase domain (Evans et al., 1993). This linker has a

phosphorylation site which is proposed to play a regulatory role, in switching between an
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opcn and c10scd arrangcmcnt of CAO (Carrey. 199:1). Deletion of this Iinker region (Guy

& Evans. 1994) rcsulted in a f'tmctional CAO which exhibited kinetie parameters similar

to that of the wildtype enzyme. however. the CPSase aetivity became more thermoiabile.

Guy and Evans suggested that removal of the Iinker may produee aiterations in the

juxtaposition of the domains and may prevent interaction between the Al'Case and

C1'Sase domains. Interestingly the overall number of residues separating the CPSase and

ATCase domains is eonserved between yeast (where the activities are part of a

bifunetional enzyme) and mammals (Guy & Evans. 1994).

Crawford et al. (1987) used deletion mutagenesis to study the role of the linker

in yeast tryptophan synthase. Removal of 18 interdomain residues produced an inactive

enzyme. while replacing 14 of the missing residues with nonrelated amino acids restored

purtiul uctivity. suggesting thut length was the important determinant in this Iinker.

Other linker regions rely on composition to define their biophysical properties. 6­

deoxyerythronolide-B synthase 2 and 3 (DEBS2 and DEBS3) are muitifWlctional enzymes

with an intemally duplicated modular structure similar to that of the vertebrate fatty acid

synthases (Bevitt et al.. 1992). Sequence analysis indicates that each hall' of the enzyme

includes a 3-oxoacyl-synthase. acyltransferase. dehydratase (e-terminal hall' of DEBS2

only). enoylreductase. oxoreductase and acyl-carrier protein domains, connected by

potenlially flexible linkers. rich in alanine. proline and charged amino acids (Bevitt et

al.. 1992). 'H-NMR and proteolysis studies of the E. coli pyruvate dehydrogenase E2

linkers (Radford et al.. 1989; Perham & Packman. 1989, Tumer et al.. 1993) suggest that

the Ala/Pro sequences common in the interdomain regions of the E2 component of

muitiflUlctional 2-oxoacid dehydrogenases provide conformational flexibility, facilitating

domain movement and promoting interactions. An incrcase in either alanine or proline

content at the e"l'ense of the other residue decreases flexibility (Turner et al., 1993).

Within linkers in other proteins, the presence of proline-threonine cornbinations

(endoglllcanase A, Shen et al., 1991) or charged residues (ton B, Evans et al., 1986;

Brewer et al., 1990) has been proposed to constrain the conformation of a linker region,

prodllcing a more rigid connector.

While linker regions are critical for the fWlction ofrnany rnultifWlctional proteins,
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th~lr s~qu~nc~s ar~ \~ss cons~rved th,m th~ domams IdllCh thev Cllnnect ThIS ha" bel'n

ShO\lll through comparison of homo\ogolls yeast and hllman D\C\S (Ilum l't al . l ,,~~ l.

tryptophan "ynthas~s l'rom dlff~rent "pecl~s (Crawfllrd. el al. Iq~71. and lat and dllch'n

faltv acid synthas~s (Wltkowski ~t al. 1991).

1.3.-1 The 0/igolllel7c smIC/lire of IIIII//(fllllcriolla/ ell:Yllles

S~veral multil'tmctional enzymes are ohgomerie. Delerminmg the qllaternalv

structure of a multifunctional enzyme may provide furth~r insight mto its fllnctlon and

evolution. CAO ~xists as hexamers and oÙler large oligomers (Coleman et al . 1977. l.ee

et al.. 1985). Stronl1, subunit interactions between the Al'Case domaIns Iikl'1v fllnn a
~ .

trimeric interface in CAD, as observed in the solved structure of the cat.lIytle domams of

the E.co/i Al'Case (Simmer et al.. 1989, Krause et al., 1987). Furthennore. Carrey ( 1993)

has observed that a proteolytic dihydroorotase domain exists as a dimer in solution. and

that larger fragments containing both CPSase and DHOase activities crosslink as dnners.

Therefore. the DHOase domain might provide an additional interface for further

association of two tri mers to a hexamer.

ll1e homodimeric mammalian multifunctional fatty acid synùHlse. eontllins seven

enzyme activities and an acyl carrier domain on a single polypeptide. ll1e Iwo SUbllllltS

are probably arranged in a cyclic head to tail fashion, such that the oxosynthuse lIctivity

of one subunit would act on the fatty acid chain bound to the lIcy\ carrier domuin of the

other subunit (Witkowski, 1991). This arrangement could facilitate transfer of the futty

acid chain between different active sites. Yeast fatty acid synthase has a very diffcrent

structure, a6~" in which the a subunit includes the oxosynthase and acyl carrier protein

domains while the ~ subunit contains the remaining activities (Wakil, 1989). Crosslinking

and cryo-electron microscopy experiments suggest that the a subunits of the ycast enzyme

may also be arranged so that the oxosynthase interacts wiili ilie acyl carrier protein l'rom

an adjacent subunit (Wakil et al., 1983, Stoops et al., 1992)

Boili the bifunctional D\C domain and the trifunctional folate interconversion

enzyme exist as dimers in solution (Hum & Mackenzie, 1991), however the arrangement

of subunits and the location of subunit interfaces is not known in detail. While the

38



•

•

cllkarvotlc IO-form~'IH,PtcGllI" synthetasc domalll may or may not IIlCdlatc a ",blUlIl

IIltcrfacc. 1Il0nofwlCtlonai synthetases arc generally oligomcric A dllnenc monOflUlCtlOnal

svnthclasc has bccn Identlfled 111 spinach (Nour & Rabll1owllz. 1991) and P/iorobaCrel7l/ll1

pl/Osp/iorel/lll (Pawclek & MacKenzie. persona1 communication) and a tetramenc

synthctasc IS f01Uld III Closrridia (revlewed 111 MacKenzie. 1984).

1.3.5 A dvallfages of ell=Y/IIe orgalli=arioll

'nlc association of components into multienzyme complexes and mliitifunctionai

enzymes can result in both catalytic and regulatory advantages. Coggins & Hardie (1986)

have suggested several possible advantages. many of which result l'rom efficient

compartmentalization. lllese include catalytic facilitation. protection of lUlstable

Il1termediates and seqllestering of intermediates which migbt inhibit other reactions. co­

ordinate regulation of enzyme activities. and substrate channelling. Several of these

advantages were also proposed by Ovadi (1991) as benefits of substrate channelling and

will be discussed in this context in section 1.3.6.

One advantage which is independent of channelling is the coordinate regulation

of different enzyme activities by an effector moleeule, as reported for E. coli

aspartokinase l-homoserine dehydrogenase 1. Threonine binding at a single allosteric site

on this enzyme, produces a conforrnational change which affects both activities (Cohen

& Dautry-Varsat, 1980).

Enzyme association may also result in noncatalytic advantages ~~'ch as increased

stability of the complexlenzyme. This may result l'rom stabilizing interactions present in

the close packing of the domains within a multifunctional enzyme or between the different

subunits of a static multienzyme complex (Hardie & Coogins, 1986).

Multifunctional enzymes also have two advantages over multienzyme complexes.

llley do not require a genetic mech;:;:lism for coordinate expression of enzyme activities

,Uld they have no need to evolve interface surfaces for complex formation.

1.3.6 Substrate c/iœmelling ill nlllitien=yme complexes and multifunetional en=ymes

Channelling is defmed as the phenomenon wb~re the product of one reaction is
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tr:msferred to the active site of the ne"t enzvme without firsl equlltbratlllg wlth Ihl' bulk

solvent. ThIs defmltlon of ch:mndltng is ddiberatdy vague. :md IIldudes ml'ehanlSIllS

whlch allow direct transfer of intermediate between active sites as weil :IS more general

methods of metaboltte eompartmentatlon Ovadi ( 1991 ) has provided a re\'lew nI' possIble

e:ltalytlc adv:mtages resultlllg l'rom lIletaboltte ehm1t1elling 'nle pro"lnllty nI' sequentlal

catalytic sites reduces the tnmsit time of intermediates to diffuse between sites. leadllll:

10 a decrease in the tr:msient time required bv the svstem to reach a new stc:ldv staIL'. . .
Steric hindrance or the arrangement of actIve sites may prevent diffUSIon of intcrmedlalcs

out into the bulk medium. producing local pools with higher concentratIons or

intermeruates. As more than 80% of metabolites have only one cellular role (Srcre. 1987).

this would localize the metabolite to the part of the cell where it is required. 'nlis allows

ùle pathway to work efficiently at low cellular concentrations of solutes. mlll conscrvcs

the solvent capacity of the cell (Atkinson. 1969). Channelling also allows for etTiclcnt

removal and cycling of reaction products into the ne"t step of the paùl\vay. prewnting or

reducing the loss of intermediates by diffusion. [n addition. labile intermediates C:Ul bc

protected. The prompt removal of intermediates may prevent the establishment or

unfavourable equilibria. Last but not least. channelling could produce separate pools or

interrnediates for competing reactions.

Sometimes the channelled intermediate is covalently bound to a component of the

complex/protein. This is observed in the 2-oxo acid dehydrogenase complexes, where the

interrnediate is bound to a lipoarnide prosthetic group which, in tum, is covalently linked

to the E2 component of the complex (Reed. 1974). Likewise, in mammalian and yeast

fally acid synthases the growing fally acid chain remains bound to the phosphopantetheine

pro~thetic group of an acyl carrier domain. ln both of these examples. the proposee'

channelling mechanism involves a flexible swinging arm which conveys the intennediate

between different catalytic sites in the enzyme complex. while it remains bound to the

complex/enzyme. ln contrast to such a model, Cohen-Addad et al. (1995) recently

demonstrated that the lipoamide arm bound to the H-protein of the glycine decarboxylase

complex is unable to move freely in aqueous solvent. The crystal structure of the H­

protein reveals that the lipoic acid prosthetic group is attached to a lysine located in the
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loop of a halrpin configuratIon. Upon binding the methylamine intermediate. the cofactor

mteracts with several conserved residues within a c1eft at the surface of the H-protein. 'nle

melhylamlTle intenncdiale is protected l'rom the solvent in a hydrophobic pocket which

may cxplain the reported inereased stability of methylamine when bound to the H-protein

(Ncubcrger et al.. 1991). The authors suggest that the T protein (which eatalyzes thc

subsequent reaction in the complex) and its folate cofactor must bind close to this surface

c1eft to allow for the efficient tnmsfer of the methylamine group l'rom the lipoamide to

the folate (Cohen-Addad et al.. 1995).

Often the ehannelled intermediate is not bOlmd covalently. ll1e ehannelling of the

indole intermediate between the two sequential activities of tryptophan synthase is the

most eompelling example of this type of ehannelling (Hyde et al.. 1988). When the tv,'o

a lmd two 13 subunits of this protein combine to form the a,[3, multienzyme complex. the

individual reaction rates and the affinities of each subunit for substrate are increased by

one to two orders of magnitude. As well. experimental evidenee suggested that the indole

intennediate remains bOlmd to the complex. The three dimensional structure of this

complex revealed that the indole is channelled through a tunnel connecting eaeh pair of

a mld [3 catalytic sites. This tunnel prevents hydrophobic indole l'rom escaping into the

cytoplasm and potentially out of the cell.

The crystal structure of the bifunctional thymidylate synthase-dihydrofolate

reductase l'rom Leishmania ma)ol' has provided a mechanism to explain the observed

channelling of dihydrofolate between active sites in this enzyme (Knighton et al.. 1994).

An elcctrostatic surface stretching between the synthase and reductase active sites :,s

proposed to promote surface diffusion of the interrnediate.

The mammalian sulphate activation pathway inc1udes a bifunctional enzyme with

sequential ATP sulfurylase and adenosine 5' pho~phosulphate kinase activities (Lyle et al.,

1994a). The ability of this enzyme to channel the adenosine monophosphate sulphate

(APS) intermediate l'rom the sulfurylase to the kinase active site was shown by evaluating

the !ime course of appearance of intermediate and product, and by isotopic enrichment

or dilution studies (Lyle et al.. 1994b). The bifwlctional enzyme exhibits a channelling

efficiency (rate of initial appearance of l'mal product/rate of initial appearance of
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Il1termediate) of 96°0. \\'hile a mIxture of the monot\UI~tll1Ilal sulfurvlas~ and kll1as~ frolll

Pel/mell/I/IIII c/llysogell/llll sho\\'~d no ablltty to ~h'Ulnellllt~rm~dlat~.:\s th~ ~qulltbnum

const,mt for the sulfurylase actlvity strongly favours th~ r~\'~rs~ r~a~tion. r~mo\'al of ..\ l'S

by ch,mnelling it to the kinase actl\,e slt~ lIlay help dri\'~ th~ path\\'a\' 111 th~ for\\'ar.l

direction. '·vloreo\'er. the APS intermediat~ IS labile IUlder phY'slologl~al ~ondltllllls \\'1"It,

the product of the kinase is more stable.

Most of the preceding examples result in perfect ~hannelltng. \\'here almosl ail of

the product of the first reaction is channelled to the subsequent acli\'e site. l'lo\\'~\'~r

channelling is often less efficient. The bifunctional dehydrogenase/cyclohydrolase do III a111

of human D\C\S is able to channel only 45% of the 5.1 O-methenyIH.• PteGlu" produ~ed by

the dehydrogenase activity (Hum & MacKenzie. 1991). l1lis is surprising because th~ IwO

activities share a common folate binding site (Pelletier & MacKenzie. 1995). 111~

cyclohydrolase reaction a1so occurs nonenzymatically under physiological conditions.

which may have precluded the need to develop a more channelling efficient mechmlism.

Nada et al. (1995) recently described a study of channelling in mitochondrial fatty

acid ~-oxidation. They developed a tandem mass spectroscopy method to analyzc the

metabolism of isotopically labelled fally acid chaillS in normal and ~-oxidation cnzymc­

deficient human fibroblasts. They observed two distinct types of intermediate transfcr

complete channelling by the long-chain specifie enzymes bound to the inner mitochondrial

membrane and pl!rtial channelling by the soluble matrix enzymes responsible ror

metabolizing short and medium chain fally acyl-coA thioe~ters. Incomplete channelling

between the 3-ketoacyl-CoA thiolase and subsequent acyl-CoA dehydrogenases may result

l'rom the inability to form a complex between the single thiolase and mulltple

dehydrogenases (Nada et al., 1995). While the arrangement of the matrix enzymes is

unknown, it !las been proposed that they are organized in a nonrandom fashion which

a1lows for the appropriate dynamic interactions between sequential activities.

The most convincing examples of intermediate channelling are observed in static

multienzyme complexes or multifunctional enzymes. They provide a solid example ofhow

enzyme organization can regulate cellular metabolism.

42



•

•

1 4 FOLi\TE METi\BOLlSM

Tetrahydrofolate (H.,PteGlu) flUlctions as a carrier of one-carbon (C 1) units in both

prokaryotes and eukaryotes (Figure 1.4.1). This cofactor is involved in a variety of

cellular reactions. not ail of which arc conserved between species. ll1C following review

of folate lIletabolism is Iilllited to one-carbon lIletabolislll in lIlallllllalian liver only (the

major pathways are outlined in Figure 1.4.2.). Later in this section the emphasis will tum

to the role of 1-I.,PteGlu, in the metabolism of histidine. as mediated by the bifwlctional

enryme formiminotnUlsferase-cyclodeaminase.

1.4.1 Il Il ove/'view offo/ate metabo/ism ill mmllmaliall live/'

One-carbon groups at various oxidation states. can be carried at N-5 of

tetrahydrofolate to give 5-formyl, 5-formimino or 5-methyl derivatives, at N-I 0 to produee

10-formyl derivatives. or bridged between N-5 and N-\ 0 to form 5,10- methylene or

methenyl derivatives. Within cells. folates are poiyglutamylated, containing between 5 and

9 glutanUlles in gamma linkage. Absorption of dietary folates and hydrolysis of the

polyglutamate tail occurs in the smail intestine (Halsted, 1989). 111e most common

circulating form of this cofactor is monoglutamylated 5-methyIH,PteGlu (Ratanasthien et

al.. 1974). Animal studies indicate that the liver is the primary site of reduction and

methy lation of circulating folate (Kiil et al.. 1979) and also serves as the major storage

site of dietary folates (reviewed by Cossins. 1984). with the glu, and glu" derivatives

predominant. Within liver, folates are highly compartmentalized, existing in both the

cytosol and the mitochondria, and are generally protein bound (Schirch & Strong, 1989).

Both the cytosol and the mitochondrial matrix contain serine hydroxymethyltransferases,

rolylpolyg\utamate synthetases and folate interconversion enzymes.

Folates enter the cell through one of two distinct transport systems (reviewed by

Antony. 1992. Home. 1993). The reduced folate carrier is a high affinityllow capacity

transporter. This carrier is saturable and actively transports reduced folates ar.d

methotrexate preferentially across the membrane. cDNA's encoding the reduced folate

carrier, or a component of this carrier, have recently been isolated l'rom mouse (Dixon,
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FIGURE 1.4.1. The structure of tetrahydropteroylpolyglutamlUe. One-carbon substitutIOns

occur at N-S and/or N-l O. The glutamates in the polyglutamate tail are in gamma linkage.

(modified from Cossins. 1984).
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FIGURE 1..1.2. An oven'iew of cellularfolate metabolism in mllmm,t1i'Ulliver. This flgur~

provides an overview of the common cellular sources of on~-carbon lulilS. lhe œllular

uses of these one-carbon units. and the pathways for the interconversion of ùiffcrcnt pools

of one-carbon units. (modified from scheme Il. which was prepared by G. Trcmblay and

published in Yang & MacKenzie. 1993)
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et al.. 199-1). hamster (Wilhams et al.. l'N-1) anL! hun,,", (Wong. 1<)<)5). anL! seque'nce'

analvsis mdleates that thls camer IS part of" superfamilv of transmcmbrane' transporte'ls

ln contrasl. the folate receplor remams bounLi 10 lhe membrane' b\ a

glycosylphosphatidylinosllol tail mul l'ches on endocytoSls to tr,m,;port folates mto the cdl

'nlis rcceptor preferentially binds folic acid. 5-formyl ,mL! 5-mcthylll,PteGlu :\ reL!uceL!

folate transporter also promotes tnmsport of fobtes across the mltochonL!nal membrane'

(Horne et al.. 1992). 111ere is no eVldence for tnmsfer of 5.10-methylene" \li' Ill­

formylH,PteGlu across the mitochondrial membrane (Horne. 1989) ,md one carbon lllHts

are probably metabolized to serine or formate prior to tnmsport out of the nHloehonLina

Once inside me cell. poly-y-glutamate tails must be added to the coenzyme so that

it can be retaineL! and used efficiently within the cell (reviewed in Slume. 1989)

Folylpolyglutamate synthase (FPGS) catalyzes the stepwise additIon of glut:u:lale5 to the

terminal glutamate moiety of folate. In mammalian tissues, poly-y-glutmnalc tails are

typically between l'ive and nine residues in lengm. Both cytopl:15mic :md mitochondnal

versions of FPGS exist. TIle folates mat first enter the l1litochondria are

monoglutamylated. however polyglutamylation is obligalory for their conservation wllhin

mis organelle. Recently Shane's group have shown mal mitochondrial FPGS aClivity 15

essential for Cl metabolism wimin th mitochondria and for normal one carbon flux 10

me cytosol (Garrow et al., 1992; Lin et al.. 1993; Lin & Shane, 1(94).

Most of me tetrahydrofolates entering the cell are in tlle 5-melhyl form.

Memionine synmase l'l'ovides me sole means of metabolizing 5-memylH.1PteGlu. This

cobalamin-dependent enzyme catalyzes me transfer of me memyl group 10 homocysleinc,

producing methionine and H,PteGlu" which can re-enter me CI pool. 5-memyIH,PtcGlu"

is a poorer substrate for FPGS man H,PteGlu", 5,IO-memyleneH,PteGlu" or 10­

formylH,PteGlu". suggesting mat the cofactor must be dememylaled priar 10

polyglutamylntion (Cichowicz & Shane. 1987).

1.4.2 SOllrces of cel/Illar one-carboll l//litS

Carbon-3 of serine is the major source of one-carbon units for cellular metabolism

(reviewed in MacKenzie. 1984). Serine hydroxymethyltransferase (SHMT) !ransfers me
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('-lof senfle 10 Il ,PtcGlun• itr~duclllg glyclli~ .md 5.1 U-l11~~!~ylenei-llPteGlun Formate ~U1d

llislldlllc sene 'iS IIllllor sources of e\'1050iJe CI unlls 1O-formyIH)'teGlu, synlhetase. the

111lld "ell\'ll' of the e\'lOsoiJe f'llate IIltercon\,crSlon cnr:me D'orS. CCUl couple formate

10 lhe :\-1 () IH)Slllon of tetrahydrofolate III an ATP dependen reacllon, BifLUlclional

formlmlnotransfcrasc-cyclodeaminase catalyzes the tnUlsfer of the fon11lmino group l'rom

lhc hlstldllle catabolite forl1lilllll1oglutamate to H)'teGlu" and the subsequent Jeal1lll1atlon

of thlS lI1termediate (,' escnbed in more detail III sectIon 1.-1. 7 ),

Withll1 mltochondria. the glycine cleavage system and catabolism of the N­

mcthylated compOlUlds dimethylglycine ,md sarcosine by their corresponding

dehydrogenases also provide 5.1 O-l11ethyleneH,PteGI u,' The l11itochondnal isoforl11 of

SHMT C(Ul use 5.1 O-methyleneH,PteGlu, and glycine to synthesize serine for transport of

CI LUllts out of the mitochondria,

Barlowe & Appling (1988) have proposed that a l11itochondrial poul of CI units.

generated l'rom the SHMT-catalyzed breakdown of serine. is oxidized to formate by a

Iiver mitochondrial OIC\S which is anaiogous to the yeast mitochondrial DlC\S (reviewed

1I1 Appling. 1991), nIe formate could then be transported out of the mitochondria (Uld

II1cOlvorated into IO-formyIH,PteGlu, by the cytosolic IO-formyIH,PteGlu, synthetase,

Appling (Uld colleagues have demonstrated that carbon 3 of serine or the N-methyl carbon

of sarcosine can be oxidized to formate in rat liver mitochondria (Barlowe & Appling,

1C)88~ Gmcia-Martinez & Appling, 1993), This hypothesis provides an explanation for ùle

impofl(mce of mitochondrial SHMT and FPGS in cytoplasmic folate metabolism,

I-Iowever, deletion of the yeast mitochondrial OIC\S has no phenotype (Shannon &

Rabinowitz, 1988). Moreover, whiIe a mammalian, NAOP-dependent. mitochondrial

D\C\S has yet to be isolated. an NAO-dependent. mitochondrial OIC has been purified

(Mejia et aL, 1986) and c10ned (Bélanger & MacKenzie. 1989)_ Yang & MacKenzie

( 1993) have suggested that this bifunctional enzyme is the homolog of the yeast

mitochondrial O\C\S. Certainly mitochondrial folate metabolism has a major, althougb

presently LUlclear. impact on cytosolic folate metabolism.
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1.4.3 IlIIerCOIll'ers;o/l of olle-carbo/l IIl1ifs

111e NADP-dependent trit\mctional OIns balances the cytosohc pools of 5.\0­

methylene and \O-formyl derivatives. 'nlC NADp dcpendcnt dchydmgenase and

eyclohydrolase activities reversibly interconvcrt 5.10-methylcne. 5.1 O-methcnyl and 10­

formylH,PteGlu". such that CI tulits are availablc for synthesis of purines. thymidylate

and methionine as required by the cciI. Pelletier and MacKenzie (1 'l'(5) have argucd that

the cytosolic pools of 5.I0-methy\cne <md 10-formyIH)>tcGIII" arc kcpt at <li' ncal"

equilibrium. providing sufficient concentrations of either spœies as rcquircd for

biosymhetie purposes. and allowing both serine ,md formate to etTieiently serve as donors

to the active CI pool. 11lis enzyme is expressed in ail tissues (Thigpen ct al.. 1l)90~ Peri

& MacKenzie. 1991) and regulated as a house-keeping enzyme (peri &. MacKenzie.

1991). As mentioned earlier. mammali<m mitochondria contain an NAD-dependent DIe.

Cellular e),:pression of the mitoehondrial DIC :, highly reguluted. While it is present at

very low levels in normal cells and tissues. it is overexpressed in l'cIal tissues mHI

immortalized cell lines. and upregulated in response to mitogens (Peri mHI MacKenzie.

1993). This enzyme was thought to be involved in supplying formyl groups for initiation

of mitoehundrial protein synthesis. However. protein synthesis is still observed in an

embryonie stem eell line whieh no longer expresses the D\C protein (Tremblay. 1(95).

Nevertheless. loss of this DlC does impair eell growth at low eoneentrulions of fol ale.

Both SHMT (Stover & Sehireh. 1990) and the eydohydrolase aetivity of D\CIS

(Pelletier. 1995) catalyze the hydrolysis of 5.1 O-methenyIH,PteGlu" to 5-formyIH.,PteGlu".

with low specifie aclivity. The 5-formyl derivative is a possible storage form of folate

within the cell (Kruschwitz et al.. 1994). and functions as an inhibitor of severul folate­

dependent enzymes (reviewed in Stover et al.. 1993). perhaps playing a regulatory role

in Cl metabolism. 5.10-MethenyIH,PteGlu" synthetase converts 5-formyIH.,PteGlu" baek

to 5.10-methenyIH,PteGiun through an ATP-dependent reaction.

10-fonnylH,PteGiun dehydrogenase-hydrolase (1 O-FTHFDH) ean regcnerute

tetrahydrofolate from 10-formytH,PteGiun through either of two separate activities: the

NADP dependent dehydrogenase whieh releases the CI unit as CO,. and the hydrolase

which produces H,PteGlun and formate. 10-FTHFDH tightly binds pentaglutamylated
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tetrahvdro!'olale. WhlCh remams assoclUted with the protem throughout purificatlon nlere

has been some tlebate regarding the subcellular distributlon o!' these aelivites 'Uld whether

thev eXlst on separate polypeptldes (Case ct al.. 1988) Howe"er Cook and colleagues

1l 'il) 1) have doned a cytosohc 1O-FTHFDH l'rom rat hver. whieh displays both ae!l\·Htes.

Sequence 'Ulalysls (Cook et al.. 1991 l. mutational analysis (Krupenko ct al.. 1995). and

proleolyslS (Schirch et al.. 1994) indicate that this protein contains an N-termmal

hydrolase 'Uld aC-terminai dehydrogenase domain.

/../../ Uses of o/le-carbo/l U/lits

One carbon units are required for the de /IOvO synthesis of purines. thymidylate synthesis

'Uld regeneration of methionine. IO-fonnyIH,PteGlu" donates two CI lmits to de /IOVO

purine synthesis, whieh are ineorporated as C-2 and C-8 of the purine ring. The first

folate-dependent transfer reaetion is eatalyzed by GAR (glyeinamide ribonucleotide)

tnUlsformylase. In Iiver. this transformylase is part of a multifunctional enzyme which also

mcludes the purine synthetie aetivities CAR synthase and aminoimidizole ribonucleotide

synthetase (Daubner et al.. 1985; Aimi et al., 1990). Recently a second baeterial GAR

transformylase (puI'Tl was identified which uses formate instead of 10-formylH,PteGlu"

as the CI donor (Nygard & Smith. 1993; Marolewski et al., 1994). However. the formate

is thought to be provided by a formylH,PteGlu" hydrolase eneoded by pl/rU (Nagi et al.,

1993; 1995). Incorporation of the second CI unit is catalyzed by AICAR (5-amino-4­

imidazole-carboxamide ribonucleotide) transformylase. This activity is part of a

bifunctional enzyme which also catalyzes the closure of the purine ring (MueUer &

Benkovie, i981).

Al'ter observin~: that these two folate-dependant transformylases co-purified l'rom

chieken liver with D\C\S and SHMT, Caperelli et al. (1980) proposed that these proteins

may also associate to form a multi-enzyme complex in vivo, which could channel Cl

lmits donated by serine directly i1lto de novo purine synthesis.

5.1 O-methyleneH,PteGlu" provides methyl groups for the synthesis ofthymidylate.

Thymidy late synthase transfers a one carbon unit l'rom 5,1 O-methyleneH,PteGiu. to dUMP

to produce thymidylate. During this transfer the pteridine ring becomes oxidized forming
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dihydrofolate Dihydrofolate reductasé rétums dihydrofobté to thé fullv réduc,'d Slat,·

5.IO-meth~·leneH"PteGlu, also serves as a CI donor for methlOnllle svnth,'s" Th,'

tlavoprotein 5.IO-methyleneH"PteGlu" reduetase (i\ITFR) éatalyzés thé reduétl<ln nI' II1Is

fobte cofactor to 5-methyIH,PteGlu" 'nùs irre\'erslble reaction IS the cummlltéd Slql III

methionine synthesis. Vitamlll B" methionine synthase catalyzes thé tnmsrcr uf the m"lh~'1

group l'rom 5-methyltetrahydrofolate 10 homocysteine producing telrah~'dl'llrulate and

meùùonine. 111e methionine cycle is highly regulated. ,md only lo\\' ,nnulmts nI' Ih,'s,'

enzyme activities are observed in \'1\'0, Meùl;,Otùne is a weak mhlbllor of lIlethlOl\lIlé

synthase. and when modified to form S-adenosylmeùùanine (SAM), funéllons as an

allosteric inhibitor of MTFf, (Kutzbach & Slokstad. 1971: Jenks & Matthews. 1<JS7) 11\

fact physiological levels of SAM keep ùle cellular level of MTFR actlvlly Véry lo\\'

When methionine synthase is inactivated and cellular SAM levels drop. MTFR IS I\U

longer inhibited. Polyglutamylated cellular folates become trapped as 5-melhyll-I.J'teGlu"

(the methyl trap hypothesis. reviewed in Matthews. 1984: Shane & Stokstad. 19H5 l. ,md

monoglutamylated 5-methylH,PteGlul entering the cell c,mnot be erriclently

polyglutamylated. This diminishes the level of active folates within the tissue. impatnng

all aspects of CI metabolism.

1.4.5 The l'Ole of polygi/ltalllylation in one-carbon lIletabolislII

The role of polyglutamylation of folates in regulating one-carbon m~tabolisl11 has

received considerable attention (reviewed in Schirch & Strong. 1989; SIHUle. 1989;

Krumdiek et al_. 1991). As previously mentioned. folates must be polyglutamylated for

retention within the cell or the mitoehondria. Many fotate-dependent enzymes show

increased affmity for folate substrates or enzyme inhibitors with a particular polyglutamate

tait length. Polyglutamylation has also been implicated in the channelling of l'olate

intermediates between active sites in multifunctional enzymes.

Several folate-oependent en7.Ymes display preferential binding ofpolyglutamylated

substrates or inhibitors. 1'0 iIlustrate this phenomenon, porcine liver methyleneH,PteGlu,

reductase shows increased specificity with increasing chain length for both the H,PteGlu"

inhibitor and 5,1 O-methyleneH.PteGlu" substrate (Matthews & Baugh, 1980), and achieves
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I1laXlIllUI1l alTll111v wllh a hexaglulamate lad DeCre'lSll1g the fol'lIe ;"'", ,'alues results 111

IIH:reased catalvllc etT,clenc,', as measured by """" X". and bnngs the bll1dmg affll1111eS

of the folate subslrate mto tbe r;mge of cellular folate concentratIons

The presence of a polyglutamate tad l1lay also result in '1 change m the kmellc

Illedlalllsm :VITFR chmlges l'rom an apparent pmg pong mechanism to a sequential

mech;mlsm wllh polyglutamylated substrates (i'vIatthews &. Baugh, 1980), Likewlse the

order of additIon of substrates c1Hmges for thymidylate synthase when mono- or

pcnlaglutamylated denvatl ves are supplied as substrate (Lu et al.. 1984), ln some

mst;mccs the presence of a polyglutamylated folate inhibitor or substrate may enhance the

bmding of a nonfolatc substrate (Matthews, 1984: Findlay et al.. 1989),

Baggotl &. Krumdiek (1979) proposed that the relative distribution of folate

';ocnzymes with different polyglutal11ate taillengths may play a role in controlling the nu,

of CI tmits down different metabolic pathways. A study of the four cytosolic enzymes

which use 5.1 O-l11ethyleneH,PteGlu, as a cofactor suggest that different cellular

concentrations of 5.10-methyleneH,PteGlu, may regulate the flux of Cl tmits into

nucleotide biosynthesis or methionine regeneration pathways (Matthews et al.. 1985:

Green et al.. 1988).

Polyglutal11ylation has been implicated in the channelling of a formiminoH,PteGlu,

intermcdiate between the sequential transferase and cyclodeaminase activites of FTCD

(MacKenzie &. Baugh, 1980: Paquin et al.. 1985), as discussed in section 1.4,8.

\ntermediate channelling has also been observed between the dehydrogenase and

cyclohydrolase activites in the mc domain of cytosolic mC\S and mitochondrial me.

Pelletier &. MacKenzie (1995) have recently shown that the cytoplasmic dehydrogenase

;md cyclohydrolase activites share a folate bincting site. and the mechanism of channelling

in this enzyme is likely independent of the polyglutamylation status of the intermediate.

Bifunctional thymidylate synthase-dihydrofolate reductase will channel both mono and

polyglutamylated derivatives between the two types of active sites, A possible mechanism

for channelling of the dihydrofolate intermediate has been discussed previously (section

13.6).
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1.4.6 The H,PteG//I" billdillg sife

While the amino acid sequences are clVailable for severcli 1l.,l'teCilu" bmdin!,\

proteins. sequence ,malysis has not provided a !,\cneral cousensus sequence 1'01' folate

binding sites. Cook et al.. (1991) hov:;,ver. have identified a putative IO-formylll)'teGlu"

binding sequene(:. Xr~(X),p(X),.,G. whieh has been observed in several dilTercnt 10­

fonnylH,PteGlu" binding enzymes. While the crystal structures of several folaIL~depL'\llent

enzymes have now been determined. there is very little evidence of a common folale­

binding fold (reviewed in Chen et al.. 1992). Researchers hav'; bccn more suecessful ,lt

identifying possible polyglutamate binding sites. Not suprisingly. scverul studics indieule

that basic amino aeids are involved in the binding of polyglutmnylutcd substratcs 10

folate-dependent enzymes (Kamb et al.. 1992; Usha el al.. 1992; Mar'ls et al.. 1994; Finer­

Moore et al., 1994). These sites will be discussed in more detail in Chapler 5.

1.4.7 Histidille catabolism ill mammals

Folates are involved in both the synthesis and the catabolism of histidine (reviewed

by Shane & Stokstad, 1984). ln mammals, folate-dependent histidine degradalion salvages

one of the Cl Wlits used in histidine biosynthesis. 11le preferred roule of histidine

breakdown in mammals is initiated by histidine-ammonia Iyase (known as histidase).

which produces urocanate and free ammonia l'rom histidine. Urocan'Isc catalyzcs the

hydration and rearrangement of urocanate, to fOfln the Wlstable produet imidazolone

propionate. This metabolite is then hydrolysed to produce fonniminoglutmnate (FIGLU).

These three reaetions are common to eukaryotic and prokaryotic histidine degradation

pathways.

The folate-dependent degradation of FIGLU was elucidated in the 1950's by Tabor,

Rabinowitz and Wyngarden (1956; 1959). ln mammals. FIGLU is the substrate for

bifWlctional fonniminotransferase-cyclodeaminase (l'l'CD). The formiminotnmsferase

activity catalyzes the transfer of the formimino group l'rom FIGLU to the N5 position of

H,PteGlu", while the cyclodeaminase catalyzes the deamination of 5-formiminoH,PteGlu.,

fonning 5,10-methenylH,PteGlu. and releasing ammonia (outlined in Figure 1.4.3).

Fonniminotransferase-cyclodeaminase serves as a gateway for the entry of one carbon
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FIGURE 1.4.3. BifunctionliI formiminotransferase-cyciodeliminllSe clitalyzes IWo

sequentilll rellctions in the histidine degrndlllÏon plithway. (taken from Findlay. 1988)
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Wlits l'rom hlstldme degradation into the folate pathway.

RegulatIon of this pathway is inflllenced by a myriad of cffcctors (rcviewcd by

Sehepartz. l 'J73: Levy. 1989). Hepatic histidase and lIrocan:1;e Icvcls arc slIbjcct to

several cnvironmental conditions incillding di ct. growth conditions and discasc states.

Many of the reglilatory factors arc typically gilleoncogenic while others arc Icss obviolls.

I-listidasc appears to bc dcvclopmentally regulatcd. first appcaring al very low levels in

rai Itver short!y after birth. This Icvcl is augmcnted during pllberty. howcver the incrcase

is grcater in the fcmalc animal such that histidase levels are doubled. Less is known about

the rcgulation of thc third und fourth enzymes in this pathway. Il has been reported that

l'l'CD enzyme activity is dowmegulated in rat hepatocarcinomas (Jackson & Niethammer.

1979). Likc histidase ~Uld urocanase. rat hepmic transferase activity may be induced by

glucagon ~Uld deereased by insulin. Stifel et al. (1974) suggestcd that the tran,:erase may

also bc stimulatcd by epinephrine and intravenous cAMP through post translational

modification. Dcvelopmentally. the transferase levels are low in newbom rats and mice

mul increase rapidly during the first three weeks of life. plateauing at week l'ive

(Rabinowitz & Tabor. 1958). Our lab has observed that full-grown sows are the best

sourcc of porcine liver FTCD (MacKenzie. persona! commwlication) suggesting that

estragcn may bc a regulator of this enzyme as has been observed \Vith histidase.

Histidine catabolism is clearly affected by the level of available folate, and vitami:1

B". Folate deficiency results in inactivation of urocanase and FTCD. with increased

cxcretion of urocm13te and FIGLU in the urine. Vitamin B" deficiency also results in

increased cxcretion of FlGLU. TIle excretion of this metabolite is used c1inically to

diagnosc folate deficiency and to differentiate between folate and vitamin B" deficiencies

(CluUlarin. 1969). Addition of methionine will decrease FIGLU excretion if Vitamin B"

deficiency is the cause. as outlined in the methyl trap hypothcsis (Shane and Stokstad,

1984).

111e FTCD activities are primarily fOWld in the liver, but 10wer levels have also

been identified in kidney and jejlUlum in some mammalian species (Tabor & Wyngarden,

1959; McLain et al., 1975). Formiminotransferase activity has not been detected in

insects, bacteria and yeast, however both activities have been identified in filaria (Jaffe
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et al. 1980) ,md ,m a"lem homolog has been obsen'ed III dlleken (HennIg. l'L'lsnll .•1

COmmtll1lcattoll. tilts th~SIS. Chaptèf 5) :\ Clo.\'lndlo/ ..:y..:lodèamllli.lSè 1$ l't.:'spnnslhiL' I\H

the deammallon of forml1ninotetrah\'drofolate produced by catabohsm of l'unnes

(Rabmowltz 8: Pricer. 1956a.bl 'n1is acti\'lt\' IS assoclated wlth a 5.10-methen\'IH,l'te(ilu

cydohydrolase (Uyeda 8: Rabinowitz. 1<J6 7) Also. ,m open readmg frame l'mm the

.\Ierhallobacre/lIll1I exrorqllells shows ammo aCld sequcnce homology to the deamlll"sL'

domain of FTCO (this thesis. Chapter 5)

1.4.8 Porcille liver FOI1/1 illI illorm/l~remse-C."clodeallIi/lme

Tabor and Wyngarden (1959) first showed t\wt the tnmsferasl) ,md deamn""c

activities co-purified l'rom hog liver acetone powder. Ultracentrifugation of thl) punfied

enzyme gave a single peak indicating that the activlties were associated. Each acll\'lty'

could be inactiv.lted separately. The transfemse activity was preferentially destroyed by

treatment with NH,OH at pH 10.5. while the deaminase activity was lost aftl)r proteo1ysis

with chymotrypsin. Thus. FTCO appeared to be either a multienzyme compll)x or "

multiflll1ctional enzyme.

Orury et al. (1975) developed a protocol to isolate the enzyme directly l'rom ptg

liver. The purified enzyme had a monomer size of approxirnately 62 kOa estimated l'rom

SDS PAGE. and a native molecular weight of 540 kOa as determined by equilibrium

sedimentation. This suggested that FTCD was an oligomer of between 7 and 9 subunits.

Isoelectric focusing and cyanogen bromide deavage studies confirmed that the subunits

wereidentica! and that FTCO was a multifunctional protein (Beaudet & MacKenzie.

1976). Electron microscopy with rotational reinforcement ofnegatively stained molecules

of FTCD indicated that the enzyme is octameric and arranged such that the eight subunils

form a planar ring. Cross-linking with dithiobis(succinidyl propionate) verified that native

FTCO is an octamer (MacKenzie et al., 1980)

Severa! lines of evidence indicated that the transferase and deaminase activities

could flll1ction independently. suggesting that they were located at separate sites on the

polypeptide. Treatment with dithionitrobenzene preferentia!ly inactivated the deaminase

while the transferase activity was susceptible to inactivation with diethylpyrocarbonate
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1Drurv & \1 a~Kcnzlc. 1977) As weil. a 39 kOa tnmsferase-actlve rragment \Vas released

lIpon prolcol\'"s or FTCO with chymotrypsm 111 the presence of rolt~ aCld 1\IacKenzle

cl al . l 'IXI) 1

Beaudet ,md \lacKenzle ( 1975) proposed that the fonmm1l10transferase employs

a rapld eqlllltbnum random kinetlc mech,mism. lllis impltes that the folate .md FIGLl'

substrales bmd to dlstlllet parts of the tnmsrerase acti\'e site ,md that enher c,m bllld flrs!.

KlIlellc mwlyses indicmed thm both the transferase and the deaminase acti\'ities display

higher cmalytic effieiencies when polyglutamylated substrates are used (MacKenzie 8:

Baugh. 1980; Paquin et al.. 1985). The transferase-active proteolytic fragment. however.

does not retain speeificity for folylpolyglutamates. 1l1e presence of a polyglutamate tai!

also decreases the K .. value fur formiminoglutamate approximately ten-fold. bringing it

c10ser to the physiological range (Findlay et al.. 1989)

FTCO channels pentaglutamylated fonninoH,PteGLt, between the tr~Jlsferase ,md

deaminase active sites with 100% efficiency. and other polyglutamates (Wtth 4. 6 or 7

glutamates) to a lesser extent (MacKenzie & Baugh, 1980). Channelling is indicated by

an increase in the rate of production of 5.10-methenyIH,PteGlu, (the product of the

deaminase reaction). such that the formimino intermediate no longer accumulates in the

medium. MacKenzie and Baugh, (1980) used chemical modification to produce

monoflUlctional transferase or deaminase. As a mixture of the modified monoflUlctional

lransferase and deaminase does not channel the formimino intermediate, substrate

channelling appears to only occur between sites wlthin the same octamer. MacKenzie and

Baugh (1980) proposed that the polyglutamate tail might flUlction as an anchor. fastening

the intermediate to the octamer while the pteroyl moiety swings between active sites.

Paquin et al. (1985), used bindi•.g and kinetic studies to further analyze the

mechanism of channelling. 1bese studies showed that while FTCD binds hexaglutamates

with the greatest affinity and displays simil<:" catalytic efficiencies when H,PteGlu, (n =

4, 5, 6 or 7) are used as substrate, complete channelling only occurs with the

pcntaglutamylated substrate. Thus the channelling mechanism can distinguish between

different polyglutamate chain lengths, and the pentaglutam.·te tail may be preferred for

steric reasons. The distance between the a-carboxyl of the forrth glutamate (the first
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glutammé to bé nghtlv bOlmd to FTCD) and thé :-<-:i posulon on thé plén,lmé nng, ,\;"

éstllllatéd ID bé 20-2:i" ..\ m kngth '11l1s éould pm\'ldé thé Plé!'(lvl mllletv \\uh a rang,- ,,l'

.J0-50",'\ \\llIk thé polyglutamaté lad rémams attaéhed to the enz\'me Whde thls ,hSI'lIlé'­

IS greater thml the diameler oï thé su["mit as éstlmméd l'rom déétnm mler'lSÙllw, th,'

rdmi\'e posillons of both types of actl\'é S!léS wlthin thé dimcr must bé détérmmed bd'"r,­

one can resol\'e whéther this modd l'l'ovides a fe'lsibk éxplanallon of éhanndlmg 111 thls

system,

Eqvilibrium binding studies (Paquin et al., 1985) indicale that eaéh FTCD oétamér

contains four high affinity polyglutamate binding sites, Using éombinations or mono .\1111

pentaglutamylated H,PteGlu, 'Uld formimino H)>teGlu". Paqum el al. ( IlJ8:i) démonstratéd

that FTCD will only use exogenous formimino H,PteGlu" when oné of tllé subslralés t;_

monog\utamylated, This suggests that one polyglutamate binding site éxists pér pair or

transferase/deaminase active sites,

Crosslinking of FTCD with the short bifunctional reagent difluol'Odinitrobénzéné

yielded predominantly even-numbered species, indicating that two typéS or SUblUtit

interactions are present within the octamer (MacKenzie et al.. 1980), As weil. thé

transferase-active pl'Oteolytic fragment exists as a dimer. '111is implied that thé FTCD

octamer was in fact a ring-shaped tetramer of dimers,

What would be the smallest ftmctional unit in such an arnUlgemcnl, able 10

catalyze both activities as weil as channel intermediate between active sites') FlI1dlay and

Mackenzie (1987) performed a series of denaturation and renaturation studies to mlswer

this question. Urea induced-dissociation of FTCD was analyzed by monitoring catalylic

activity. intrinsic tryptophan fluorescence and subunit association under inereasing

concentrations of denaturant. ln potassium phosphate buffer. FTCD sequentially

dissociated, proceeding l'rom octamer to dimers to monomers. Between 2 and 3 M urea

octameric FTCD underwent its first dissociation to dimers, accompanied by a

simultaneous loss of both catalytic activities and a large decrease in the fluorescence

intensity, The second transition. occurring between 3 and 4 M urea. and representcd by

a redshift in the wavelength of maximum fluorescence emission. was interpretcd as a

confonnational change in the dimer. Above 4 M urea. the dimers dissociatcd to
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lllonolllers Two d.fferent types of monofW1ellonal dlmers e,m be .solated by \'arYlllg

expenmental conditIons. At 3 M luea 111 potassium phosphate buffer containmg l'Dite aeld.

l'TCD lorm5 deammase-aetlve dlmers Transferase-active dimers are produced upon

Incubation of l'l'CD 111 tnethanolamll1e hydrochlonde buffer eootaining l "'1 urea. 'nlese

dllner5 remain stable at 3 M urea when glutamate is present. Proteolysis of t'te transferase

'Uld deammase-actlve dimers produced different fragmentation patterns. indlcating that

they are structurally distmct. lllis suggested that they might isolate different sbowlit

Interfaces.

Renaturation of FTeO l'rom 6 M GdnHCI indicates that the enzyme recovers the

natIve quaternary structure. over 90% of both catalytic activi:ies. and ùle ability to

ch,mne! intermediate within 48 hours following dilution (Findlay & MacKenzie. 1988)

ln the presence of 1.5 M urea. reassembly of FTCD is arrested at the level of a

transferase-active dimer. Dialysis leads to recovery of both the deaminase aetivity and ùle

polyglutamate binding specifieity. This aiso supports the proposai that the transferase

activity is associated with one type of subtulit interface and the deaminase activity and

polyglutamate binding site with a second type of interface. The transferase-active

proteolytic fragment could aiso be renatured from 6 M GdnHC1. indicating that it can

fluletion as an independent folding tulit.
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ST.-\.TEME:'ïT OF l'liE PROBLDI

'nl~ int~gnty of alt~matmg SUbllllil int~rfac~s app~ars cssenllal fur the cUlllcll\enl

~"presslOn of th~ t.ansf~ras,' cmd d~alllinas~ actiVllles cUld the substrate channellm~

behaviour. Consequently Findlay cmd l'\'lackenzi~ have proposed lhat the octamer rather

than a dim~r is the flll1cl;O'ldl IUlit of FrCD. Assuming lhal each SUblUlIl cOlllains both

a transferase and a d~.1nlinase domain, ml cmalysis of th~ domain structure of l'l'CD cUll!

characterizalion of the isolated domains should finally resolve this issue. As wdl, Il

should clarify the role of the two catalytic domains within the FTCD octmner

Prior to such an analysis 1 first had to generate a system where we could isoiale

an independem transferase and deaminase domain. A novel full-Iength cDNA encol!ing

porcine liver FTCD was isolated and used to express the r~combinant enzyme in E. coil.

The protocol described in Findlay et al. (1989) was modified to purify the recombinant

enzyme. Deletion analysis of the cDNA encoding FrCD was used 10 demonstrule the

domain structure of each FreD sublll1it. Both catalytic domains were independenlly

expressed and characterized in terms of their quatern~ry structure cmd ability to bind mHl

channel polyglutamates. The isolated domains and the full-Iength enzyme were subjected

to urea-induced denaturation in order to further characterize the properties of euch domulll

in and outside of the octamer.
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CHAPTER 2

THE NUCLEOTIDE SEQUENCE OF PORCINE FORMIMINOTRANSFERASE­

CYCLODEAMINASE: EXPRESSION AND PURIFICATION FROM ESCHER/CHL-t

COLI
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.-\BSTR.\l'T

We have isolated ,md characterized cDN.-\ clones e.lcoding the porclllc hvc!" octalllcnc

enzyme. fonl1lminotetrahydrofolate:glutamate formiminotransferasc (El' ~ 1 ~ 5) ­

formiminotetrahydrofolate cyclodeaminase (El' -13.1-1). TIle cDN.-\ cncodcs a n",'c'!

amino acid sequence of 5-11 residues which con tains exact matchcs to two scqucnccs

derived by automated s~quence analysis of CNBr c1eavage fragments isolatcd l'rom thc

porcme enzyme. The recombinant enzyme has been expressed as a solublc p!"OICIll III

Escherichia coli at levels -I-fold higher than those observed in liver. ,md is bil'tmctional,

displaying both transferase and deaminase activities. With a calculated SUblUlit molecula!"

mass of 58926 Da. it is similar in size to the enzyme isolated l'rom porcinc hve!"

Purification of the enzyme l'rom Escherichia coli involves chromatography on a novc'!

polyglutamate column whic3 might interact with the folylpolyglutalnate binding sllc of

the protein. The purified recombinant enzyme has a transferase specifie activily of 39--11

units/mg/min .
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INTRüDl!CTlüN

Fornllmmotr<Ulsferase-cyciodeaminase FTCD IS a large octameric protein WiÙl two

mdcpcndcnt catalytic activities. This folate-dependent enzyme serves to channel one­

carbon lUllts from formiminoglutamate. a metabolite in the hIstidine degradation pathway.

to the folatc pool. After identifying 5-formiminotetrahydrofolate as ùle product of a

formiminoglycme transferase l'rom C/oslridia (Rabinowitz & Pricer. 1956). Rabinowitz

IUld associates defined the enzymatic steps involved in the folate-dependent catabolism

of formiminoglutamate in mammals (Tabor & Rabinowitz. 1956). Specifically. the

tnU1sferase activity transfers the formimino group of formiminoglutamate to the N5

position of tetrahydrofolate. producing 5-formiminotetrahydrofolate and glutamate. The

cyclodeaminase activity catalyzes the cyclization of the folate intermediate. forming 5.10­

methenyltetrahydrofolate and releasing ammonia. This liver specific enzyme was first

purif d and characterized by Tabor and Wyngarden (1959). The presence of FTCD in

other organisms is. for the most part. uneertain. The enzyme has not been detected in

yeast or bacteria (Shane & Stokstad. 1984) but both enzyme activities have been reported

111 filaria (Jarfe et al .• 1980).

Previous studies on FTCD indicate that its unusual quatemary structurr :s essential

for the full expression of both catalytic activities. The native porcine enzyme has been

shown to be composed of eight identical subunits of approximately 62 kDa each. which

associate to form a planar. ring-shaped structure (Drury et al.. 1975; Beaudet &

MacKenzie. 1976). The presence of only four polyglutarnate binding sites per octamer.

ùle prevalence \,f dimers and tetrarners in cross-linking studies. and the generation of a

dimeric transferase-actlvé rroteolytic fragment suggest that the subunits are arranged as

Il tetrarner of dimers (Paquin et al., 1985; MacKenzie et al., 1980). This model has

received further support l'rom a series of dissociation and renaturation experiments which

indicated that two different types of dimers can be isolated, each containing a different

subunit interface and displaying either the transferase or the dearninase activity (Findlay

& MacKenzie, 1987; 1988). In order to further explore the molecular structure necessary

for e:''Pression of each activity, we have isolated the cDNA encoding the porcine liver
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FTCD :md expressed It in E. COll
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MATERIALS AND ivIETHODS

Harenals RestrIcllon Enzymes and DNA modification enzymes were obtained l'rom

Bethesda Research Laboratories. Boehringer MannheIm. Pharmacia or New England

BlOlabs. Ali reagents and enzymes for sequencing DNA were l'rom United States

BlOchelnlcal Corporation or Pharmacia. Nitrocellulose membranes used for Western

blolting \Vere l'rom Schleieher and Schuell. Nitrocellulose and nylon filters for screening

~md nylon membranes for SouthemiNorthem blot analysis \Vere l'rom Amersham

Corporation as were radioisotopically labelled nucleotides and "'l-Iabelled protein .-\.

Diagnostic X-OMAl' AR film \Vas purchased l'rom Kodak. Oligonucleotides were

synthesized and purified by the Sheldon Biotechnology Centre. McGill University.

Oligo dl' cellulose. DEAE Sepharose and Heparin Sepharose CL-6B \Vere l'rom

Pharmacia. Matrex Blue A \Vas l'rom Amicon and Affigel 15 \Vas purchased l'rom BioRad.

Poly-L-glutamic acid sodium salt (MW> 8000 Da) \Vas supplied by TaKaRa. Folic Acid

.md formimino-L-glutamic acid \Vere l'rom Sigma. Filter units (Centricon) were purchased

l'rom Amicon. Ali other chemicals used \Vere of reagent grade.

Ali cONA probes \Vere labelled by the random primer method using [a-"P]dCTP

as the labelled nucleotide (Feinberg & Yogelstein. 1984). Unless otherwise noted.

protocols used were as outlined in Sambrook et al. (1989).

COllp/illg ofpolyglll!amic acid la aClivaled agarose. Polyglutamate \Vas coupled to affigel

15 as outlined in the general instructions for aqueous coupling supplied by the

manufacturer (BioRad. Bulletin 1085). Specifically. 120 Ilmo1es of polyglutamate

(assuming M, of 8000) was coupled to 10 ml of resin (12 Ilmoles ligand/où resin) in a

final reaction volume adjusted to 20 - 25 où with 0.\ M NaHCO) (pH 8.5).

A lIIillO acid seqllencing. Purified porcine protein was subjected to cyanogen bromide

treatment (Beaudet & MacKenzie. 1976). The resuiting fragments were separated by

electrophoresis and trans[ lrred onto PYOY membranes (Immobilon) (Matsudaira, 1987).

Specific protein bands were cut l'rom the membrane and sequenced on an Applied
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Biosystems. Ine mode! 473.'\ protem sequene~r

/sa/aT/ail 0/ CDiV.·1 clolles. A polyclonal .ultibody was prepar~d m our laboratnrv agamst

the punfied poreme Iiver enzyme. TIlis \Vas used to sereen a Àgt Il I")fcm~ Il\w cDN ..\

Iibrary (Clonteeh) as described by Huynh et al. (1985). TIle mltis~rum was dilut~ll 1 51111

,md preabsorbed with total E. coli celllysate ( 10 mg/ml) .-\t·t~r incuballon \\'It1l anllscrum.

the membranes were treated \Vith "'I-protein A (80-90 pCi/ug) using 10' cp111 ml Th~

largest clone. designated FT2e. contained a 1 kb insert \Vhich \Vas labelled and uscd 10

screen 7x 10' rec0mbinants l'rom a Àgt 10 porcine Iiver cDNA Iibrary construct~d m thls

laboratory. as described belo\V. Nylon filters \Vere incubated o\'~rtlight at J7"C III

hybridization buffer [40% formamide. 5 X SSPE (1 x SSPE = 0.15 i\I NaCI. 10 ml'vl

NaH,PO,. 1.3M EDTA. pH 7.4). 5X Denhardt's solution. 1% dextrml sulfate. 50 mM

sodium phosphate. 0.1 % SDS. 100 ug/ml denatured salmon sperm DNA1 and labell~d

probe at 2.5 xl 0' cpm/ml. Filters \Vere washed with 1 X SSC (1 X SSC = 0.15 M NaCi.

15 mM sodium citrate) at 42" for 15 minutes. with 0.1 X SSC. at 42" for 15 minut~s. and

with 0.1 X SSC at 55" for 15 minutes. Sevcn positive clones were isolated tmd plaqu~

purified. 4 of which proved to be full-Iength.

RNA iso/atioll. Yucatan pig liver, kindly provided by Dr. Gamal Selmy of the Royal

Victoria Hospital. Department of Urology, was removed during s\rrgical procedures and

immediately frozen in liquid nitrogen. Total RNA was isolated using Ùle ureaiLiCl

method (Auffray & Rougeon. 1980). Poly A+ mRNA was isolated by two passages over

oligo dT celltùose, essentially as described (Aviv & Leder, 1972).

ÀgtlO porcine /ivercDNA /ibrary constmction. PolyA+ mRNA was converted to double

stranded eDNA according to the Àgtl 0 cDNA library construction kit l'rom Bethesda

Research Laboratories llSing Superscript Reverse Transcriptase and oligo dT as primer

for first strand synthesis. The cDNA was ligated to EcoRi/Noti adaptors (Pharmacia) and

cloned into the EcoRi site of ÀgtIO. Recombinant phage were packaged (Bethesda

Researeh Laboratories) and amplified one time.
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cDNA seqllellclIIg '!lIe full-Iengùl cON:'.s Cml ca. CmSe and Cmie were subcloned llHo

the EcoR 1 site of Bluescnpl SK- l1le sequencing strategy used is shO\m m Figure 2.1

To sequence the noncoding strand. progressive unidirectional deletions of Cm 1ea w~r~

p~rforllled usmg Exonuclease III and SI nuclease. as descnbed by Henikoff (198i)

Oouble stranded ON:'. of appropriate deletion mutants \Vas prepared and sequenced using

the dideoxy method of Sanger et al. (19ïï) and [a-"S]dATP. To sequence ùle coding

strand. Cmlea. CmSe and Cmie \Vere subjected to restriction digestion using sites Sh0\\11

m Figure 2.1. Restriction fragments \Vere subcloned into Bluescript SK and double

stranded ONA \Vas prepared and sequenced. Synthetic oligomers. Sp 1. Sp2. Sp3. \Vere

used to prime double stranded sequencing reactions to verify missing sequences. The

complete sequence \Vas obtained fram ~ach strand of cON:\.

Expressioll il1 E, coli. pBke-Cm 1 \Vas constructed. as described in Figure 2.2. to express

ùle cONA encoding FTCO in E.coli. The expression construct pBKe-HB 1 \Vas a generous

gift fram X-M. Yang. This plasmid contains a T7 RNA polymerase promoter. a

translational enhancer sequence. a ribosomal binding site and an initiator ATG codon. Il

also includes a cONA encoding the human bifunctional NAD dependent

dehydrogenase/cyclohydrolase. \Vhich we replaced with Cm 1ea. the cONA encoding

FTCO. The HB 1 insert was removed from pKBe-HB 1 by restricting with Ncol and filling

in ilie overhang wiili Klenow polymerase. before digesting with Cial. Prior to inserting

our cONA into ilie vector. Cmlea was blunt-ended at ilie 5' end such iliat the insert

begins wiili ilie first codon following the putative initiator ATG. To this end, Cmlea was

subcloned into the EcoR1 site of Bluescript KS+ and an Nsil site was introduced into ilie

5' end by oligonucleotide directed mutagenesis using the mutagenic oligomer 5'­

GCCATGCATCCCAGCTG-3', essentially as described by Kunkel et al. (1987). The

mutated inscrt was isolated from the vector pKS-NsiCml by digesting with NsiI,

removing the resulting 3' overhang with Mung Bean Nuclease and then restricting with

Cial. This insert was then directionally ligated to the vector isolated ·from pBke-HB 1

using T4 ligase. Double stranded sequencing of pBke-Cml verified that the resulting

protein would include an arnino acid sequence identical to that deduced from the Cm 1ea
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FIGURE 2.1. Physical map and sequencing strategy for FTeD cDNA. A. Restnctlon

sites were determined both from sequence and by digestion with appropriate restnctlon

enzymes. and are indicated along the coding (open bar) .md lmtnmslmed (closed bar)

regions of the cDNA. Abbreviations for restriction cndonuclease sites: A. Apal~ BI-!.

BamHL BX, BstXI, K. KpnL N, NotL P, Pstl~ Sc. SaelL Sm, Sma\. B. Arrows indicate

the direction and extent of cDNA sequence determined. C. FT2e is the partial cDNA

isolated from the Àgtll porcine liver cDNA library; the cDNA clones Cm 1ea - Cm7e

inclusive were isolated from the Àgt\O porcine liver cDNA library.
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FIGURE 2.2. Construction of the expression plasmid IlBKe-C'm 1. The oligomer lIsed III

insert an Nsil site at the 5'coding region of Cml C,l is dcscribed III Matenals alld

Methods. T7 pro. T7 enh and RBS represent. respecti'lely. the T7 promoter sequence. the

T7 enhancer sequence and the ribosome binding site.
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cD' ..\ ThIS construct was mmsfected tnto the K38 ,md the BL21( DE3) strams of E.cofI .

WesteJ'll analyslS ,md transferase activlty assavs were used to determme the lev'el of rTCD

III thesc I~·s.ltcs

/'l/n("'aIlOI/ (~( recolll bI/will fonlllllllllorrall~(erase-cyc'odeallll/wse. Transformed

BL2I(OE3) cells were incubated al 37"C tn 5 Iiters of Temfic Broth " 200 Ilg.mi

ampleillin m '1 New Bnmswick Scientific BIOFLO llc fermenter. Cells were induced al

OD",,,, 1.0-15 by the addition of IPTG to a final concentration of 0.4 mM. Al'ter 30

minutes. rifampicin was added 10 a final concentration of 15 Ilg/ml. Al'ter 2 more hours

at 37"C. cells were harvested by centrifugation at 4500g for 30 minutes. The pellp.t was

washed once with 0 1 M potassium phosphate. pH 7.3. 1 mM benzamidine. 1 mM PMSr.

Cells were frozen and stored at -80"C.

Frozen eells ( 18-20 g) were thawed on ice and Iysed in 3 volumes of sonication

buffer (0.1 M potassium phosphate. pH 7.3. 35 mM 2-mercaptoethanol. 1 mM

benzamidine. 1 mM PMSF). Aliquots (20 ml) of resuspended cells were sonicated for 5

minutes at 15 second intervals using a Vibra-Cell model cvl7 sonicator (Sonics and

Matcrials. Inc). and soluble and insoluble fractions were separated by centrifugation at

25000g for 30 minutes. 1'0 the supematant fraction was added 0.1 volume of 250 mM

MOPS. pH 7.3 and 0.24 volume of glycerol. Ammonium sulfate was slowly added. while

stirring on ice, to 35% saturation. After 30 minutes, the suspension was centrifuged at

25000g for 30 minutes. The pellet was resuspended in one tenth of the original volume

with Buffer A (25 mM MOPS, pH 7.3, 5 mM potassium phosphate, pH 7.3, 1 mM

benzamidine, 20 % glycerol, 35 mM 2-mercaptoethanol, 0.02 % Triton X 100) and 1 mM

PMSF. This was dialysed ovemight against 2 X 1.5101' Buffer B (Buffer A, with glycerol

increased to 30 %) + 0.5 mM PMSF. The dialysed solution was brought to 50 ml by

adding Buffer A + 1 mM PMSF and then centrifuged for 30 minutes at 25000g before

applying at a rate of 130 ml/hr to a DEAE Sepharose colurnn (4.5 x 10 cm) equilibrated

in Buffer A. Al'ter washing with 3 colurnn volumes of Buffer A, the protein was eluted

\;smg a Iinear gradient of 300 ml Buffer A and 300 ml 0.3 M KCI in Buffer A. The

fractions containing transferase activity were pooled and dialysed ovemight against 2 X
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15 1 of ButTer B .- 0.5 m1\1 P\ISF 'Ille enzyme W"S then appltl'd al .1 raIl' of i III ml ln

ta a Dye \Iatre" Blue .\ eolumll (5 " -\ em) eqlllltbrated m Buffer ,\ llle eolumn \\as

washed with appro"imately 3 eo\umn \'olumes of ButTer .\ before elutmg wlth a Iml'al

gradient of 250 ml ButTer A .md 250 ml 0.8 :\1 l'CI III ButTer A The transferase-actl\l'

fractions were pooled ,md dialysed o\'emight ag'II.lst 2 :x 18 1of Buffer B The ,hah"lIl'

was then apptied al a rate of -\5 ml/lu to a Hepann Sepharose column (:; 5 " :; cm)

previously equitibrated in ButTer .-\. TIlis column was washed wlth :; eolullln \'olumes of

ButTer A before eluting with a tinear gradient of 50 ml ButTer ,\ ,md 50 ml 0:; i\1 l'l'I

in Buffer A. TIle fractions containing tnmsferase activity were pooled .md dlalv,;ed

ovemight against 2 X 1.6 1 of Buffer B before applying the sample at a r'lIe of 20 ml/hr

outo an Affigel 15 polyglutamate column (5" 1.7 ml) pre-equitibrated in ButTer.\ The

column was washed with 3 volumes of Bufft'r A before Ùle purifled enzyme \Vas c\uted

using a linear gradient of 50 ml Buffer A and 50 ml 0.8 M potassium chloride III BulTer

A. The transferase-active fractions were pooled ,md purity was assessed by SOS l'AGE

(Laemmti, 1970) using 9% gels.

En=yme assays, Formiminotransferase assays were performed as previously described

(Drury et al., 1975; MacKenzie. 1980). Protein determinations were performed using the

method of Bradford (1976), or if detergent was present, protein was preclpitated mld

concer.trations were determined by the modified Lowry method of BensadOlUl ,md

Weinstein (1976).

Western analysis. Samples of protein extracts of E.co/i were electrophoresed on SOS

PAGE using 9% gels (Laemmli, 1970). Separated proteins were electroblotted onto

nitrocellulose membranes. The membranes were blocked for a minimum of 2 bours in 5%

skim milk containing 0.1 % normal goat serum, and incuuated for one hour in a 1/1000

dilution of polyc1onal anti-FTCD antiserum in TBS. Detection was performed using an

alkaline phosphatase conjugated anti-rabbit second antibody, as described for the

Promega Protoblot system.
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RESt:LTS V,D DISCTSSIO:\

!SO!{I//(J/I alld C!JarGctel1={I/1011 of cD"'-·/ cf011 es To IsoIaw the cD:\.·\ encodlllg

f"n11111lIllotr:Ulsferase-cydodeamlllase. \Ve scrcencd a Clontech i.gtl 1 porcme Ii"er cD:\ ..\

librarv \Vnh a rabbn polvdonal arlllbodv r:lI,ed agalllst tbe porcme enzyme ..\ total of (l

, 1(J" plaques were screened :md 55 putatlvc positives \Vere Idenl1fll~d. 35 of \VllIch \Vere

plaque punfled. EcoR 1 inscl1s l'rom thesc clones. rangll1g 111 Slze l'rom 500 - 1100 bp.

cross hybndlze on Southem Blot :Ulalysis. llle largest partial cDNA. Fl'2e. \Vas nllssing

sequences l'rom both the 5' and 3' ends. but encoded amino acid sequences identical to

those m the porcine enzyme as determined by N-terminal sequencing of cyanogen

bromide fragments of l'l'CD

Because a full-Iength cDNA could not be isolated l'rom this Iibrary. even al'ter

extensivc screening. we constructed a f.gt 1a pig Iiver cDNA Iibrary using polyA+ mRNA

isolated l'rom Yucatan pig Iiver. Al'ter screening 7 X la' plaques with the partial clone

l'l'2e. seven positives v.ere identified (CM 1e to 7e. refer to Figure 2.1). Four clones

contained a 1.9 kb EcoRI insert (CMle.5e.6e.7e). and the remaining 3 contained a 500

bp EcoRI insert (CM2e.3e.4e) which proved to be partial sequences of the larger cDNA.

CM 1e also contained an unrelated 200 bp fragment. Northem analysis suggested that the

l'l'CD message is Iiver specifie and present as a single species of approximately 1.9-2 kb

(IUlpublished observations).

Nucleo/ide Sequellce and Deduced A II/ino A cid Sequence. llle longest clone has a

nllcleotide sequence of 1865 bp (Figure 2.3). A 27 nucleotide 5' Wltranslated region

precedes an open reading frame of 1623 bp which encodes a 59 kDa protein. followed by

a 215 bp 3' noncoding region. The putative initiation codon. located at nucleotides 28-30.

IS Ùle most plausible site for initiation of translation as it is preceded by a Gee sequence

:md is the first Al'G from the 5'end (Kozak. 1987). The 3' noncoding sequence includes

a possible polyadenylation signal. AGTAA (Bimstiel. 1985). located 14 nucleotides

lIpstream from the stan of the polyadenylated tail.

The deduced primary sequence of 541 amine acids is described in Figure 2.3. The
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FIGURE 2.3. DNA sequence of the vreD cDNA :md the deduccd :mlino acid scqucucc.

Numbering for the cDJ\lA starts at the putative initiation codon. -n,c amino aCld scqucncl'

is numbered sequentially from the N-Ierminus of the predicted protein sequencc 111C Slllp

codon is indicated by asterix. Sequences identical to those determincù l'rom thc porcmc

liver enzyme are doubly underlined. A sequence possibly lI1volvcù in fulalc bmdmg as

described in the results and discussion is singly lmderlined. as is thc putatlvc

polyadenylalion signal in the 3' untranslated region .
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ATG Tee (P.fJ eTG Glu &J.A TGl GTe ccc t-;..c nc reG Cill.G Ciii f.J·A !>AC c;..G Gt..G GlG /-.n G.:'i Gee .:'.TT TC...: ':;1.:' ":(1 li1[] lje ,~:.,; :.
Met Ser Gln Leu Val Glu Cy!> Val Pro Asn Phi? Ser Glu Gly lys f..sn Gln Glu Val Ile ;"sp;'13 Ile St"r .:'1'9 :'.1<i 'Jd' :",) C,~r,

CTG ur.C GTG ur.C TCC GGC CCC TCC ACC MC CGC ACC GTC TAC ACC nc GTG GGG CGC CCC G<G (;:,T GTG [,Hi C,<G C,:i, GCC CT': ~.< j
Leu Asp Val Asp Ser 61y Pro Ser Thr Asn Arg Thr Val Tyr Thr Phe Val Gly Arg Pro Glu f..sp Val Val Glu Gl; :'la Lê~ :.~~ ~.~

,; ",:

",:
;',-

"U ,;

" '.1 .,' ~~ .l

•

CAG CTC ATC ur.C ATG AGC P$ CAC CAT GGG ur.G CAC CCT CGG ATG GGC GCC CTG G.~C GTG TGC CCC TTC AT<: CCG GTG CGC GGT (,E :.:,' ~ T.. ,,:. " ... , ,.
Gln leu Ile Asp Met Ser Arg Hls His 61y Glu His Pro Arg Met Gl) Ala Leu Asp Val Cys Pro Phe Ile Pro Val ,:'.r9 Gl)' '.'al Tnl- ~·~·_·t ;.,~-, U<il

CGe TGT GeC CAG GeC m GGC CAG CGG CTG GeT GAG GAG CTG GGG GTG CCA GTG TAC CTC TAC (LC Gf.G GCG GCG CGG ACG GCC C':,T ,,,: (:.,; i,,: C! .. ' .
Ar9 Cys A1a Gin Ala Phe 61y Gln Arg Leu Ala Glu Glu leu Gl)' Val Pro Val Tyr Leu Tyr Gl:; Glu Ala Ala /<.1'9 Thr ;,1.1 Gl:, :.'"g ùln St·r i.,'~, 1'1"_

,~ ,;..:

CTC CGG GeT GGG GAG TAC GAG GCC CTC CCT GAG MG CTC AAG CAG GCC G~ TGG GCC CCT (i4C nc GGC CCC "GC GCC TTC C,TC CCC :.",: r,~ ",c, co,, :.~ , "
leu Arg Ala 61y Glu Tyr Gl u Ala leu Pro Gl u Lys leu lys Gln Al a 61 u Trp Al a Pro Asp Phe Gl y PrG St'r Al a Pile Val rI'o (:~·l-__l!]l. [IIi';1.l l~!,.l 1

GCG GGG GeG CGG AAG nc CTC CTC GCG TTC AAC ATC MC CTG CTC AGC ACC AGG GAG (I..G GCG CAC CGC An GCC CTC C,<C CTG ce,:, ;,'l, '('C, C.,:." ".,., :'.:'"
Ala Gly Ala Arg lys Phe leu Leu Ala Phe Asn Ile AS,l Leu leu Ser Thr Arg Glu Gln Aja H1S Arg Ile Ala leu .A.sp leu ;"'1'9 ll\!J GIn (il ......~!'~l ;;) .. l. .'1,1

ur.C CAG CCA Gur. CGC CTG AAG AAG GTG CAG GCC ATC GGC TGG TAC CTG ur.c ur.G MG AAC CTG GCT CAG GTG TCT ACA f..r..C eTC CT(, ;,:,i TIT C,:.l, (,j'.~ .. ,
Asp Gln Pro Gly Arg leu Lys Lys Val Gln Ala Ile Gly Trp Tyr Lêu Asp Glu Lys Asn lêU Ala Gln Val Ser Tlw I..sn lt:'u Ldl :">P Ph", Glu IJ,il :Il!

'1,1 .•

;1'·.
" i;,

.' ·F-

CTG CAC ACG GTC TTC GAG GAG ACC TGC AGA GAA GCC CAG ur.G CTG AGC CTC CCG GTG GTG GGC TCG (l.G CTG GTG GGC CTG GTG cu, ': TC, ;·..'C, (,·:C II c ,h, ":'. :,.;"
Leu His Thr Val Phe Glu Glu Thr Cys Arg Glu Ala Gln Glu leu Ser leu Pro Val Val Gly Ser Gln leu Val Gly leu Val Pro Lf'll L.. :. ";IJ L~-,l l,-~, :.~.p _'~\l

GeG GeC GeC TTC TAC TGe GAG AAG ur.G MC CTC TTC CTG CTG CAG ur.C G.~ CAC CGG ATC CGG CTG GTG GTG MT CGG CT[, GGC CTG C':,( j,:c (j" (;:T '., ". '.'·b
Ala Ala Ala Phe Tyr Cys Glu Lys Glu Asn Leu Phe Leu leu Gln Asp Glu Hls Arg Ile Arg Leu Val Val Asn Arg LèU Gl/ Lt·u:.,:,p '::.el· l('III··,LI l'II) r!I,- JE-

AM CCC AAG GAG CGG An ATC ur.G TAC CTG GTC CCC GAA GeT GGG CCT (i~ CA.G AGC CTG CTG CAC MG CCC CTG CGC (,CC TTT GTC [,,', (,'(, (,1(, "'': j.:. '.U ke
lys Pro lys Glu Arg Ile Ile Glu Tyr Leu Val Pro Glu Ala Gly Pro Glu Gln Sel' Leu Leu His Lys Pro leu Ar9 Thr Phe Vell ..··1'9 Cilll VJl Cd:. '"~or :"',.1 :!::d

TCG GCG GeC CCG GGG GCG GGC TCT GTG GeC GCA GCC ACT GCA GCC ATG GGT GCT GCG CTG GCC TCC ATG GTC Ci,C CTG ATG i,CC TAC Ciil, CU, CGC: Ci·C, 1TC ,,:.;, 11'"
Ser Ala Ala Pro Gly Ala Gly Ser Val Ala Ala Ala Thr Ala Ala Met G1y Ala Ala leu Ala Ser Met Val G1ï Leu Het Th,. 1)',- lll:•.';rg "'1'9 Gln Pile lllu .:~~

CAC CTG GAC GCC ACC ATG CGC CGe CTG AT~ CCG CCC nc CAC GCG GCC TCA GCC AAG CTG ACC TCG erG GTG G4C GCT (ir,c GCC CGG (,':C rre Ci"" Gre T:·r ! j(, L'i,Ù
His leu Asp Ala Thr Met Arg Ara leu Ile Pro Pro Phe His Ala Ala Sel' Ala lys leu Th,. Ser (eu Val Asp Aja Asp "la '''1'9 j,id Pile Glu '"dJ 1__.1" L~'_l ·;:'Ü

AM GeG ATG AAG CTG CCC AAG ur.c ACA CCC GAG ur.C AAG ur.C P$ CGT GCG GCT GCC CTG CAG GAG GGG CTG AGG CAG GCA GTG GCI C,TG CCC CIC, Gce; (Tl, (,:C, "V,
lys Ala Met Lys leu Pro lys Asp Thr Pro Glu Asn t ys Asp Arg Arg Ala A1a Ala leu Gln Glu Gly 1eu Arq Gln Ala Val 1,1a 1/<11 Pro l. ...u ,".1,1 Lt.'tl :;1.1 ·Fl:)

GAG ACG GTG GeC TCG CTG TGG CCG GCA CTG CAG GAG CTG GCC CTG TGT GGG MC CTG GCC TGC cur. TCT ur.c CTG CAG GTG GCA GCC I·..·,G Gce CTG [,:'l, ;.,~:, (",1 !·I!lI
Glu Thr Val Ala Ser leu Trp Pro Ala leu Gln Glu Leu Ala Leu Cys Gly Asn Leu Ala lys Arg Ser Asp lt'u GIn Val ;'.la /l.id 1~.~ ".1<1 Lt-u (l1u 1I1l' til __, ·1l)L!

GTG m GGT GCC TAT TTC AAC GTG CTC ATC MC CTG AM ur.T GTC ACG ur.T ur.C GCG nT MG GCC CAG GTC CGT CAG CGC ATC Tce 1·(,', ,y Ci(, C:'G c,:·.:, (" ,? h",
Val Phe 61y Ala Tyr Phe Asn Val Leu Ile Asn Leu Lys Asp Val Thr Asp Asp Ala Phe Lys AJa Gln Val Arg Gln Arg 11(' Sfr {,~'r' L"ll Lt<1J Gll\ (11,.1 ,:·1,1 :l:';,

AAG ACC CAG GCG GCA CTG GTG CTG ur.C CGG CTG GAG GCC CGG CAG GCG TG~ CGG CTG G~G GGG CAC CTC CCT G(,r, CCC TGT CCT TGe iCi· W ,)C ji:, ,:1(, "i li,""
lys Thr Gln Ala Ala Leu Val Leu Asp Arg Leu Glu Ala Arg Gln Ala •••

GGA CGA CAG GGI GGC eTC CAG ACC TGl CCT GGG GGG CCC C:/JA GAG GGC {If/j Ci.4C:J TGG G(JG LCA A(Jj MG (iCii GE.J eTC Teil 6G(1 U(l Hil r/· r (A( rI; (il l il,'. l,Ill:

CCT GTG GCT TeC AGT AM GTG ATG ACA CAC CAA PAA AM AM PM AM {'M Al !:::;:
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doubly tUlder111l~ci s~qu~nc~s are Idcntl~al 10 pcpt1l..1e Sequenc('s detertllllll..'d h~' ~Hll\ll" ~I"':ld

sequen cm g of t\\'o C:\BR cle~l\'ag~ fragmel1 ts of th è porl.:ll1 (' il Yl..'1" L'illY Illl'. ,-:"Il fnllllng th;1I

thls ~():'\.'\ do~s IIld~~d ~n~odc FTCD

A FaslA s~arch of th~ SWISS-PRüT data basc and a TFasl.\ scar~h (Pcarslln <'1:

Llplll'm. \(88) of thc G~nB,mk·E;-"IBI. data bas~s (Gcncllc Cllml".llcrs lil'llul'l t'llund ''''

S1gnlficmll homology bet\\'~en FTCD ,md oth~r kno\\l! prolcm scqucn~cs 'Ille' an\1nll a~1l1

sequenc~ includes a high proportion of basic m!d hydrophobi~ rCSIducs \\'hl~h ~OITClalcs

weil with two previously descnbed amino acid ~omposition analyscs ot' thc pl1l"~lIle'

enzyme (Beaudet & MacKenzie. 1976~ Findlay et al. 1989)

No general folate binding sequence has been describ~d to datc. Ho\\'cycr. ('llok

et al (1991) have identified a putative 10-formylH,PteGlu binding consensus sequcnce.

XPS(X),P(Xl,.,G. which has been observed in lO-formyIH,PteGlu binding cnzymcs l'rom

several different sources (Nour & Rabinowitz. 1992; Rankin et al.. 199:1) A S1n\1lar

sequence. GPSAFVPSWG, is found in FTCD at residues 163-172 and may l'laya rolc

in H,PteGlu recognition. lllis. or a similar sequence. is not repeated elscwhcrc III FTC()'s

coding region.

Expression in E.co/i. To confirm that the isolated cDNA can direct expression of

functional FTCD we expressed Cm 1ea in E.co/i using procedures based on the Tabor mHI

Richardson's T7 Expression System (Tabor & Richardson. 1985). The expression vector,

pKBe-HB 1. which had been engineered and successfully utilized in this laboratory by X­

M. Yang, provided the T7 promoter, ribosome binding site and initiation codon. It also

contained a T7 translational enhancer element previously described by ülins ,md

Rangwala (1989). The coding region following the putative initiator methionine was

subcloned into this plasmid as described in Figure 2.2. This construct was transfected into

K38 and BL21(DE3) cells. Western analysis ofinduced extracts indicate that the construct

produced a soluble 59 kDa protein. approximately the sarne size as the enzyme l'rom

porcine liver (Figure 2.4). Despite the size of the octarneric enzyme (approximately 480

kDa) more than 90% of the enzyme is found in the soluble fraction .
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FIGURE 2.4. Comparison of the amollnts of fTCD in the soluble and the insoluble

fntction of E coli by Western blot analysis. E;')luble and insoluble fractions of K38 cell

~:,tracts were separated by SDS PAGE ,md electroblotted onto nitrocellulose TIle blots

were probed with polyclonal antiserum as described in the l'da/erials and l'dethods. Lane

1. 100 ng porcine FTCD; l,me 2. 20 Jlg K38 whole cell extract (without pBKe-Cm il.

lanes 3 to 10 contain insoluble and soluble fractions of cell extracts prepared from

induced K38 cells harbouring pBKe-Cm 1. Lanes 4.6.8 and 10 contain 30.20.10 and 5 Jlg

of soluble protein. respectively. Insoluble fractions \Vere dissolved in SDS sample buffer

,md readjusted to original volumes. Lanes 3.5.7 and 9 contain volumes equivalent to those

used in lanes 4.6.8 and 10. The numbers refer to the molecular mass of the reference

proteins (kiloDaltons).

80



•

•

94-

67-

43-

30-

l 2 3 4 5 6 7 8 9 10

'. '\



•

•

fJliI~rlcat/(}l1 rl F()nl111JllIlOlraJ1.~rerase-Cyc/odemJlil1aSe.rrom E. colI ex/rac(s 'Ille

Illlllr,catHlIl Dr thc rccombmant cnzymc. as outltned m Table 2 1. reltes on an ammonium

,ulLltc Ilfcelpltallon ,md sevcral chromatographIe procedures mcludmg a nc.vel stcp.

ehromatography on AITlgel 15 polyglutamate. which might make use of ùle polyglutamate

hm""I!' SIlC 011 th,s cnzymc. 11le purified recombm;mt enzyme has a speciflc actinty of

:;()-~ 1 unllS/mg whlch IS in the range observed for the punfied porcine Itver enzyme

1Drury ct al. 1975. Findlay et al.. 1989). SDS PAGE of samples from different stages of

pUrification (ShO\'11 in Figure 2.5) confirms that the enzyme is <: 95 % pure al'ter the

polyglutamate column.

'nIe enzyme also displays cyclodeaminase activity and elutes in the void volume

upon gel filtration on Ultrogel ACA 34 (exclusion limit of 350 kDa). indicating that the

subunits associate to form the native octameric structure of approximately ~80 kDa (data

not shown). With an effective expression system in hand. we can direct our attention

IOwards elucidating the domain structure of this bifunctional enzyme and determining the

nature of its subunit interactions.
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TABLE 2.1. Purification of recombinant fonniminotrdllsfcr:l~c-cyclodc:tmiDll~c

Fraction Volume Protein Transferase Specifie 'l'Ici"

ml mg aClivity activity Il'

"
(J.Imollmin) (J.Imollmin/mg)

--------

erude extract 98 749 176 0.235 100

Ammonium sulfate 49 III 123 1. 11 70

DEAE Sepharose 122 14.0 77 5.5 44

Matrex Blue A 1"1 4.7 71 15.1 40.>-

Heparin Sepharose 36 1.9 51 26.8 29

Affige1 15 poly- 35 1.1 45 40.9 26

glutamate
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FIGURE 2.5. SDS PAGE anulysis of frnctions from various steps in the purification of

vreD from E coli. Electrophoresis was carried out as described in the text and the gel

was stained with Coomassie Blue. Lane 1. crude extract. 10 Ilg: lane 2. 35% ammonium

sulfate fraction. 10 Ilg: Jane 3. DEAE Sepharose. 10 Ilg: Jane 4. Matrex Blue A. 7.5 Ilg:

I,mc 5. Hcparin Sepharose. 7.5 Ilg: lane 6. Affigel 15 polyglutamate. 7.5 Ilg. The numbers

rcfcr to the 1110lccular mass 'lf the reference proteins (kiloDaltons).
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,,\C K\OW I.EDGE\I E\TS

\\'~ Ihank Ilr l'cler Roughle\' l'or pepllde sequences. Dr (jalllai Sdlll~' l'or pro"lcltng rreslt

l"lIelne 11\ cr. Kath\' Teng l'or photograplt\' and .\:1:10 \llI1g Ymlg l'or the expresslOn ,'eetor

pllKe-11B 1
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CHAPTER 3

THE 1WO MONOFUNCfIONAL DOMAINS OF OCrAM.:RIC

FORMIMINOTRANSFERASE-CYCLODEAMINASE EXIST AS IlIMlm.."

Reprinted with permission from FULL REFERENCE CITATION. Copyright 1995

American Chemical Society.
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ABSTRACT

FormlmInOlr,msferase-cyclodcaminase IS a bifunctional cnzyme arranged as a ClfClIlar

letramer of dnners that exhlbits the abliity to efficlelllly channel polygllltamylated folate

between catalytlc snes lluollgh deletion mutagenesls we demonstoate that each slIbunlt

eonSists of ,m N-tenninal transferase active domaIn and aC-terminal deaminase active

domaIn separated by a linker sequence of minimally 8 residues. 1l1e fllll-Iength enzyme

,md both isolated domains have been expressed as C-terminally histidine-tagged protell1s.

Both domains self dimerize providing direct evidence for the existence of two types of

subwlit interfaces. 1l1e results suggest that both the transferase and the deaminase

activnies are dependent on the formation of specific subunit interfaces. Becallse

c1Hmnelling is not observed between isolated domains, only the octamer appears able to

directly transfer pentaglutamylated intermediate between active sites.
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1:"TRODl TTlOi\:

'nl~ hiflll1ctional ~nzym~ formimmotransf~ras~-c~'clod~amlllas~ l l'l'CD) catal\' œs

two s~qu~ntlal reactlons in th~ 11Istldine d~gradatl0n pathway ThiS ~nzym~ transf~rs a on~

carbon lll1lt l'rom formllninoglutamat~ to t~lrahydrofolat~. thus S~f\'lIlg as an addltlllnai

cntry point to the folate pool in liver [for a r~\'i~w s~~ Sh'll1~ ,md Stokstad (lq~~)1

Although ~Iectron microscopy has shoml that porcine Ii\'~r l'l'CD consists of ~ Id~ntlcal

subtmits arranged to fortn a circular octam~r (B~aud~t &. i\l'ld"~nzi~. 1l)7<>1. th~ ~nzymc

is more aptly described as a tetramer of dim~rs (i\lacK~nzi~ ~t al.. 1980). :\ S~rtcs of

denaturation and renaturation experiments indicated that octan'~ric l'l'CD Clm dissoctat~

to form two distinct types ofmonoflll1ctional dimers (Findlay &. MacK~nzi~. 1987; ll)~~)

1l1ese dimers display different catalytic activities and affinities for substrllte and \V~r~

proposed to isolate different subtmit interfaces. According to this hypothesis. th~ tctram~r

of dimers inc1udes two types of subtmit interaction which must be nlllintained for

concurrent expression of bom me transferase and deaminase activities.

l'l'CD can directly transfer polyglutamylated formiminotetrahydrofolatc bctw~en

me transferase and deaminase active sites (MacKenzie. 1979: MacKenzie & Baugh. 1980).

As first demonstrated by MacKenzie (1979). me efficiency of channelling is dcpendent

on me lengm of me polyglutamate tail attached to the folate. The specificily of the

enzyme for pentaglutamate led MacKenzie and Baugh (1980) to suggest that the

polyglutamate chain may act to anchor me substrate to me octamer. while aliowing the

pteroyl moiety to move between me two types of catalytic sites. Furilier support for tl1Îs

model was realized when Paquin et al. (1985) observed only 4 high affinity polyglutamatc

binding sites per octamer. This, in combination wim omer kinetic experiments, indicated

me existence of only one polyglutamate binding site per pair of transferase/deaminase

active sites. Findlay and MacKenzie (1988) observed mat after dissociation of me FTCD

octamer, the polyglutamate specificity was retained by me deaminase active dimer

Multifunctional enzymes are mought to be composed of different modules

responsible for specifie binding and/or catalytic functions (Wetlaufer, 1973: Rossman &

Argos, 1981). As me transferase and deaminase activities are kinetically independent and
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a tr,msfcrase active fragment c,m be Isolated after hmited proteolysis (Tabor ,md

Wvngarden. 1')59. \-lacKenzlc. 1979. \-lacKenzle et al.. 1980). it seemed possible that the

Iwo actlvltles reslde wlthin separable domams. ll1erefore deletion mutagenesis of the

FTCD eDN ..\ (Murley et al.. 1993) was used to isolate separate transferase ,md deaminase

active domall1s 'Uld to dehneate tbe interdomain region. These domains were charactenzed

111 terms of thelr quatemary structure and ability to channel the product of tbe tnUlsferase

actlvlty to the deammase active site.
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:\I.-\TERIALS .\ND \IETHODS

Matena/s Restnction ,md DN.\ modifymg enzym~s w~r~ obtam~d from lklh~sda

Research Laboratories. ,md New England Biolabs. Ali r~ag~nls for s~qll~ncmg DN ..\ w~r~

supplied by USB Corp. Nitrocellulose m~mbran~s W~r~ from Schl~lch~r and Sdllldl "'1­

labelled Protein A ,md "S-dATP wer~ purehased from Am~rsham Corporal1on

Oligonucleotides were synthesized and purified by the Sheldon Biot~chnology C~nlr~.

McGill University. or General Synthesis and Diagnostics.

DEAE-Sepharose and the Superose 6 HR 10130 colunm were purchas~d from

Pharmacia. Ni-NTA matrix came From QlIiagen and DEAE53 From Whatman. Folie aCllI

and formimino-L-glutamic acid were From Sigma. Pteroylpenta-y-glutamie aeid was from

Dr. B. Schircks Laboratories (Jona. Switzerland). Ali other chemicals were of reag~nt

grade.

Folie acid and pteroylpenta-y-glutamic acid were converted to the corresponding

(6S)-tetrahydro-derivatives and purified on DEAE-cellulose as described by MacKenzl~

and Baugh (1980). 5-formiminoH,PteGlu was prepared enzymatically as describ~d

previously (Paquin et al.. 1985) except that purified recombinant transferase domain was

used to catalyze its synthesis. Unless otherwise noted. molecular biology techniques were

performed as outlined in Sambrook et al. (1989).

Bacteria/ Strains and P/aslllids. pBke-Cm 1 is a previously described FTCD expression

vector (Murley et al.• 1993). pET23d (Novagen) was the source of the C-terminal

hexahistidine tag. E. coli strain BL21/DE3 was employed for expression of recombimmt

proteins, DH5a was used for c10ning purposes and CJ236 was used to produce uracil­

containing single strand DNA templates for site-directed mutagenesis (Kunkel et al..

1987).

Preparation of N-tennina/ and C-temlina/ De/etion Constmcts. The FTCD expression

plasmid pBke-Cm1 was used to construct vectors that would express separately the

transferase and deaminase domains. The terminology used to describe these vectors
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Illcorporales the ammo aCld numbcnng ofthc full-Icngth rTCO lllC :\-ten11lnal fragmcnt

reprcsented il\' 1'1'327-1 IS a protCIll stanmg al the rTCO II1111ator methionlllc and

tcrmlllallng al'ter reslduc 327 plus onc non-rclated amino aCld. C0333 represents a protelll

ilegmnlllg at l'l'CD resldue 333 ,md ending at the normal stop codon after residue 5-11.

'1l1e plasnllds expresslllg thcse fragments are pBke-FT327-1 and pBke-C0333

l'l'CD proteins trlll1cated at the C-terminus were generaled by one of two

strategies. FnI8-1. Fn21-3. Fn27-1. FT33!. Fn35-2 and FT3-10-2 were produced

through Exo/S 1 deletion mutagenesis (Henikoff. 1987) and insertion of translation al stop

codons in ail 3 reading frames. Oideoxy sequencing was used to identify constructs which

termmated al the desired positions (Sanger et al., 1977). To construct FT322 and Fn25.

stop codons were introduced immediately following the codons for residue 322 or 325 by

oligonucleotide-directed mutagenesis (KlIl1kel et al.. 1987) of pBke-Cml. Clones

containing the desired mutations were identified by dideoxy sequencing.

To cre,lle constructs expressing the C-terminal fragments (CD). pBke-Cml was

re-engineered to remove the intervening coding sequence between the initiating ATG and

the desired initiating residue. using a strategy previously described for the construction

ofpBke-Cml (Murley et al., 1993). The new translation initiation site was confirmed bv

dideoxy sequencing.

COlIstmctioll ofPlasmids Expressing Histidine Tagged FTCD aIId Domains. Hexahistidine

tags (H,) were engineered onto the C-terminal ends of FTCD and the N- and C-terminal

domains. To produce FTCDH" we first replaced the FTCD stop codon in pBke-Cml with

ail Xhol site, creating pBke-CmIXhol-!. Then, using standard molecular biology

techniques, an XhoI/Espl fragment encoding the hexahistidine tag from pET23d was

inserted in frame immediately after the new X hol site. Thus pBke-FTCDH, expresses an

FTCD with 8 additional amino acids attached to its C-terminus: leucine, glutamate, and

six additional histidines. To construct pBke-CDH" which expresses a histidine-tagged

C-terminal domain (CDH,), a fragment encoding the N-terminus of pBke-FTCDH, was

replaced with the corresponding fragment from pBke-CD333. pBke-CD339H, was

constructed in a similar manner.
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In order ta construct pBke-FTH". a \'ector eXl'ressmg the hlstldme-laggL'd :\­

termmal domaln (FTH,,). \\'e flrst mtroduccd an .\ïlOl site mto pBke-Cml ImmL'lhate"

al'ter codon 328 'n,e cDN:\ follo\\'mg thlS .\ïlOl site \\'as rcplaccd \\'lth an m framc

XhoL~ral fragment l'rom pET23d. \\'hieh pro\'lded the same S ammo aClds and stop cOllon

deseribed abo\'e.

Westem A lIalysis. BL21/DE3 expressing the N- ,md C- terminal ddellon mut,mts \\'ere

gro\\l1 and harvested as pre\'iously described (Mt,rley et al.. l 'J'(3). Frozen E. ,'oh ccII

pellets were suspended in approximately 3 volumes of sonication bulTer 1 III 1 1\1

potassium phosphate (pH 7.3). 25 mM 2-mercaptoethanol. 1 mM benzamidine. 1 mi\1

PMSFj and sonicated for a total of 10 x 15 seconds. Following centrifugation. the

insoluble fraction was resuspended in a volume of SDS sample bulTcr cquivalent 10 the

volume of the soluble fraction and aliquots of both fractions werc ,malyzeù by Western

analysis. Soluble protein concentrations were detcrmincd by Bradford ,malysis ( 1CJ76) ,md

samples were precipitated (Bensadoun and Weinstein. 1976) before separation on SDS­

PAGE slab gels (Laemmli. 1970). Proteins were transferred onto nitrocellulose usmg a

Tyler Research Instruments semi-dry apparatus (Khyse-Andcrson. 1984). Aftcr blockmg.

blots were incubated with a polyclonal anti-FTCD antibody and detection was performed

with '''I-Protein A as previously described (Murley et aL. 1993).

Purification of Histidine-tagged Prclteins. Wildtype FTCD was purified as describcd

previously (Murley et al.. 1993). Histidine-tagged proteins were purified l'rom frozen ccII

pellets as outlined below. 17 g of BL21/DE3 cells expressing FTCDH, wcre thawcd on

ice in 3 volumes of sonication buffer Il (sonication buffer 1 with pH incrcased 10 7.8 and

2-mercaptoethanol decreased to 10 mM) and lysed by sonication on ice for 3 minutes (12

x 15 seconds). After centrifugation (25000 g for 30 minutes). the composition of the

supematant was altered to include the following: 0.1 M potassium phosphate (pH 7.8).

0.5 M NaCl, 5 mM histidine, 5 mM glutamate, 0.1 % Triton X-I 00, 2D% glycerol, 10 mM

2-mercaptoethanol. This is also the composition of the Binding Buffer. The supematant

(80 ml) was added to 20 ml of a 50% slurry of Ni-NTA resin in Binding Buffer, and
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III 1\ cd end ("cr end for 1 hour at -1 "c -nllS I1llxture \Vas packed mto a column tUlder

gra"t'· The eolumn \Vas \Vashed \Vith l column volumes of Bmding Buffer .md Wash

llulTer Illllldlllg Iluffcr \Vith hlstldme mcreased to 50 m~I). 111C protcm \Vas elutcd at a

rate of 15 mLhr uSlllg a lincar gradient of 10 ml of Wash Buffer (pH 78) .md 30 ml of

3XU nùl hlStldmc in Binding ButTer (pH 73) Fractions containing actimy wcre pooled

and thalysed ovcnllght agalllst 2 x 2 lItres of Buffer B (25 mM MOPS (p H 73 l. 5 m;\l

pot<!sSlum phosphate (pH 73). 30% glyceroI. 002% Triton X-IOO. 35 mM 2­

mcrcaptocthanoI. 1 mM benzamidine). The dialysed protein was further purified by

Afflgcl 15-polyglutamate chromatography as reported for the purification of fTCD

(Murlcy ct al.. 1993). CDH" .md CD339H, were purified as described for FTCDH".

As FTH, does not bind as tightly to the Ni-NTA resin. the Ni-NTA column was

washed with 3 column volumes of Binding Buffer before eluting with a linear gradient

of 5 mM to 150 mM histidine in Binding Buffer at pH 7.8. Fractions containing

transferase active protein were pooled and dialysed as above. The dialysed protein was

loaded onto a DEAE Sepharose column equilibrated in Buffer A (Buffer B with glycerol

decreased to 20%) and washed with 3 colurnn volumes of the same buffeT. FTH" was

c1uted with a IInear gradient of 0 to 0.3 M KCI in Buffer A.

N-Tenllilla/ Seqllellcillg of the deaminase domain. Purified CDH, was bound to Ni-NTA

resin and washed with 10 volumes of 0.1 M potassium phosphate. pH 7.8. 0.5 M NaCI.

20% glycerol. 10 mM 2-mercaptoethanol and 20 mM imidazole, to remove traces of

Triton X-I 00. The enzyme was eluted using the same buffer with imidazole increased to

0.3 M. llle protein was extensively dialysed against H,0 to remove glycerol. prior to

Iyophilization. CD339H, was treated in the same manner and then furtber purified by

chromatography on a reverse phase C18 colurnn (Vydac), using a gradient of 0 to 70%

acetonitrile in 0.1 % TFA. on a Hewlett Packard 1090M HPLC equipped with a diode

array detectoT. The N-terminal amino acid sequences of CDH, and CD339H, were

determined at the Biotechnology Research Institute, National Research Council of Canada

(Montreal, Quebec), using an Applied Biosystems 470-A gas phase sequencer coupled to

a 120-A PTH-amino acid separation system.
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Tlyptic digestiOIl alld Moss Spectral .·lllalysis of tlle trall.,(erase doma;1I. l'uril'ied l'Til,.

was bound to Ni-NTA resin and e"tensively washed \Vith 0.1 1\1 potassium phosphate. pli

7.8.0.5 M NaCI and 10 mM imidazole to remove glycerol and detergent. and then dull'd

using the same buffer with imidazole increased to 0.3 M. Eluted l'Til" \Vas dialysed

against2" 1 litre of 50 mM ammonium bicarbonate. Dialysed FTH,. (2-1 pg) \Vas digesled

with 0.48 Ilg of TPCK-treated trypsin (Worthington Enzymes) in 50 mM ammonium

bicarbonate (total voh''1le of 85 Ill) for 4 hours at 37"C. LC\MS analysis or 20 pl or the

tryptie digest was performed by C. Fenwick and G. Tsaprailis. Concordia University. The

peptides were separated using a Hewlett Packard 1090 HPLC with a Reverse Phase CI X

column (Vydac) and a gradient of 0 to 80% acetonitrile in 0.05% 'l'FA. at a 110w rate or

40 Ill/min. The HPLC was directly coupled to a Finnigan-MAT SSQ 7000 mass

spectrometer equipped with an electrospray ionization source.

En=yme A ssays and Channel/illg Experimellls. Routine assays of tnUlsrerase and

deaminase activity were performed as previously described (MacKenzie. 1980; Drury &

MacKenzie, 1975). The Km value for formiminoglutamate (FIGLU) was determined al

30DC in assay mix containing 0.1 M potassium phosphate (pH 7.3). 35 mM 2­

mercaptoethanol, 1 mM H.PteGiu and various concentrations or FIGLU. -nIe H.,l'leGlu

Km value was determined using 5 mM FIGLU and various concentrations or (6R,S)­

H.PteGiu. To determine the H.PteGlu, Km value the assay mix included 5 mM FIGLU

and various concentrations of(6R,S)-H.PteGlu" with 118 mM NaCI. The kinetie eonst,Ults

for the deaminase aetivity were determined at 30uC using the assay conditions described

by Paquin et al. (1985), with 2-mereaptoethanol decreased to 35 mM. The data from thesc

experiments were fit to the Michaelis-Menten equation using the non-linear rcgrcssion

analysis program "Enzfitter" (Leatherbarrow, 1987).

Channelling of the formimino intermediate between active sites was monitorcd by

following the time course of appearance of the products of the transferase and the

dearninase reactions, as described previously (Paquin et al., 1985) with 2-mercaptoethanol

decreased to 35 mM and 40 ng of FTCO or equivalent units of either FTCOH., or FTH(,

and COH. added to each assay.

95



•

•

Ciel(iIlrflltol/ Punficd samples of FTCO. FTCOH". FTH" and COH" were analyzcd on a

Supcrosc (, HR 10/30 column equilibrated m 0.1 :VI potassium phosphate (pH 731. 20"0

glvccrol. 0 02"0 Triton X-I 00 and 35 m1vl 2-mercaptoethanol Aliquots contaming 200 pl

of approx,mately 2 mg/ml protein were InJected onto the column and chromatographed

al a llow rate of 0.2 ml/min. Absorbance of the eluale was monitored at 00"". Ferritin

(440 kOa). aldolase (158 kOa). bovine serum albumin (67 kOa). ovalbumin (43 kOa) and

chymotrypsinogen (25 kOa) were used as molecular weighl standards. The void volume

\Vas determined using blue dexlran,
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RES\:LTS

DelellOIl ollolys/s of FreD 111è plasmids è''1>fessmg N- and C-tèrminal fragme'nts "f

FTCO contained the same translauona! ènhmlcèr sèquenCè. nbosomè bmdmg SIle' and

mter\"ening sequence up to ,md including the 1I11tiatlon codon lllè plasmlds 11ère'

transformed mto BL21iOE3 cells and the resulting protèm products lIèrè ana"'zèd b~'

enzyme assay and Western bloning of cell extracts Figures 3 1.3.2 and 3 3 summanZè

the results l'rom these analyses.

The FT mutants (Figure 3.1) begin at the same initiator methionmè as thè ""dtY!'è

FTCO and end between residues 31 Sand 335. As shown in Figurè 32:\, mutants èndmg

al or before residue 322 are completely insoluble while larger, t"msferase-acu\"è fragments

are at least partially soluble. FT325 partitions between both the soluble ,md insolublè

fractions When aliquots of soluble extract containing equivalent lmits of transfèrase

activity were analyzed by Western blolting (Figure 3.2B), each "mè eontainèd

approximately equal amounts of immunoreactive protein. This indicates that FT125,

FT327-J. FT331 and FT335-2 have similar intrinsic transferase 'Ictivity.

To isolate a C-terminal fragment which did not contain sequence overlap \Vith thè

smallest transferase active domain, C0327 was constructed. As shown in Figurè 3 l,

C0327 expresses cyclodeaminase activity. To delineate the N-terminal boundary of thè

deaminase active domain. mutants beginning at positions further 3' were constructed .md

the expressed proteins were analyzed in terms of their solubility and deaminase activity

Truncated proteins initiating at or before residue 341 expressed sorne level of deaminase

activity while smaller fragments were completely inactive. Ail constructs produced soluble

protein (Figure 3.3A). However. C0341 was susceptible to proteolysis and C0344 .md

C0350 were not as highly expressed as their larger counterparts. When atiquois

containing equivalent units of deaminase activity are compared (Figure 3.3B), it is clear

that the intrinsic deaminase activity is highest for CD333 and CD334 and decreases

dramatically as the domain is shortened.
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FIGl/RE 3.1. Analysis of dte interdomain region of FTeD. The sites of termination of

tnmslation of the N-terminal FT domains and initiation of translation of the C-terminal

CD domains are indicated in bold (initiator methionines are not shown). Non-related

residues attached to the N-lerminal domains are \Vritten in italics. The minimum linker

region of 8 residues is underlined. The level of enzyme activity in E. coli extracts is

indicated by: +. >0.001 and <0.1 ~moles/min/mg; ++. >0.1 ~moles/min/mg; -. not

detectable.
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FIGl/RE J.2. Western nnnl)'sis of the N-tenninnl fmgments. A. Lanes 1 to 14 contam

IIlsolublc 'Uld soluble fractions of E. coli extracts expressing the following N-termlllai

fragments (1 & 2) l'DIS-\; (3 & 4) FT321-3~ (5 & 6) FT322; (7 & S) FT325; (9 & 10)

FD27-\; (II & 12) FT33\; (13 & 14) FT335-2. Oddnumbered lanes contain 25 J.lg (\;

3 & 5) or 5 J.lg (7. 9. 11 & 13) of soluble protein. Even numbered lanes contain volume

equivalent amOWllS of insoluble fractions, Lane 15. lOng purified FTCD. B. Lanes \Vith

nliquots of soluble extract containing 5 nmoles/min oftransferase activity: (1) FT325; (2)

FT327-\; (3) FT331; (4) FT335-2.
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FIGURE 3.3. Western anlllysis of the C-tenninnI frngrnents. A. Lane 1. lOng purified

FTCO. Lan~~ 2 to 15 contain insoluble and soluble fractions of E. coli extracts expressing

the following C-terminal fragments: (2 & 3) C0327; (4 & 5) C0333; (6 & 7) C0334; (8

& 9) C0337; (10 & II) C0339; (12 & 13) C034 L (14 & 15) CD344. Even numbered

l,mes contain 5 J.Ig of soluble protein. Odd numbered lanes contain volume equivalent

amowllS of insoluble fraction. B. Lanes with aliquots of soluble extract containing 1

1ll1101e/l11in deaminase activity: (1) C0327; (2) CD333; (3) CD334; (4) C0337; (5)

C0339; (6) C0341.
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/ùpreS'<101I and ""17fieatioll of the lIi.<tidine-tagged FrCD and Domain.<. Because the

isolated domains were very difficult to purify by convcntional methods. hexahi;tidine tags

were app~'l1ded to the C-terminal cnds of the fulJ-Iength FTCO (FTCOH,,). the transferase­

active domain (l'TH,,). the demninase-active domain (COH,,). and a shorter deaminase­

active fragment C0339 (C0339H,J Ni-NTA and polyglutamate affinity chromatography

clTected a 150 fold purification of FTCOH" and a 100 fold purification of COH" while

Ni-NTA followed by OEAE chromatography produced a 60 fold purification of FTl-l".

SDS PAGE of the purified histidine-tagged proteins is shown in Figure 3.4.

Sequcncing of COH" and C0339H" yielded the expected 10 amino terminal

residues <md confirmed that these proteins initiated at amino acids 333 and 339

respectivc1y. While COH" retained the initiator methionine, the majority of C0339H(, did

not.

The combination of reverse phase HPLC and ESI-MS was used to separate and

identify tryptic fragments of the N-terminal domain l'TH". Fragments covering greater

t1HUl 90% of this domain were positively identified by mass spectrometry. A fragment of

2040.7 Da was of particular interest since it corresponded exactly to the predicted mass

of the C-terminal tryptic fragment (containing residues 321 to 328 plus the histidine tag).

The qllatemar)' stmctllre of FrCD al1d isolated domail1s. Gel filtration was used to

detcrmine the association state of FTCD and the isolated domains. Both FTCD and

l'TCOH" eluted as high molecular weight complexes (Table 3.\), suggesting that they

cxist as the previously described octamer. l'TH, and CDH, eluted at apparent molecular

wcights of twice their subunit sizes. indicating that both are dimers. Cross-linking of the

full-\en gtll cnzyme and of the isolated domains with bis[sulfosuccinimidyljsuberate

(Picrce, Rockford, 111.) supported these results (data not shown).

Kil1etic Chamcteri=atiol1 of the rl1combil1al1l el1=)'lIIes. Table 3.2 contains kinetic

parameters for the wildtype and histidine-tagged proteins. The transferase activities

displaycd Km values for FIGLU in the millimolar range, as previously observed with

enzyme isolated from pig liver (Beaudet & MacKenzie, 1975). Km values for (6S,R)-
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FIGURE 3.4. SDS-PAGE analysis of purified proteins. Proteins \Vere c1ectrophoresed Oll

a 12% acrylamide gel and stained \Vith Coomassie Brilliant Blue. Each hme COlltUlIlS III

/lg of purified: (1) FTCD; (2) FTCDH,,; (3) CDH,,; (4) FTH".
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TABLE 3.1. Comparison of subunit :md nlltive

molecul:tr weights

------------------
Protein Molecular Weight (kDa)

FTCD

FTCDH,

FTH,

CDH.

Subunit"

59

60

37

24

Nativeh

438

380

83

52

•

" subunit size taken from amino acid sequence

b native size determined by gel filtration
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TABLE 3.2. Kinetic properties of the transferase/deaminase enzymes

•

Km knt

(6S)- (6S)-formimino (6S)-formimino

H.PteGlus H.PteGlu H.PteGlus

enzyme figlu

mM

(6R,S)­

H.PteGlu

I!M I!M I!M I!M

transferase deaminase

sec-'

FTCD 5.8 ± 0.3 141 ± 7 66 ± 7

FTCDH. 6.7 ± 1.1 148 ± 13 1.7 ± 0.4 70 ± 4

FTH. 8.3 ± 0.9 III ± 5 > 75

CDH. 70 ± 5

1.4 ± 1.3

19 ± 2

58 ± 3

77 ± 7

32 ± 1

394 ± 2

379 ± 25

213 ± 8

• values are expressed as averages ± standard deviations for 3-6 separate determinations
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H,PteGlu are also similar between the tr<Ulsferase enzymes. However. the f\.". "alue of

FTI-I" for the pentaglutamylated substrate (6S)-H,PteGlu•. at greater th,Ul 7) pi\1. 's lWl'r

50 times htgher than Ùlat of l'TC OH" under identical condittons 'nllS observalllln IS III

agreement "'Ilh the K" value previously described for a tr<Ulsferase-acttve dllller isolated

by denaturation of the octamer (Findlay 'Uld MacKenzie. 1l)88).

TIle K" values for (6S)-formiminoH,PteGlu were similar for the tluee dcamlllase

enzymes assayed. but approximately one hall' to two thirds the value described dsewhere

(Paquin et al., 1985: Findlay and MacKenzie, 1l)88). TIle f\.". values for the

pentaglutamate derivative were 1.4 ).lM for the deaminase activity of FTCDH" 'Uld Il) pl\-I

for CDH,. COH, and a deaminase active dimer produced by denaturation (Findlay mul

MaeKenzie. 19~~) oiisplay essentially identical Km values for ùle pentaglutamylalcd

substrate. Thus the deaminase domain retains significant polyglutamate specificity while

the transferase domain does not. The k"" values for each isolated domain arc

approximately hall' that of the corresponding activity in FTCO.

Challlle/lillg of the fa 1711 i1ll illo imel7l1ediate benveell active sites. CluUlnelling cxperimcnls

(Figure 3.5) were performed using 50 ).lM H,PteGlu, or H,PteGlu,. and equivalcnt unlts

of enzyme activity. When FTCO is used with the monoglutamylated substrate (Figure

3.5A). we observe that the rate of formation of methenylH,PteGlu l is much slower t1HUl

the rate of the transferase (formimino + methenyl). indicating that the formimino

intermediate is accumlÙating in the medium. However. when H,PteGlu, is used as

substrate (Figure 3.5B). this intermediate is channelled to the deaminase active site 'Uld

the rate of formation of the second product is similar to that of total products. TIle same

phenomenon is observed using l'TCOH,. as shown in panllis C and D. although the

efficiency of channelling is decreased. When l'TH, and CDH" are mixed. the results

(panels E + l') indicate that the isolated domains cannot channel the pentaglutamylated

intermediate. In contrast to FTCO(H,), an increase in transferase activity is not observed

wheu the pentaglutamylated substrate substituted for the monoglutamate with the mixed

domains.

109



•

•

FIGURE 3.5. lime course of appearance of products. The products represented are: (0).

transferase activity. the sum of 5-formiminoH.PteGlu. and 5.1 O-methenylH.PteGlu.: (el.

deaminase activity, 5.I0-methenylH.PteGlu. alone. Panels (A & B), FTCO: (e & Dl,

FTCOH,: (E & F), a matched mixture of FTH, and COH,.

110



•
n=1 n=5

3 A
2

1

0
(/l
Q) 3 C0
E 2
0
c: 1CU
Z

0
3 E F
2

1

0
0 60 120 60 120

Seconds

•



•

•

DISCUSSION

../ shol1lillker seqllellce separates the N-renllilla! trallsferase dOlllaill alld the r-tenllilla!

deamlllase domaill. Most multiflll1ctional enzymes are comprised of distinct modules or

domums linked together by shon flexible Iinker sequences (Coggins & Hardie. 1986)

Previous studies including Iimited proteolysis of FTCD and denaturation of the octamer

indlcated that the transferase and deaminase activities might be located on different

domains. As expression of flll1ctionally active fragments demonstrates the modular

composition of a protein. we attempted to experimentally define the domain structure of

FTCD through deletion mutagenesis.

As FTCD does not show significant homology to other known proteins. sequence

similarity could not be used to estimate its domain structure. However. Findlay et al.

(1989) had previously observed that both a 39 kDa transferase active proteolytic fragment

,md the full length FTCD appear to be N-terminally blocked. We interpreted this to mean

that a protease sensitive sequence connecting the transferase and deaminase domains

might lie within amino acids 320-360. Using deletion mutagenesis techniques. we

produced constructs which would express N-terminal proteins ending at different

positions between amino acids 318 and 340. and C-terminal fragments which initiated at

different residues within the same region.

The N-terminal boundary of the linker sequence resides within residues 324 to

326. Proteins ending at or before residue 322 apparently do not fold readily and are

completely insoluble, while larger proteins ending at or after residue 325 are soluble and

equally active. Although all C-terminal peptides were at least partially soluble, CD327,

C0333 and C0334 have substanlially higher turnover numbers than C0337, C0339 and

C0341. The smallest C-terminal fragments. C0344 and C0350, are completely inactive.

Therefore, the C-terminal boundary of the linker region lies within residues 333 and 335,

and distinguishes the fully active CO fragments from those which are less active.

Thus each FTCO subunit includes an N-termmal transferase domain and a C­

terminal deaminase active domain, separated by a short linker. This linker sequence is

between 8 (as underlined in Figure 3.1) and 12 residues long and is similar in composition
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to oth~r Imkers deserib~d b~' .·\rgos (1990) We ~an remOI'c [lOI' thCSl' propllscd Imh'l

r~sidu~s (327 10 332. mclusII'c) to produ~c a protcm win cl! \s lcss soluble lhan thl'

IIlldtypc FTCD ~'et sull expr~ss~s both a~tll'lUCS. albcll at rcdu~cd lcl'cls l 'l'on cxtl'ndm~

lhls deleuon te include resldues 327 to 338. the protcin be~omcs cl'cn less solublc and

c,m no longer catalyze elther reaction (data not ShOlIll)

For the remainder of th~se studies ll'e chos~ to produce and puni\, thc rull-Icll~th

~nzyme and the isolated domains CD333 and FT328 as histldmc-taggcd ruslon pmtcms

to simplify their purification,

The octomer;c FTeD collloills IWO types of subullit illlelfaces, Pr~vious \Vork on FTCD

suggested that formation of the octamer is required for co-expression or both c,ltal~'u~

activities and for channelling of substrate bet\Veen active sites, ln the proposed modcllhc

eight subunits are arranged to form a circular tetramer of dimers. \VIth I\VO types or

sublmit interfaces (MacKenzie et al.. 1980; Findlay & MacKenzie. 1987; 1988)

Therefore. each domain might include sequences governing subwlit dimerizallon

Analytical gel filtration indicated that both isolated domains exist as dimers. ~onrirn\lllg

that octameric FTCO includes two different types of subunit interfaces as rcpresentcd by

the tetramer of dimers shown in Scheme 1.

Indirect evidence suggests that both the transferase and deaminase activiues arc

dependent on the retention of specific subunit interfaces (Findlay & Mackenzie. 1987.

1988), If it is a prerequisite for either activity. dimerization may be required 10 uchieve

an active conformation of the subunit, or to form a calalytic site(s) at a subwlit interfuce

using residues derived from each monomer. Oetermining the number and position or

catalytic sites within the octamer is required to resolve these questions,

As both domains reside within one subunit it seemed reasonable that the isolmed

domains might continue to associate noncovalently, Several atlempts were made 10

demonstrate such an interaction, without success. The domains could not be crosslinked

using a bifunctional reagent, and neither domain could be retarded on a Ni-NTA col umn

previously 10aded with the H. version of the other domain, As weil, the fluorescence

spectrum of an equimolar mixture of COH. and FTH•• initially incubated at high protein
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Scheme 1 deaminase-active
dimer

transferase-active
dimer

deaminase-active
fragment

transferase-active
fragment
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concentration (1 mg. m1), is Identical ta the spectrum oht:l1ned 1", mathematlcalh addlllg

the mdi\'ldllal spectra of each dom:l1n. Fmally,lack of channellmg by dom:l1ns mcuh:llc,1

at l11gh protem concentration before assay mdlcates the absence of a spcclflc hC1L'Hl­

domain IIlteractlon in this system. 'Ille apparent lack of assorlatl(lIl helween the Isolatc,1

domains emphasizes the importance of the Imkcr reglOn m maint:l1nmg dom:l1n- -
interactions within each slIblUlIt of the octamer

TIle isolated domains retain kinetlc characteristlcs siml!ar to that of the native

enzyme with monoglutamate sllbstrates. TIte major difference is a decrease in thelr k.."

values to about 50%. Previously, a chymotryptic transferase actIve dllneric fragment was

al50 shown to have only 67% of the expected activity (MacKenzie et al.. l 'JHO) While

the domains retain a great deal of integrity, it is likely that their removal l'rom the

restraints imposed by the octameric structure reslllts in some conformational ch:Ulges

The raie of Ille polygllllmllole lail ill slIbslrale billdillg alld cllalllle//illg, Like m:UlY other

folate-dependent enzymes, FTCD displays a preference for polyglutamylated slIbstrates.

Polyglutamylation improves the binding of both the folate substrates :md FIGLU (l':lqllin

et aL 1985; Findlay et al., 1989). As weil, a polyglutamate tail,.j or more polygllllamates

in length, is required for the direct transfer of formiminoH,PteGlu. between active sites.

Paqllin et al. (1985) demonstrated the presence of only 4 high affinity polygllltamate

binding sites per octamer, or 1 per dimer. Our results indicate that ùùs polygllltamate

binding site resides within the deaminase domain. The existence of only 1 polyglutamate

binding site per pair of deaminase domains, suggests that it (and possibly the deaminase

active site) may be located at the subunit interface formed between deaminase domains.

Basic amino acids, in particular arginine residues, have been implicated in the

binding of polyglutamylated substrates to other folate-dependent enzymes (Kamb et al.,

1992; Maras et al., 1994; Finer-Moore et al., 1994). Rabinowitz's group suggested thal a

53 residue sequence, which is specifie to 1O-formyltetrahydrofolate synthetases which bind

longer polyglutamates and indudes doublets of basic amino acids, may constitute part of

that enzyme's polyglutamate binding site (Whitehead & Rabinowitz, 1988; Nour &

Rabinowitz, 1992). Within FTCD, arginine doublets (R381,R382; R392,R393; R435,R436)
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are onlv located 111 the deammase domam. some of these doublets may aid the bllldlllg

of polvglutamate to the oetamer.

SlIlce pentaglutamylated substrate is transferred with the highest cffielcney whdc

longer polyglutammes are more ughtly bound (Paquin et al.. 1985). substrme ehmmelllllg

wllhlll FTCO IS thought to in volve a sterie component. MacKenzie mld Baugh suggcsted

a "swlllgmg ann" mec!umism whereby the polyglutamate binds to a sIte on the octamer

while the more mobile pterin moiety can interact with either type of catalyuc site (1980)

As we have shown that the activities reside in different domains. the substrate must be

c!umnelled between domains. if not subunits.

As predicted by this mode!. the separated domains are not able to channel

pentaglutamylated intermediate. While some method of direct transfer between snes within

ùle octamer is Iikely. the slightly altered properties of the COH, domain prevent us l'rom

entirely ruling out a "release and rebinding" mechanism. Similar limitations were

encountered in testing this model by chemical modification of the native proteins

(MacKenzie & Baugh. 1980).

A swinging arm is not the only feasible method of direct transfer. Recently

Knighton et al. (1994) described a possible mechanism for channelling of

polyglutamylated dihydrofolate within bifuncllLnal thymidylate synthase-dihydrofolate

reductase of Leishmania majol'. They observed an unusual distribution of charged residues

across the surface of the protein which may serve to guide the intermediate between sites.

A similar "electrostatic highway" (Stroud, 1994), the proposed model of a polyglutamate

"anchor" or a third unknown mechanism may mediate the channelling described for

FTCO. Crystallographic analyses of FTCO and its isolated domains should clarify this

issue and, as weil, answer questions regarding the nurnber and location of active sites in

relation to the subunit interfaces fonned by each domain .
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CHAPTER 4

UREA-INDUCED DENATURATION OF FORMIMlNOTRANSFERASE­

CYCLODEAMINASE AND ITS MONOFUNCTIONAL DOMAINS
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..\BSTR.·\CT

Each subtmit of octamcric formit1linotr~Ul~fcrasc~cyclodcamina~c conslsts of a transfcrasl..'

,Uld a deamll1ase domain connected by a shon linker sequencc. These llomains ean be

II1dependently expressed in E. coli as monot\Ulction<l1 dllners mu\ show no II1dtcatlon nI'

associating. suggesting that the Iinker mediates the only substmllial domall1-domall1

interaction. 1'0 better lmderstand the benefits arising l'rom octmner formatlon. IVe have

used equilibrium unfolding methods to analyze the tnUlsfernse mul demnll1<lse domains

independently and within the octamer. The domains lUld the full-Iength enzyme exhtbll

multistate denaturation profiles. Both isolated domains lmdergo a concurrent Inss nI'

intrinsic fluorescence and catalytic activity <lt 10w concentrations of urea to form inactive

dimers. Unfolding and dissociation of the transferase do main are observed at slightly

higher urea concentrations and circular dichroism suggests that a partly lUlfolded

transferase domain. containing 40% of the native molar elipticity. is stable between 3.5

and 4 M urea. At 2.5 M urea. inactive deaminase di mer. folded monomer mlll lUlfolded

monomer are observed to coexist. suggesting that dissociation and lmfolding of lhis

domain occur at similar urea concentrations. While the isolated transferase ,md deaminase

domains undergo dissociation to monomer between 2 and 2.5 M urea. only one type of

subunit interface in the oetamer is disrupted at this urea concentration. Dissociation of the

second interface occurs between 3.5 and 5 M urea. indicating that one domain ,lchieves

increased stability within the full length enzyme.
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INTRODUCTION

111~ blfunctlOnal ~nzyme formimlJ1otnUlsferase-cyclodeaminase (FTCD) c<lla\yzes

IWO s~qu~nllal reacllons lJ1 the histidine degradation pathway 'nle tr~Ulsferase activity

lransf~rs a formlJnino group l'rom the histidine catabo\ite formimJI1og\lItam<lle 10

H,l'lcGlu,. 'nlc formimino intermediate is deaminated by the cyclodeamlJ1asc producing

5.IO-mcthcnyIH,PteGIlI, IUld NI-I,' With monoglutamy\ated folates (n=\). the Iwo

acllvitles flUlction independently. however polyglutamylated intermediate (n:::4) can be

~fficienlly channelled l'rom the transferase to the deaminase active site (MacKenzie &

Baugh. 1980; l'aquin et al.. 1985). FTCD preferentially channels pentaglutamates and

Ma~Kenzie mld coworkers have proposed that the polyglutamate tail acts as a

noncovalently bound swinging arm serving to anchor the intermediate to the enzyme

while ùle pteroyl moiety moves between the two active sites.

FTCD is composed of 8 identieal sllbunits arranged to form a planar. ring-shaped

tetnlmer of dimers (Beaudet & MacKenzie, 1976; MacKenzie et al.. 1980).

Dcnaturation/renaturation (Findlay & MacKenzie, 1987; 1988) and deletion analysis

studies (Murley & MacKenzie. 1995) indicate that the octamer is the smallest functional

wlit of FTCD which retains the transferase and deaminase activities and the ability to

channel substrates. Paquin et al. (1985) dernonstrated that 4 higb affinity polyglutarnate

binding sites exist per rnolecule ofFTCD and Findlay and MacKenzie (1987,1988) have

suggested that the integrity of alternating subunit interfaces in the native octarner is a

prerequisite for rnaintaining both catalytic activities. While this suggests that active sites

may be situated at subunit interfaces, exact nurnbers of catalytic sites and their relative

location within the octamer are not known.

We have recently deterrnined that each sublUlit of FTCD consists of an N-terrninal

transferase dornain and aC-terminal deaminase dornain separated by a short Iinker

sequence (Murley & MacKenzie, 1995). The polyglutamate binding site maps to the

dearninase domain. These domains can be independently expressed in E. coli and show

110 indication of interacting with each other once purified. This suggests that the linker

mediates the only substantial domain-domain interaction in FTCD. Both domains contain
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sequences govem1llg SUblU11t assoClatlon. 'Uld eXIst as monoflU1ctlOnal ,i1ml'rs m Sollltlllll

(i\lurley & '-lacKenzle. 1995). as r1lustrated in Scheme 1 :\pparentl~' the oct'lInenc

structure results l'rom the fusion of t\\'o different dimerie monot\U1ctlollal prole1lls. 'l'hl'

subunit mterfaces formed bet\\'een identical mon01llcrs are required to mamtam ,lomam

structure. but the domain interface \\'ithin the SlIblU1it IS relatl\'e1y ulllmportant If thls

mode! were accurate. the two types of domains should behave similarly both \\'lthm and

outside of the octamer. 111e ability of FTCD to chromel substrate and the 50"" decrease

in k,,,, values observed for each isolated domain (Murley & MacKenzie. 1995) argue thal

the transferase and deaminase domains do not t\Ulction eompletely autonomollsly \\'lthm

the oetamer.

Substrate ehannelling is the most obvious benefit of oetamer formation. We would

like to establish if fusion of the transferase tmd deaminase domains might reslllt m other

advantages. sueh as inereased stability of the domains or subunit interfaces. In this paper

we examine the urea-indueed denaturation of the transferase tmd dcaminasc doma1lls

independently and as part of the FTCD oetamer.
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i\1:\TERI:\LS :\ND i\IETHOI)S

.\lmena/s. l'ohe aCld .md fortlllmino-L-glutatlllc aeld \Vere l'rom Sigma and ultrapurc Inca

\Vas l'rom ICN. Ni-NT:\ resin \Vas purchascd l'rom Qtagen. The Superose () HR III .~ll

column \Vas l'rom Pharmacla. 5-formiminoH,PteGlu \Vas prepared cnzYmatleall~' as

described preYlously (Paquin et al.. 1985) exccpt that punficd recombmant transfcrase

domain (Murley &. MacKenzie. 1995) was used to catalyze ItS synthes.s. :\CIlhfed )­

fonniminoH,PteGlu was centrifuged in a microfuge for 10 minutes at .j "C III pcllet

precipitated enzyme. instead of passing Ùle solution through Centnllo concs (:\m.con)

EII=.l'Il1e Purification. Recombinant histidine-tagged FTCDH" l'TH" .md ('\-1" wcrc

expressed in E. coli and purified as previously described (Murley & MacKcn7.1c. 1995)

Enzyme preparations had specific transferase activities of approxllllatcly 3ll

I-lmoles/min/mg for FTCDH" and 22-24 I-lmoles/min/mg for l'TH,.•md specifie dcaminase

aclivites of 18-21 I-lmoles/min/mg for FTCDH, and 16-20 I-lmoles/min/mg for CDH" when

assayed wim 0.1 mM 5-formiminoH,PteGlu synmesized l'rom a racemic mIxture of

H,PteGlu. Single bands were observed upon SDS PAGE. Triton X 100 was replaced with

Tween 20 by rebinding me enzyme to Ni-NTA resin and washing with buffer containing

0.05 % Tween 20, prior to elution wim elution buffer WiÙl 0.05 % Tween 20 replaemg

me Triton X 100. Enzyme was concentrated to approximately 4 mg/ml (Ccntriprcp.

Amicon) and stored at -20 "C in buffer containing 0.1 M potassium phosphate (1'1-\ 78),

0.05 % Tween 20. 40 % glycerol and 1 mM DTT. Protein concentrations (per monomcr)

were determined using me calculated extinction coefficients (Gill &. von Hippel. 1989)

E". = 37920 M,lem" for FTCDH,. 28150 M"cm" for l'TH, and 9770 M"cm" for CDH"

En=yme A ctivity. Proteins (1 I-lM) were incubated for 150 minutes at room tempcrature

in Buffer A. containing 0.1 M potassium phosphate (pH 7.3). 0.05 % Tween 20 and 1

mM OTT. containing me appropriate concentration of urea (0 to 8 M). Transferase

activity was assayed (MacKenzie. 1980; Drury &. MacKenzie. 1975) in 0.5 ml incubation

volumes for 3 minutes at 30 oC. The deaminase activity was determined by lime drive
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at JO"e in assay mlx containing 0 1 M potassium phosphate (pH 731. 0 1 l1ù1 5­

fOfl1l1l11l11ol-I.PteGlu and 35 mM 2-mercaptoethanol. and measurement of .4." on a

Bcckm,U) DlJ6.JO spcctropholOmetcr. Ali activlty measurements are the average of assays

donc 111 duplicate or tnplicate.

l-1uorescence Emission TIle intrinsic tluorescel1ce of FTCDH". FTH" ,md CDH" \Vas

measured \Vith a Hitachi FJOIO tluorescence spectrophotometer. equipped \Vith a

lhermostalically controlled sample holder at 25 "C. Samples (la nM to 2l-lM) \Vere

incubmed for 150 minutes at room temperature in Buffer A containing the appropriate

amount of urea (0 to 8 M). and the emission spectra (excitation at 290 nm) \Vas recorded

bel\Veen 320 and 380 nm. The excitation slit \Vas set at 3 nm and the emission slit at 5

I1m. The spectrum of a buffer blank \Vas subtracted l'rom each sample spectrum.

Data A na/ysis. Data were analyzed using the non-Iinear regression analysis program

"Enzfitter" (Biosoft, Cambridge, UK). T\Vo indicators of protein conformation (activity

lmd fluorescence intensity) showed that both domains undergo a coincident. cooperative

transition at low urea concentrations, prior to significant dissociation and unfolding. TIlis

suggested that both domains might undergo a two state change in tertiary structure at low

concentrations of urea: F .. F*. To characterize this transition, the equilibrium constant of

this conformational change, K.., and the free energy, LlG.., were calculated at different

urea concentrations within the transition region according to the following relationship:

K p• = F*IF =fpJ(J-fp.) = exp(-dG.. /RT) (1)

\Vhere f .. is the fraction of protein which has undergone the conformational change. ln

order to estimate changes in tertiary stability inside and outside of the octarner, the free

energy of this conformational change in the absence of denaturant, was estimated l'rom

a linear extrapolation of the values of LlGp• versus the denaturant concentration to 0 M

urea according to Pace (1986),

LlGp• = LlGu:op• + rnp.[urea] (2)

\Vhere the intercept LlGmop• corresponds to the free energy of the conformational change

at 0 M urea and the slope rn.. reflects the cooperativity of the urea-induced transition.
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Circlliar DlcllroislIJ. CO spectra of samples contalt1l1lg 1n pl\1 protclll, IIlcubatcd l'nr 15n

mlllutes at room temperature III ButTcr .-\ contallllllg urca (n tll 75 :\1), wcrc rccordcd lt1

a Jasco J-71 n spectropolarimeter \Vith a cylindncal CU\·Cltc of n n5 cm pathlcngth Spcctra

of bhmks eontaining only buffer \Vere subtracted l'rom sample spcctra ,md molar clipucit\

was determined. Scan speed \Vas set at 100 mn/min ,md mcasuremcnts 'lrc rcponcd l'rom

5 accumulations.

Si=e Excillsion Clll'OlIJalograplly. FTCOH., FTH" ,md COH. \Vere incubated al room

temperature for 150 minutes in Buffer A containing the appropriate concentration of urca

(0 to 5 M). Aliquots of 200 III of approximately 1 mg/ml protein. \Vere mjectcd onlO a

Superose 6 HR 10/30 column equilibra:;;J in Buffer A containing the 'lppropriatc

concentration of urea. Samples were chromatographed at a no\V rate of 0.31 ml/mm, at

4 nc and the absorbanee of the eluate was monitored at 00"". Ferritin (440 kOa). cawlasc

(232 kOa). aldolase (158 kDa). bovine serum a1bumin (67 kOa). ovulbumin (43 kOu).

chymotrypsinogen (25 kDa) and Ribonuclease A (13.7 kDa) were used as molecular

\Veight standards to eonstruct a standard eurve to determine the sizes of applied proteins

The void volume was determined using Blue Dextran. BSA and Blue Dcxtnm \Vcrc

chromatographed at each urea concentration and no changes in elution time \Vere obscrved

up to 5 M urea. Each samp1e was chromalographed 2-3 limes.
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RESULTS AND DISCUSSION

DlssoClallon ,md lmfolding of larger proteins can be relallvely simple. for eXaInple

the two-statc dcnaturallon of dimeric trp repressor (Gittelman & Matthews. 1990 l. the arc

reprcssor (Bowie & Sauer. 1989). or the multidomain À cro dimer (Pakula & SaueL

1989). In other cases denaturation is considerably more complicated. and may mvoh'e

intcrmcdiates such as inactive oligomeric species (glutamine synthase. Maurizi &

Ginsburg. 1982). structured monomers (aspartate aminotransferase. Herold & Kirschner.

1990; Pi-c1ass glutathione transferase. Aceto et al.. 1992) or compact unfolding

intermediates (reviewed by Fink. 1995).

Bifunctional FTCD is both oligomeric and multidomain. Each monomer consists

of an N-terminal transferase domain and aC-terminal deaminase domain separated by a

short Iinker peptide. Both domains include sequences mediating subunit association and

can be independently expressed as dimeric proteins. Previously. Findlay and MacKenzie

( 1987) used urea-induced dissociation to analyze the subunit arrangement of FTCD. and

proposed a model for the dissociation of this enzyme. They suggested that the octamer

first dissociates to form inactive dimers between 2 and 3 M urea (transition 1). This is

followed by a conformational change in the dimer between 3 and 4 M urea (transition II)

which precedes the third transition, dissociation of the dimers to monomers above 4 M

urea. Their results suggested that nnfolding ofwildtype FTCD is multiphasic and involves

several intermediates.

Sorne multidomain proteins exhibit very strong domain interactions where multiple

domains unfold co-operatively in a single transition, with no evidence of equilibrium

intermediates (À crû dimer. Pakula & Sauer, 198\1; thermal denaturation of yeast

phosphoglycerate kinase in the presence of guanidine hydrochloride, Griko et al., 1989).

Domains in other proteins unfold independently and show little or no evidence of

interacting (ovomucoid. Privalov, 1982). A third c1ass ofproteins displays an intermediate

level of domain interaction (CD4, Tendian et al., 1995; DnaK, Montgomery et al., 1993).

Our previous results indicate that once the linker connecting the IWo catalytic domains

of FTCD is severed, functional and structural association of FTH, and CDH, is not
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obsen·ed. suggesllng that interdomain mteraClIons are mm.mal al best (:\lurlev &

:\laeKenz.e. l'lYS) ln a renew of foldmg of multidomam proteins. Gare! ( 1')l)2) has nOll'd

that often the stabl1ity of isolated domams \S not subsl,mllall~· mod.fied b~· thl' preSl'nce

of the rest of the protem cham He concluded that domam stability resuits pnmanlv from

intradomain interactions. 11l1s may also be true of the tr<msferase ,md deammase llomams

of FTCO. If interdomain interaction is minllllai within the SUblUlIl. the pll\sleal

characteristics of each domain should not ch,mge upon separation To determme the e'lenl

of interaction between me transferase and deammase domams in octamenc FTCD. wc

examined me propenies of the isolated and Iinked transferase ,md deaminase domalns and

meir stabilities to urea-induced dissociation and den<ltUrallon

Spectral Characteri=at;on of FTH" CDH" and FTCDH,. As a first step. '1 spectral

characterization was undenaken ta examine the domains inside ,md outside of the FTCD

octamer. 111e intrinsic tryptophan fluorescence emission spectra of equimolar

concentrations of FTH,. COH, and FTCOH. are shown in Figure 4.1. FTCDI-I, has a total

of 4 tryptophans, 3 in me transferase domain (W 158. W 171 and W224) ,md one in the

deaminase domain (W462). [n keeping with mis distribution. the transfemse domaln

exhibits significantly higher fluorescence emission intensity per mole of enzyme tlum does

me deaminase domain. Native FTH, and COH, have emission spectra witll maximum

emission wavelengths of approximately 342 nm (Fig. 4.IA) and 326-328 nm (Fig. 4.1 B),

respectively. The maximum emission wavelengm for FTCDH" at 338 nm (Fig. 4.IC). IS

intermediate between mose of me two domains. Similarly shaped spectra were observed

using excitation wavelengths ranging from 270 to 295 nm, indicating mat tryptoph,m

provides most of the fluorescence intensity. and no evidence of conformational change

was observed over a range of 10 nM to 2 IJM monomer concentration for ail mree prolein

species (data not shown). While the emission spectrum of an equimolar mixture of FTH.

and COH. and the additive spectrum of the individual domains are identical (Murley &

MacKenzie. 1995), the mixture of domains has slightly more (\.07 times) maximal

fluorescence intensity man octarneric FTCOH,. Vpon denaturation in 8 M urea. ail mree

species undergo a decrease in fluorescence intensity and their A.,.. values are redshifted
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FIGURE 4.1. (nmnsic fluorescence Spectrd of native and denatured proteins. A. FTH",

B. CDH". and C. FTCDH". The emission spectra of 1 llM enzyme in Buffer A ""1- urea.

(_l, native enzyme: ( l, enzyme renatured for 24 hours: L._._. l, enzyme in 5 l'v:
mea; C"l, enzyme in 8 M urea; (-l, equimolar mixture of native FTH, and CDH" (panel

C onlyl.
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10 betIYeen 35~ 'Uld 357 nm. mdlcatlng that ail tryptophan resldues have become exposed

10 the solvent Denaturation IS essenllally a reverslble process smce ail three proteins

regamed most of their native fluorescence IIltensit)' ,md aCllvity aCter 2~ hours of

renalliratlOn As observed for other multidomain protems (Gare!. 1992) the Isolated

dommn> renature more quickly than the full length enzyme (data not shown). TIlis may

be rclated to aggregation of the larger protein or slow pairing of domains and sllbtmits as

ha~ been observed during renaturation of l,ther multidomain or oligomeric enzymes

(Jaenicke. 1987)

Both polar and nonpolar molecules can quench the tryptophan fl uorescence of

FTH, and FTCDH,. sllggesting that at least one of the transferase domain tryptophans is

solvent e.~posed (data not shown). In contrast. the single tryptophan in CDH,. is not

accessible to the p'llar qllenchers Cs' or r. but can be effectively quenched with

acrylamide. This observation. combined with the Àm., value of CDH,. suggests that W462

is in a hydrophobic environ.'êent (Lakowlc>,. 1983). either buried within the deaminase

domain or at a subWlit interface.

CD spectra were obtained for the full length enzyme <II1d both independent

domains (Figure 4 2). The resulting spectra were analyzed to estlmate the secondary

structure content of each protein (Table 4.1). using the K2D method (Andrade et al..

1993). Table 4.1 also contains secondary structure predictions made from amino acid

sequence data. The transferase domain and the full length protein are estimated to contain

significant amoWlts of both a helix and ~ sheet. while the deaminase domain appears to

be predominantly a helical in nature. Thus. the helix signal at 222 nm was chosen to

monitor urea-mduced unfolding.

Urea-indllced denatllration of FrH,. CDH, and FrCDH,.. /oss of transferase and

dealllinase activilies. As the transferase and deaminase activities exist in separate

domuins. catalytic activity can serve as a domain-specific conformational probe. The

isolated transferase dOh,ain is inactivated (Fig. 4.3A) in'a cooperative transition occurring

between 1.25 and 2.5 M urea. The isolated deaminase domain is less stable than the

transferase domain (.1GH,oP'. Table 4.2). Inactivation of this dûUlain occurs between 0.75
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FIGURE 4.2. Orcular dichroic spectra of Rlltive FTeDH. :md the isolllted dODlllins. Th~

molar elipticity of: (- - -l. FTH,: (..... l. CDH,: (-). FTCDH,: in BufTer A at 25"('
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TABLE ·tt. Secondary structure estimation

MeùlOd 0. helix 11 0 tUl1l

fl'OIII CD data

FTH, K2D" 38

CDH, K2D 60

FTCDH, K2D 43

fl'OIII sequence data

FTH. Garnierb 53

Deleage' 49

CDH. Garnier 72

Deleage 95

FTCDH. Garnier 58

Deleage 55

" Andrade et al., 1993.

b Garnier & Robson, 1989.

5

7

16

16

9

12

o
15

6

56

33

41

18

39

9

5

16

36

nia

n/:'l

nia

14

3

8

12

3

•

, Deleage & Roux, 1987; A double prediction meÙlod, where structural c1ass is firsl

determined from amino acid composition. FTH. and FTCDH. are predicted to be a/~-a

c1ass and CDH. is predicted to be all a c1ass.
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FIGl/RE 4.3. Percent origimd signal remlÙning during urea-induccd dcnatumtion of

Ilrotcins. A. FTH" B. COH,. and Co FTCOH" Final concentrations were 1 flM

(fluorescence :md activity) or la flM (circular dichroism) enzyme in ButTer A plus the

appropriate aIDolUlt of urea, Symbols: (0), percent original transferase activity: (e),

percent original deaminase activity: (O.), percent relative fluorescence = (F-F,)/(F,,-F,),

where F is the maximal peak height, F, is the fluorescence in 5 M urea and F" is the

fluorescence in a M urea: (~ .. ), percent original CO signal at 222 nm: +. position of

À,nUl\ in nrn.
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TABLE -1.2. Analysis of uI'Ca-induced denlllumlÏon

Probe êJ.GII:OP" mp " C bm

(kcal mor') (kcal mor'M") (M urea)

FUI" transferase 4.54±OAO 2A6±0.22 1.85

fluorescence 452±0.29 2A8±0.16 1.82

COHl, deaminase 255±0 14 1.60±0.08 1.59

tluorescence 1.91±0.14 1.26±0.09 1.52

FTCOH. transferase 6.29±OAI 3.29±0.21 1.91

deaminase 4.31±0.28 2.93±0.19 lA7

tl uorescence 4.25±0.23 2.24±0.11 1.90

" êJ.GII:OI,. is the free energy of the conformational change in tertiary structure in the

absence of denaturant and m.. is the urea dependency of this free energy. tiGII:oF• and m..

values were obtained from the intercept and slope of the linear extrapolation provided by

Equation 2. The data in the transition region of the activity and f1uorescen"e denaturation

curves for FTH,. COH, and FTCOH, shown in Figure 3 were fit to equation 2 as

described in Materials and Methods, and eITors represent the standard deviation of that

fit.

b Cm represents the urea concentration at which half of the protein has undergone the

conformational change, Cm = êJ.GH:OFJm.
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mld 2.5 :-'1 urea. cUld has a midpomt of approximately 1 (l l\I urea (Fig -1 :1B. Cm' Table

-12) While the isolated cUld covalently Iinked domams are mactlvated 11lHler sllllliar

concentrations of denaturant. these mUlsitions OCClU more cooperauvely in the llctaml'r

(m,.... Table -1.2). As the :1G"-,,,,... values Cfable -12) are slightly 11Igher when the transferase

<Uld deaminase are covalently Iinked. both domams lllldergo modes! mcreases m stahl111y

as pan of the octamer.

Changes in ill/rinsic fll/orescence I/pon denall/ralion in I/I'ea. As shown in Figure -1 J. the

fluorescence intensities of FTCOH. and the isolated domains are quenched in response

to increasing urea. The loss of FTH, fluorescence intensity occurs simult'Uleously \Vith

inactivation (Fig. 4.3A). 111e wavelength of maximum emission is redshifted between 2.5

and 4.5 M urea. suggesting increased solvent exposure of the tryptoplHUl residues.

Likewise. COH, undergoes fluorescence intensity loss which correlates c1ose1y \Vith

inactivation (Fig. 4.3B), and a large redshift in À"., occurs between 2.8 ruld 5 M urea. as

the single tryptophan becomes more solvent accessible. When FTCOH, is subjected to

urea denaturation. the fluorescence intensity loss correlates c10sely with loss of the

transferase activity (Fig 4.3e). There is a graduai increase in À"., between 2.5 IUld -1 M

urea which then rises sharply between 4 and 5 M urea. Thus. each of these proteins

undergoes conformational change at low concentrations of urea. as monitored by loss of

enzyme activity and quenching of intrinsic tryptophan fluorescence.

Changes in secondary s/mc/llre. To determine if the conformational change indicated by

loss of fluorescence intensity and catalytic function involves protein unfolding, far UV

circular dichroism was used to monitor for related changes in secondary structure. The

transferase domain undergoes a biphasic decrease in the a helix CO signal at 222 nm. ln

2 M urea. where FTH, has undergone both inactivation and a major decrease in

fluorescence intensity. more than 90% of the native CO signal at 220 nm remains.

Between 2 and 3 M urea significant unfolding occurs as indicated by a 40% loss in the

helix signal (Fig. 4.3A. 4.4A). A small plateau is observed around 3.5 and 4 M urea,

suggesting that a partly unfolded transferase may be stable at this concentration range.
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FIGURE ·t4. Change in far UV CD Spectrd upon urea-induced denaturnôon of proteins.

A. l'TH". B. CDH". and C. FTCDH". Molar elipticity of enzyme in Buffer A +/- urea.

lIrea concentrations of O. 1. 2. 2.5. 3. 3.5. 4. 4.5. 5. 5.5. 6. 7.5 M produced spectra \Vith

decreasing absolute molar elipticity at 222 nm.
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Funhcr W1foldmg occurs between 4.5 and 6 M urea. The shape of the CD spectrum

ch,mgcs belween 25 ,md 3 1\1 urea. where the local minimum at 222 nm lS lost (Fig

4 4:\)

'Ille deammase domain exhibits a 75% decrease in a heli:-: signal between 2.5 ,md

5 5 1\1 urca (Fig. 4.3B. 44B J. after most of the fluorescence and activity loss has

occurred. TIle midpoint of this transition. between 3.5 and 4 M urea. correlates with the

Joss of the local minimum at 222 nm (Fig. 44B). By 5.5 M urea. very little helix signal

remams.

FTCDH(, also retains most of the helix signal at 222 nm up to 2 M urea (Fig. 4.3e.

4AC): 35% of the signal is lost between 2 and 3.5 M urea. as is the local minimum at

222 nm. A second decrease of almost 40% is observed between 5 and 7.5 M urea. TIlUS

fluorescence and activity changes of the domains and intact enzyme occur at urea

concentrations where most of the secondary structure remains intact. This suggests that

the initial conformational changes are limited to changes in tertiary structure.

Urea-indllced changes obselved by si=e excillsion chromatography. Findlay and

MacKenzie (1987) were able to correlate urea-induced loss of fluorescence intensity and

catalytic activity with changes in quatemary structure of wildtype FTCD, which suggested

that inactivation might result from subunit dissociation. Therefore, we wanted to ascertain

the quatemary structure of the isolated domains and the full length enzyme at different

concentrations of urea. Proteins were subjected to size exclusion chromatography to detect

volume changes which migbt signify subunit dissociation (an increase in time of elution)

or protein unfolding (a decrease in time of elution). Figure 4.5A shows the

chromatographie profiles of FTH, in 0 to 5 M urea. At 0 M urea, the transferase domain

el utes at 58.2 min, consistent with a molecular mass of 79 kDa, indicating that it behaves

as a dimer. At 2 M urea there is very little change in its elution position indicating that

the inactivation and loss in fluorescence intensity observed between 1 and 2 M urea result

from a conforrnational change within the dimer, and not from subunit dissociation. At 2.5

M urea, the protein peak has broadened and moved to 52.6 min. This change in elution

time coincides with unfolding of the domain as detected by far UV CD and increased
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FIGURE 4.5. Size ex.c1usion chromatogmphy profiles of proteins in incre:l~ing ure... A.

FTH'i' B. CDH", and C. FTCDH". Following denaluralion for 2.5 hours al l'OHm

lemperature. sampIes were chromatographed al 4"C on a superose 6 cO\lImn cqllihhmlcd

in Buffer A containing different concentrations of urea.
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sol"ent e~posure of the tryptophan resldues Il IS ,hIT.cult III ,htTer,'nllat" \\h,'lh,'r

dissOCI~ltlOn I~..lds ta lmfolding of ~Ul unstabk mOnOtllèfh: transt\:raSè ln \\hl..,ther Hlll\lhhng

of Ihe sUblUlIt mduces dissociatton of ,hmenc 1"1'11., ln ellher c,:se. a m\lIHlmenC 1''1'11"

15 most hkdy lmstable :md prone to further unfoldiilg...\t :;.5 :-.\ urea. Ibe dutl\1n tllll,' has

further deereased 10 -15.3 min and the eqllll'brlum has shifted towards a panl~' unfllld,'d

monomenc intennediate \VIth ml expanded volume. Partially fllided mtenne\halcs h:I\'"

been idenlified in severa! f::>!ding :bld tUlfolding palh\Vays (Das "t al . 1'1<J5. :--::II'hl "\ al .

1993: Palleros et al.. 1993; Uversky & Ptilsyn. 199-1; revie\Ved m Fink. 1995) :Illd hav"

different origins. At 37 kOa. the transferase domain is relattvdy large :md mlght wnl:lIn

subdomains \Vhich are differentially folded at :;.5--1 M. :malagous to the dllTerenttally

folded domains wiùlin the molten globule of a-Iactulbumm (Wu. et al. l ')l)5)

Altematively. the compact intermediate may include a hydrophobie core eons15lmg lIf Ihe

remaining secondary structure and solvent protected trp residue(sl. surrolullbl b~'

extended unfolded polypeptide chain, as has been proposed in the eqUllibnum unfolding.

of DnaK (Palleros, et al.. 1993). The domain continues to unfold :md exp:md as the

transferase peak has moved forward to 44.1 min in 5 M urea. Even at 5 M urea. the

domain may not be l'ully unfolded since 30% of Sm is still retained. Protein spee.es at

3.5 and 5 M urea which elute in the void volume or prior to the main peak may result

l'rom aggregation of the partly unfolded domain. The transferase domain is more

hydrophobie than the average protein (Findlay et al.. 1989) and dissociation :md partial

denaturation might reveal hydrophobie faees which would promotc nonspeeli'ie

aggregation.

The denaturation of the deaminase domain was also monitored by size exclusion

chromatography (Fig. 4.5B). ln the absence of urea, COH, exists as a dimer, c1uting with

a molecular mass of 53 kOa. approximately twice its subunit Slze. At 1.5 M urea, the

peak becomes more asymmetric. suggesting that sorne monomer is present. 'Ille smail

shoulder preceding the peak could be either an unfolded monomer or an unfolded dimer.

At 2 M urea. the dimer remains the major species although a l'aster eluting peak has

increased. As seen with the transferase domain. a conformational change producing an

inactive dimer with decreased intrinsic tryptophan fluorescence appears to precede
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dlSs(Jclallon of CDII" Foldcel monomcr 1572 mm). maCII\'c elllllcr (53 ~ Illmutcs) 'Uld

llnfoldcd 1ll00wmer (~'! (, mmutes) coeXlSl at 25 \1 urea although the major spccles

appcars 10 hc llnfoleleel CDII" 'l1l1s suggesls that thc CDII" lUlfoldmg pathwa\' mcludcs

a ,hSS(Jc"'llon stcp wlllch praduccs a folded monomer l'rom mactt\'e (hlller '11115 CDII"

mono Iller IS not stable at 2.5 M urea 'Uld lUldergoes partd lUlfolding. If denaturatton

occuncel by unfoltiing a àimenc CDII". a folded monomer would not bc obscr\'cd.

ljnfoldmg of thlS domam IS not \'cry eooperati\'e smce a small concentratIon of dimer

may perslSt wlth the lUlfolded spec;es. even at 5 M "-ea.

Fmdlay 'Uld MacKenzie ( 1987) proposed a model for the dissociation of octmnenc

FTCD Will ch in\'olved ,m initial dissociation to dimers followed by. at higher urea

concentrattons. further dissociation to monomers. llley suggested Ùlat activity and

Iluorescence changes correlated with dissociation of FTCD to a Jimeric speeies. ln

contrast to this. denaturation of the independently expressed domains indicates thm a

conformational change. as indicated by Joss of activity ,md fluorescence intensity.

precedes dissociation in beth domains. This conformational change also precedes

dissociation in the intact enzyme. Native FTCDH. elutes predominantly as an octamer

with a smaller fractien existing as a smaller oligomer. perhaps a dimer or tetramer

(estimated Mr = 200.000) (Fig. 4.5C). lllere is a small decrease in the elution time of Ùle

OClamer as the denaturant increases to 2 M urea. and this may be due to loosening of its

tertiary structure (Palleros et al. 1993). Between 2 and 2.5 M urea, dissociation occurs at

one type of interface and the population of dimeric intermediates eluting at 46.8 min

increases. lllis is followed by partial lUlfolding between 2 and 3.5 M urea, as shown by

,140% decrease in the a helix signal. At 3.5 M urea. a larger. lUlfolded dimer, eluting at

41.9 min is the major species. The far UV CD profile suggests that this dimer may be an

lUlfolding intermediatl" analogous to the partly Wlfolded transferase monomer (Fig. 4.3C.

4.4C). Like the transferase domain, this Wlfolded dimer is susceptible to aggregation. As

the llTea concentration is increased to 5 M, a second dissociation event occurs producing

a partly-folded monomer which elutes at 47.2 min. The FTCDH. monomer Wldergoes

further Wlfolding as me urea concentration is increased to 7.5 M urea.

Chemical cross-linking wim bis-succinimidyl suberate was atlempted in order to
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l.:Onflllll ur~a-lndu(,èJ dl;.Ulgl..'S 111 quatCl1lary stnl\':lllrL~ ld~lla IHlt showl\) Thl".' ahliil\ t~l

..;ross-Illlk FTl-i u \s 10st bt:twecll ~ ~Uld 2.5 \1 UfèOl. Cross-llllklllg n:sults ~Uè ",'llIlSlsknt \\\th

liissOClatIlln of nall\'e FTCDH" to di mers betll'ecn 1 5 and 25 :-'1 urea, and furthl'r

dlSSocH\tlon ta monoll1ers hc[wcen 3.5 ~U1Ù " :\-, urea. H(l\\"c\'el' l"nllLhtlons for l.'lïlL"IL'm

cross-linkmg of the deammase dimer could not be oblamed.

To summarize. II'hether expressed as .m Isolated domam or constramed Il Ithlll th"

octamerie structure. each domain IUldergoes a conformatIonal change al the saml

eoncentration of urea (as rcvealed by C,J 111ese apparent ch.mges m tertIary stIuClllrc

result in a loss of activity wiÙ10ut dissociation of the subwtit interfaces The octamenc

structure enhances the cooperativlty of the ch.mges but has only a small clrect on domam

stability. At higher concentrations of urea. both isolated domam~ dissoci.lle and unfold

within a narrow range of denaturant concentration. Within the l'TCD octamer one Iype

of sublll1it interface is disrupted IUlder the same urea concentrations whleh promole

dissocimion of Ù1e l'TH" and CDH, dimers. 111e second type of interface IS more stable

wiÙ1in the octamer and is maintained at higher concentrations of urea. PrcvlOusly. l'lIldlay

& MacKenzie (1987) suggested that Ù1e intcrface between the transfcrasc domains IS lost

in Ù1e first dissociation event. partly because a proteolytically derived tr.msfcrasc-:lctlve

fragment lll1derwent dissociation between 2 and 3 M urea as weil. Now that wc IUlve

determined Ù1at Ù1e isolated deaminase domain also dissociates in this conccntratlon range.

il is difficult to differentiate wheÙ1er Ù1e transferase or Ù1e deaminase interfacc is less

stable to urea. Despite Ù1eir apparent inability to interact. the presence of both dommns

wiÙ1in the intact, biflll1ctional enzyme enhances Ù1e stabIlity of one of the SUblUlIt

interfaces wiÙ1in Ù1e octamer.
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[:HAPTER 5

GENERAL DISClISSION
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Octamcnc fornllmmotnUlsferase-cyclodeaminase \5 arranged as a phmar nng­

shapcd tctramcr of di mers. The lUlusual quatemary structure of thls bifwlctional enzym~

has prompt~d qu~stions conceming the arrangement of SUblUlitS. the organization of

catalyllc acllvitics and the mechanism of substrme channelling between the two typ~s of

catalytic sites. Previous investigators have shown that the transferase and deamitlas~

activities are kinetically independent and possibly located on dlfferent domains.

Expression of each activity was proposed to coincide with retention of a different sublUlit

interface. Isolation of the cONA encoding FTCO and determination of the amino acid

sequ~nce and domain structure of FTCO would allow testing of this hypothesis. and

would provide the necessary tools and mformation for further analysis of the structural

organlzation of this enzyme.

5. J Sequence analysis of pareille /il'er FTeD

The porcine liver cONA described 111 Chapter 2 of this thesis contains an open

reading frame that encoàes a 541 amino acid protein, in agreement with the apparent Mr

of 60 kOa previously observed for the FTCO sublUlit. The deduced primary structure of

FTCO includes sequences which correspond to two amino acid sequences identified by

N-terminal sequencing of cyanogen bromide cleavage fragments of FTCO, confirming the

identity of this clone. Porcine FTCO is N-terrnina!ly blocked to Edman degradation. Thus

it is likely that the initiator methionine is removed and the next residue, a serine, has

lUldergone a post translationa! modification such as acetylation. The FTCO cONA was

cloned into a prokaryotic expression vector and recombinant FTCO was expressed. The

recombinant enzyme can catalyze both the transferase and deaminase activities.

Initia! searches of nucleotide and amino acid data banks indicated that this

sequence was novel as it displayed no significant hornology existed with other known

sequences. More recently, severa! human liver Expressed Sequence Tags, which share 64­

90% identity with the porcine FTCO nucleotide sequenc·e, have been described. Also, two

groups have isolated cDNA's encoding homologues of FTCO l'rom rat (G. Bloom,

persona! communication) and chicken (O. Hennig, persona! communication). Both groups
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were attempting to clone a 58-60 kOa mierotubule associatell protein (Bloom & Brashear.

1989). Il is 'luite Iikely that FTCO binds to the polyglutamates whidl eovalentl~' mollil\,

tubuhn (Redeker et al.. 1991). Like the porcine enzyme. the recombinant rat and dllckl'n

proteins are biflmetional. TIle deduced amino acid sequences for the chicken and porcine

enzymes arc compared in Figure 5.1. 80th the chicken and porcine sequences encode a

541 amino acid protein. They share 68% identity and 82% homology when conservative

residues are eonsidered. TIlllS. a high degree of sequence conservation is observell

between ehicken, pig and hunuUl FTCO.

An open reading frame (OIf4) in thc bcginning of a serine cyde gene duster in

Me/hylobac/erilllll ex/orqlle/ls AM 1 ehromosome (Christsenlova & Lidslrom. 19(4) can

encode a previously cmknown 211 amino acid sequcnee which sharcs 34% idenlily (S3'X.

homology) with the C-terminal hall' of FTCO (Figure 5.1). Me/hylobac/erilllll ex/oIlI'II'/lS

is a gram-negative facultative methylotroph. TIlis serine cycle gene cluster eontains genes

encoding proteins involved in the assimilation of Cl lUlits, including the folate dependent

S,lO-methyleneH.PteGlu dehydrogenase (III/dA). Mutants containing insertion mutations

in 0lf4 are cmable to grow on CI or C2 compocmds but will grow in the presence of

glyoxylate. Christserdova & Lidstrom (1994) have postulated that this gene produCI may

be involved in the conversion of acety\ eoenzyme A to glyoxylate. While ils similarily

to the deaminase domain of FTCO suggests that the OIf4 gene product may be fol ale­

dependent, our present inability to determine whieh residues arc responsible for binding

folate must temper such an interpretation.

8ifcmctional formiminotransferase-cyclodeaminase has only been identified III

some eukaryo·;es. E. coli and yeast do not appear to express either activity. A

formiminoH.PteGlu-dependent cyclodeaminase activity has been dcscribed in Clos/ridia

(Rabinowitz and Prîcer, 1956a;b). The sequence for the gene encoding this deaminase is

not yet availabie, and its relationship to the eukaryotic cyclodeaminase domain is not

known.

Ail FTCD eDNA's isolated to date have been obtained l'rom livcr cONA Iibraries.

Northem analysis (Appendix 1) of total mRNA isolated l'rom mouse tissues supports the

argument that FTCD is liver specific. However, low amocmts of FTCO activity have also
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t::GlIRE 5.1. Alignrnent of the prcdicted amino acid sequence of porcine FreD with its

chicken homolog and orf4 from Metllylobacterillm extorqllens. Identical residues are

connected by a bar. Abbreviations: pig. porcine FTCD; chi. chicken FTCD; /vl ex. 0lf4

l'rom Methylobacterilllll extorqllells
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been descnbed m other tIssues. most notably kldney and Illtestme (Tabor & Wvngarden .

1'159. \lcLam ct al.. 19751. ,Uld low levcls of tbe transcript may be present III thcsc

tlssucs 1lle FTCD gene <Uld promoter region have not yet been studied sa little IS knO\\ll

about possible mechanlsms of transcriptlùnal regulation. Secondary structure ,malysls of

the porcllle FTCD cDNA indicates tbat the 5' e:1d of this cONA can fonn a stem-Ioop

structure wlth the initiator AUG codon situated within the loop. TIle transcriptional stan

site of the FTCD mRNA has not been mapped and the longest 5' noncoding region of the

porcine FTCO cDNA includes only 27 nucleotides. so the true extent of secondary

structure within this region is not known. However. this represents a possible mechanism

for tfiUlslational control of FTCD expression.

FASTA and Blast searches of the SWISSPROT and PIR databank searches have

not identified any significant regions of amino acid homology between FTCD and oÙler

folate-binding enzymes. However. visual inspection of different folate-dependent

sequences has suggested sorne similarities. AAAAAVSGA is the N-terminal sequence of

rabbit liver 5.1 O-methenyIH,PteGlu synthetase (Maras et al.. 1994). lt has been suggested

that consensus sequences could be read in reverse order (Stemlicht et al.. 1987) and.

interestingly. residues 356-364 of FTCO are AGSVAAATA which maps to the N-terminal

region of Ùle cyclodeaminase domain. Both the deaminase and the synthetase activities

produce 5.1 O-methenyIH,PteGlu. and perhaps this sequence plays a similar role in both

proteins.

5.2 The fo/ate binding site

While many folate binding proteins have been c10ned or sequenced. a generaI

tetrahydrofolate binding consensus sequence has not been identified. This may reflect

evolutionary pressure to develop binding sites which are specifie for the CI unit bound

to ùle pteridine substrate. or for a particular taillength. Cook et ai. (1991) have identified

a putative 10-formyIH,PteGlu binding consensus sequence, XPS(X),P(X),.,G, which has

been observed in 10-formylH.PteGlu synthetases, GAR transformylases and 10­

formylH.PteGlu dehydrogenases l'rom severaI different sources (Cook et ai., 1991; Nour

and Rabinowitz, 1992; Rankin et 'Il., 1993). A similar sequence. GPSAFVPSWG, is found
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m porcine FTCO at resldues il,3-i72 and ma,' pia,' a role m Il,Ptclil,, recngnll\l)n (FIglllC

5 2). The corresponding sequencc 111 chickcn FTCO rctams the \lfl,imc and gi"cmL'

resldues present in the consensus seClu~nce ;\s hoth the: transfèrasè and tht.:' dè;mllnasl'

aCl!\'illes appear to mdcpcndcntly bind 5-formlmma!-!,PtcGlu. a sccond falatc bmdmg suc

IS Iikdy present within the primaI!' structure of FTCO A possIble candIdate l'", thts

second sequence is fotUld between residues 338 and 3-18. as ShO\\11 m Figure 5 2 ThIs

sequence is located at the amino-termin us al' the C-terminal deammasc domam and shu"s

similarities to the 10-formyl binding site and the putative FTCO folate bindmg sllc

Unfortunately lillle is known about either FTCO falate binding sIte.

Structural similarities between folate binding sites in difrerent types or enzymes

are not particularly ev;(1ent at the tertiary structure level either. Chen has compared the

c'Y~t:ll structures of GAR transformylase. thymidylate synthase. dihydropteridine reduclase

and dihydrofolate reductase (Chen et al.. 1992). Similarity is mostly limited ta withm the

nucleotide binding regions of the three nucleotide binding enzymes. Both GAR

transformylase and OHFR appear to bind substrate in .' clef! between IWO dommns

Perhaps a common binding mechanism will become obvious once more crystal structures

of folate-binding proteins are solved.

5.3 Tize domain structure offonu im inotransferase-cyclodeam illa~e

To further analyze the structure of FTCD we wanted to determine if the transrerase

and deaminase activities localize to separate domains (Chapter 3. this thesis). Like the full

length enzyme. a 39 kDa transferase-active proteolytic fragment was N-terminally blocked

(Findlay et al., 1989), suggesting that the transferase activity resides within the N-tenninal

region of FTCD. Cornparison of the amino acid composition of this proteolytic fragment

(Findlay et al., 1989) and that of the N-terrninal 350 residues of FTCO supported this

assignrnent. Deletion rnutagenesis was perforrned on the cDNA encoding porcine FTCD

to produce constructs which would express N-terminal proteins ending at different

positions between amino acids 318 and 350, and C-terminal fragments which iniUated at

different residues within the same region. To identify domains, the resulting fragments

were characterized in terms of their catalytic activities and their solubility. These
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FlGl/RE 5.2. Comparlson of pUbltive folate billding sequences in the tr.msfemse and

deamin:L~e dommns of FTeD. FTCD residues that are identical ta the IO-formyIH,PteGlu

binding consensus sequence are in bold. Residues which are common ta the sequences

in bath the trausferase and the deaminase domain are in italics.
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plg 163 GP-SAFVPSWG 172 tr,Ulsfernse domain
chick 163 GP-PAFVPQWG 172

plg 338 KPLRTFVREYG 348 deaminase domam
chick 338 KPLGAFVRAYG 348
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e'per1l11enlS :rolheated that FTCD IS composed of a >eparable 0'-termll1tll tf<msferase

domaln and a C-tennmal deamlllase dom am connected by a lllllllmaJ Imker sequence

compnslllg resldues :12(,-:1:1:1 '!lle C-termlllai bOlmdary of the transferase domdlll \Vas

hmlled by the IIlsolublhty of shoner N-terminal fragments. perhaps resultlllg from

1I11preper foldlllg TIle N-terminal bOlUldary of the deaminase domain was Itmlled by a

dccrcasc Hl IIltnnsic dcammasc activity in shorter species. lntercstlngly. decrcasing

deamlllasc actlvity was observed in fragments staning at residues 337. 339 tutd :141.

wJuch are Immedi.ltely prior to or within the first half of a putative folate recognlllOn

sequence described in section 5.2. Inactive fragments beginlling at residue 344 and 350

arc missing over half or ail of this sequence.

llle Iinker region separating the transferase and deaminase domains is minimally

8 lmd maximally 12 residues in lengùl. Comparison of the ami·'.o acid sequences for pig

tutd chicken FTCD suggests that residues 327-334. as the lellst conserved sequence within

FTCO. may act as a connecting region. This corresponds weil with the Iinker bOlmdaries

determined by deletion analysis. The Iinker region may promotc proper folding of FTCO

simply by separating the transferase and deaminase domains as they fold. since deletion

of six proposed linker re~idues (327 to 332. inclusive) produces a biflUlctional protein

which is less soluble than recombinant FTCO. Extending this deletion to include residues

327 to 338. produces a protein which is even less soluble and no longer catalyzes either

reaction. While ùle sequence of Ùlt linker rellirm is not conserved between pig and

chicken, its length apparently is. The lioker region may play a role in keeping the

transferase and deaminase domains properly oriented to optimize substrate channelling

between the two types of active sites. If channelling involves a swinging anchor

mechanism, as described in Chapter l, changing the length or the composition of the

Iinker sequence may affect both the efficiency of channelling and the optimal

polyglutamate tail length. It may prove informative to determine if the deletion mutant

(missing six linker amino acids) preferentially channels pentaglutamylated intermediates

or shoner derivatives, and if replacing the pig linker seqUf'Tlce with the corresponding

residues l'rom chicken affects ehannelling behaviour.

Both the transferase and deaminase domains can be axpressed separately in E.co/i•
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demonstrating that they fold independentk For the l1\ost part. th cre is hllle- eh:\ll~e 11\ thl'

sccondary and tcrtiary structure of the transfcrasc and dcaminasl' dOI\l:lIlls upnn scparatHll\

111e Iluorescence spectra of the full length enZ)'l1\e and the nHwd transl'erasl' and

deaminase domains arc comparable. as arc the cn spectrul1\ of the full le-ngth enzvml' and

the additive speetrum of the isolated dom'lins, bet\Veen 200-240 nl1\ (Chapt,'r ·1) Ill\\\'el'l'r

both isolated domain~; may be susceptible to ml1\or "onformational ehangl's. pl'rhaps

resulting l'rom an increased freedom of movcmcnt as thc domains arc no longer fellered

by the spatial constraints irnposed by the octamcr. Kinctic charaetcrization of the isolated

transferase and deaminase dOl1\ains indicated that whilc thc dOl1\ains and the full-Ien~th

enzyme bind fonniminoglutamate and monoglutamylatcd folatcs \Vith simtlar alTinltll's.

both types of isolated domains have tUnlovcr numbcrs whieh arc only onc hall' 10

t\Vo-thirds the values reported for the full-Iength cnzymc (Chaptcr 3). llle ehymotryptie

transferase-active fragment also retained only 58-67% ofthc original activity (MacKen/.lc

et al., 1980: Findlay & MacKenzie, 1987) following protcolysis.

11le catalytic activities of numy other multifunctional protcins arc arrangcd (\Il

separable domains which can be expressed independently (Chaptcr 1). This Illay l'cil cet

an evolutionary history which involves ligution of the gencs which cncodc thc componcnl

activities. It is possible that FTCD evolvcd lhrough fusion of gcncs which cncodcd

menofll1lctional tnmsferase <Uld deaminusc activities. Consequent cvolution cvcnts muy

have allowed the enzyme to develop or optimize its ubility to channcl polyglulumylalcd

substrate. However. since there is little available evidenee to support the existcncc of

monofll1lctional transferases and deaminases. it is premature to assign such u mcchanism

to FTCD. Only two possible candidates for a primitive demninasc aclivily havc hcen

deseribed: 0lf4 l'rom Me/hylobac/erilllll ex/orqllens. <Uld a S-fonniminol-l.,l'leGlu dependcllt

cyclodeaminase that is associated with a 5.1 O-mcthcnyll-l.,PteGlu cyclohydrolase aclivily

and is involved in degradation of purines in Clos/ridin (Uyedu & Rahinowilz, 1967).

Clos/ridia eontain a separate formiminotransferase whieh tmnsfers the formimino group

l'rom formiminoglyeine to tetrahydrofolate (Uyeda & Rabinowitz. 1965). This protein is

a potential preeursor to the transferase domain. Further studies to determine the

distribution of monofll1letional eOll1lterparts of these activities in nuture, combined with
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the lSo\<ltlon <lnd eharaetenzation of the enzymes responsible and c10ning of the genes

cncodmg these activities would be neccssary to further devclop the evolutionary Illstol)'

of thlS cnzyme. The fUSIon of the tr,msferase and deaminase aetivities should provide

l'TCI) with certain advantages. many of whieh have been observed with other

multifunetional enzymes (diseussed in Chapter I). 'nle transferase aetivity produces

fonniminoll.,PtcGlu. which can only he metaholized by the eyclodeaminase aetivity. ,;-·;s

product is not stable at physiological pH (Paquin ct al.. 1985) ,md has the potential ta

interfere with other fol,lte-dependent enzymes. Coexpression of the transferase and

deaminase on a single polypeptide chain ensure;, the presence of bath activities.

preventing a huild up of the formimino-intermediate in the cell. As weil. the proximity

of the two types of active sites mld the enzyme's tmique ability ta ehmmel

polyglutmnylated intermediate allow for the efficient transfer of the formimino speeies

helween active sites. As weil be diseussed later in this ehapter. formation of the

bifunetional enzyme results in inereased stability of one type of subtmit interaction within

the FTCI) octamer.

5.4 Secolldm)' SIn/ctI/IV plvdictiollS

Seeondary structure mlalysis of the CD speetra of the fulllength enzyme and both

isolat~d domains suggested that FTCD. and the deaminase domain in partieular. have a

signifiemlt a-helieal content (Chapter 4. Table 4.1). Seeondary structure predictions based

on mllino acid sequence data support a predominantly a-helieal deaminase domain

(Chapter 4. Table 4.1; Figure S.3a). Helical projections (Figure S.3b) indicate that several

predictcd hc1iees have hydrophobie faces with repeating alanines. Gemet et al. (1995)

have described ml mlliparallel coiled-coil. called the alacoil. where alanines at positions

a mld e in the helix form interhelical contacts. The alanine rich faces in the deaminase

domain nU1Y play a similar raie in assembly of tertiary structure within FTeD.

5.5 Tile l'ole of tlle pO~l'g/lltal/late tail ill slIbslrate binding and cllannelling.

FTCD preferentially binds and channels polyglutamylated substrates.

Polyglutamylation improves the binding of both the folate substrates and F1GLU (Paquin
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FIGURE 5.3. Sccondary structure prediction for FTeD bllscd on '1OIino lIcid sC1lucncc. A

H represents helix: B. sheet: T. tum: blank. coil. D-R is the melhod of Dcleage cUHI ROll'

( 1989); NNPREDICT is the method of Knel\er. ct al. ( 1990): PHD is the lllethod of Rost

& Sanders (1993). B. Helical wheel projections of the predictcd helices within the

deaminase dornain .
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et al. 1985: Findlay et al. 1989). ,md binding polyglutamylated substrates mduces Cl

conforl1lallona1 change whlch prevents linllted proteolysis of FTCD by chymotrypslll

(MacKenzie et al. 1(80). and dissociation of the octamer in 3 M urea (Finrllay &

MacKenzIe. 1(88). 111e deal1lmase domain but not the tnmsfcrase domain shows a

preference for pentaglutamylated substrate. indicating that the polyglutamate binding site

resides wlthm this domain (Chapter 3. this thesis). l1Jis is further supported by Findlay

and MacKenzie's (1988) observation that. upon urea-induced dissociation of FTCD into

11l0nofunctional dimers. only ùle deaminase-active dimer retained speclficity for the

pCl1taglutamylated intermediate. Previously. Paquin et al. (1985) demonstrated the

presence of 4 high affinity polyglutamate binding :;ites within the octamer. or one per

dimer. The existence of only one polyglutamate binding site per pair of deaminase

domains. suggests that this site (and possibly the deaminase active site. as weil) may be

located al the subunit interface formed between deaminase domains.

.\s polyglutamylated folates are negatively charged species. it is quite likely thal

electroslatic interactions play an important role in binding these substrates to their target

enzymes. Several polyglutamate binding enzymes also interact with otber negatively

charged polymers (the cyclodeaminase domain of FTCD binds to heparin; the trifunctional

DlC\S binds to single stranded DNA. Wahls el al.. 1993). presumably thrC':g!J ùleir

polyglutamate binding sites. Basic amino acids have been implicated in the binding of

polyglutamylated substrates to several folate-dependent enzymes. Stroud's group has

determined the crystal structures of tbymidylate synthases From different sources (Kamb

el al.; 1992; Finer-Moore et al.• 1994. Stroud. 1994) and suggest that the polyglutamate

binding site consis:~ of a shallow clef! on the protein surface. lined with hydrophilic

sidechains. While tbe amino <l!'ids tbat form tbis clef! are not highly conserved. several

basic residues which make important contacts witb tbe polyglutamate tail have been

identified. Rabinowitz and colleagues have identified a 53 residue sequence which may

form part of tbe syntbetase polyglutamate binding site (Whitehead & Rabinowitz. 1988;

Nour & Rabinowitz. 1992). This sequence is specifie to IO-formylH.PteGlu synthetases

which bind longer polyglutamates and contains several doublets of basic arnino acids. The

primary structure of tbe deaminase domain of FTCD includes many basic residues
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distributed throughout the seqlience. as retlected hy lhe estimated pl of <J (, l """eH'r,

several doublets of basic residues arc present ll-D~b. K~~7~ R~~ 1. IU~C~ IU<J2. IU<J~.

R4~5. R4~6) some of wbich may intluenee the binding of polyglutamate 10 the l'TCI)

octamer.

FTCD prefer';ntially channels pentaglutamylated but will alsll channel lllher

polyglutamylated intennediates with tails of", or more glutamates in length. alheit with

less efficiency. While chmmelling efficienc~ favllurs the pentaglutamylated substratc,

longer polyglutamates are more tightly bOl4.d (paquin ct al., 19~5). suggesting that the

mechanism of substrate channelling within FTCD involves a sterie eompllnent. 1\'1:1cKenzie

and colleagues have developed a "swinging arm" model whereby the plllyglutmnate binds

to a site on the oetamer while the more mobile pterin moiety e,Ul interael with either type

of eatalytie site (MacKenzie & Baugh. 1980; Paquin et al.. 1(85). The pentaglutamate tail

would provide an optimal length such that the pterin moiety could reaeh bllth lhe

transferase and a deaminase active site without first being released l'rom the plllygiulamate

binding site. TItis model only allows for preferential tnmsfer of intennediate within a

single moleeule of the enzyme. As expeeted. the separated transfemse and deaminase

domains cannot channel the pentaglutamylated intennediate. Other enzymes channel

intermediates vi.. a swinging ann mechanism (pyruvate dehydrogenase and fally acid

synthase), however the intermediate is covalently bOll\ld to the enzynl'l 'Uld a specifie

domain within the protein fll\lctions as the swinging arm.

A different cllannelling mechanism was deseribed by Knighton et al. (1994) tll

explain :he channelling of polyglutamylated dihydrofolate widlin thymidylate syntlHlse­

dihydrofolate reductase l'rom Leishmollio major. Upon examination of the crystal structure

of this bifll\lctional enzyme, the authors observed an lUlusual distribution 01' eharged

residues v.hieh extended across the surface of the protein. This surl'aee may

electrostatically guide the intennediate l'rom the synthase to the reduetase active site.

Interestingly this surface is conserved in monofll\letional thymidylate synthases. whcre it

most likely fll\lctions as a polyglutamate binding site (Stroud. 1994). The relative location

of the transferase and deaminase catalytic sites and their orientation within the FTCD

t'ctamer must first be defined before determining if either 01' these channelling
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IllcchanlSlllS appltc, 10 FTCD

5.6 l'ile qllalemal1' .1·I/1/C/llre of FTC'D a/ld co/!fll1/1allo/l /ilat /ile oc/amer is Ihe/Ii/lCIIOnal

11111/

Cross-llllkmg ,Uld proteolysis studies have shown that FTCD is amUlged as a

tetramer of dl mers Findlay ,md MacKenzie (1987: 1988) performed a senes of

dissociation mld renaturatlon studies to determine whether a dimer could serve as the

flUlctional lUlit of FTCD. 1nstead Ihey found that the isolated dimers were invariably

monofunctional. expressing only one or the other catalytic activity. and therefore proposed

that the octamer is the functlOnal unit of FTCD. Analysis of the quatemary structure of

the independent transferase and deaminase domains provides an explanation for this

observation. Both Ùle transferase and deaminase domains exist as di mers in solution.

indicating Ùlat each domain contains sequences goveming subunit interaction. TIlerefore

each subunit wiù1În the octamer consists of an N-terminaltransferase domain which forms

a subunit interface with the transferase domain of the adjacent subunit, and aC-terminai

deaminase domain which forms a second subunit interface with the deaminase domain of

the oÙler adjacent subunil. This explains why FTCD is arranged as a tetramer of dimers

WiÙl altemating subunit interfaces, and confirms that the octamer is the functional unit of

this enzyme.

As both the transferase and the deaminase domains exist as dimers, it is quite

Iikely that FTCD contains two types of isologous interactions. Dimers generally do not

exhibit heterologous interactions because this would leave two binding surfaces available

for further aggregation. producing a less stable protein. While an argument could be made

that a heterologous dimer could undergo a conforrnational change upon association that

would exclude further association. the literature suggests that such an arrangement is very

lUlcommon. However, an asymmetric subunit arrangement has been observed for

hexokinase (Anderson et. al. 1974; Anderson & Stettz. 1975) and proposed for creatine

kinase (reviewed in Degani & Degani. 1980).

ln sorne oligome,;'; enzymes. the active sites are located at the subunit interface.

and require residues l'rom both monomers. An isologous dimer could contain two
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complete actl\'e Sltcs at a smgle slll1lUlit mtcrface (gllltathlOne redllctase. th\'m\lh'late

S\'nthase). or one cata\yllc site "'lthm cadI monomer (glllt:lIn:lIe dehydrogenase) ln hllth

cases. one \\'ollid e"pcct the prescncc of t\\'o c:lIal~'lIc slles pel' ,limer l'TeD app,,:us tll

contam only one high affinity polygllltamate hinding sIte pel' deammase dllner sllggestmg

that bmding of the sllbstrate may indllce some sort of negall\'e clloperall\'lty. perhaps !'"

mdllcing a conformational changc \\'hich pre\'cnts hmding of a second moleclllc

,\ltcmativcly if the two acti,c sltcs werc closc. thc sizc of the polygllltamylated sllhstrate

r.lay prevent binding of a second mo!ecllic of the sllbstrate. for steric l'casons l'md1:l\'

(1988) sllggested that Cllrvatllrc of the octmner might constram one of the two catal~'lIc

sites such Ùlat only one sitc remaincd flUlctional pel' interface, If thts were truc. wc nnght

e"pect the isolated dimers to have tllmover rates which were twice thosc obscrvcd for the

octameric enzyme. and in facto the opposite was observed, A slightly dliTerent

interpretation is that the curvature present in the octamer limits the tle"ibillty of the

deaminase domain such that one active site acquires il more efficient conformallon. whcrc

il can bind substrates much more tightly and/or ciltll1yze the demnination reaction more

rapidly, lf this latter model were accurate. the isolated deaminase domain might be able

to bind two polyglutamates pel' dimer. but function with lower catalytic efficieney thlUl

the full length enzyme, As shown in Chapter 3, the deaminase domain has lowcr affinity

for formiminoH.PteGlu, than the full length enzyme, lmd has il tumover nllmber that IS

only two-thirds the value described for the full length enzyme, [t will be interesting to

determine the shape and symmetry of the subunit interfaces within this octamer. lUld the

relative orientations of the different sets of dimers, Figure 5.4, shows two types of

orientations that are possible for a planar tetramer of dimers,

5.7 Interactions lVi/hin and between domains

The transferase and deaminase domains can fold independently and show no

indication of interacting once separated (Chapter 3), This suggested that the domains also

function independently within the subunit. However. three pieces of evidence (both

independent domains have decreased turnover numbers relative to the fulliength enzyme.

FTCO bas the ability to channel substrate. and polyglutamylated substrate protects both
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FIGURE 5.4. Two lIJT'.:ngements for li plllOlIr, circullir tetrnmer of dimers. Both

ammgements involve isologous interactions. between the same type of domain. ll1e

stipplcd half of each subunit represents one type of domain and the white half represents

the other type of domain. The black and white ovals represent subunits which are

orientated in and out of the page. respectively .
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dct 1VI li es dgdll1 st ured-1I1 duced mactl vallon) argue that somc so rt of 111 terdomam 111 teracll on

IS ncccsSdrv .\n cqlllhbnum lUlfolding stlldy demonstrated that the tertlar. structure of

holh domal11s WdS onlv shghtly less stable outslde of the octamer. suggesling the presence

uf 1111110r do 111 '1111 I11teractions only (Chapter 4) A differentlal scmming calorimetry stud~·

of the full length enzyme and both isolated domains wOllld provlde a more complete

~Ulalysis of I11terdomal11 I11teractions within FTCD.

More interestingly. ùlese stlldies indicated that one type of sllblUlit I11terface W1thin

the octamer becomes stabihzed. The presence of the rem 'linder of the polypeptide appears

10 strengthen the SUblUlit interaction. We cmmat presently distinguish whether the

tr'Ulsferase or the deaminase interface becomes stabilized. or even why this stabihzmion

occurs. Findlay ,md MacKenzie were able to trap a transferase-active dimer in 1.5 l'vI urea

during the refolding of FTCD. However one should not assume ùlat this kinetic folding

I11termedime con tains the more stable interface. Determining the crystal structure of thls

enzyme will provide some insight inta interactions between the transferase and deaminase

damains which could result in this type of stabilization.

Both isolated domains lUldergo a change in tertiary structure plior to dissociation.

Dissociation 'Uld lUlfolding of secondary structure are coordinated. occurring lUlder simiiar

concentrations of denatllrant. ltlte~;;etions between sllblUlitS likely play a substantial role

in stability of both domains and SUblUlit assembly may involve major conformational

changes. Both domains contain a high proportion of amino acids such as bulky

hydrophobic residues and arginines, ùlat are commonly fOlUld at SUblUlit interfaces. 11le

deaminase domain contains 53% hydrophobic residues and 7% arginines. and the

lnmsferase domain contains 44% hydrophobic and 7% arginines. as compared to

~lpproximately 40% hydrophobic residues and 5% arginines for 23 oligomeric proteins and

36% hydrophobic residlies and 3% arginines for 37 monomeric proteins (average

percen"iages taken l'rom Table 3 of Janin, Miller & Chothia, 1988).

Unfolding of the transferase domain as monitored by circular dichroism suggest

that n monomeric partially folded intermediate accumulates between 3.5 and 4 M urea.

11lis intermediate is more compact than species at higher concentrations of denaturant and

retains approximately 40% of its secondary structure (Chapter 4). Structural analysis of
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thls int~rt1lcdiate may pn1\'ldc Il1formatlon r~gardlllg WhH:h I1lteral:t1ons rO\"1\1 IhL'

h\'drophobic core of th.s domalll Companson \,1' the structurc llf thlS IIltermelhatL' and th<'

full,' folded speclcs m,w c1uL'ldate \\11Ieh structural propertles arc reqlllrL'd to make th<'

domalll competent for dimerizallün eurrentl\'. Il appears that assoe.allon r<'qulres th<'

presence ofmost of the a-hclical secondar\' structure Some alteratlons III tcrllar\' struL'lln<'

l'an be tolerated. ho\\e\'er. the eXICnt of these changes .s prescnt\y Unknll\\n .\ dllS<'

examination of the refolding ,md associallon path\\ays of each Isolated llomalll \\lluld alsll

be usefu!.

5.8 Perspectives for t!le f/ll/lre

While FTCO is known to be wldely expressed in mammals and pcrhaps other

eukaryotic species, only porcine FTCO has lmdergone extensive IIlvestigation. In humans.

FTCO deficiency has been associated with a disease state, howcvcr it IS contlO"erslal

whether inactivation of this enzyme is the causative factor (rcvicwcd by Roscnblall.

1989). Two classes of phenotypes have been described. One type involves phys.cal ,md

mental retardation while a second, less severe type shows no mental rctardallon and

massive excret:on of FIGLU. lnvestigators have suggested that the more scvere phcnotypc

may result l'rom inactivation of the deaminase activity and the mild type l'rom loss of the

transferase activity. The major difficulty with dia~l"ing this disorder stems l'rom the lack

of expression of FTCO outside of the liver. Expressed Sequence Tags which corrcspond

to human FTCO could be used to isolate the human FTCD gene. lmd devclop lm

alternative screening method for FTCO deficiency.

As a multifunctional enzyme, FTCO exemplifies one form of enzyme organizution.

The literature suggests that several enzymes involved in folate metabolism (Caperelli ct

al.. 1980) and synthesis of deoxynucleotide precursors (Mathews, 1991: Reddy & Fager.

1993) may forrn higher order complexes. or metabolons. within the cytoplasm. FTCD

might associate with other enzymes involved in degradation of histidine. or with the

trifunctional D\CIS. lt would be interesting to determine if immunoprecipitution of FTCD

l'rom liver extracts would also precipitate enzymes l'rom the histidine degradation or folate

pathways.
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-nHoughûut thl:' ~haptt:r. 1 ha\'~ pl11llted l)Ut lIlSlallL'L'S \\hL'I"L' klhl\\1L'dgl.' llf thl'

~r\,lal ,tru~lure llf l'l'CD "'ould hdp r~,oh'~ qu~,t1on, Ihal arl' ~lllWlllh ll1\;l1\,,, ~I a\ll<-.

or al least pOlllt us III the nght dlr('ctlon The most Imrh'rtant of tht.'se II1dudL' dl·t('r11l11\11l~

the symmetry of the SUblUlIt lI1tcractions. the Iltllnhèf and Ilh.:atlOll of ;l...:tn'I,! sUes \\lthlll

Ih~ o~tam~r. and wh~th~r thi, arr<mgem~nt ~ould ,upport a 'WlIlglllg arm m~dl;l1\ISm of

ch,mndling. :\ different approach \Vould bc 10 bll1chcmlcally dctcnnlllc actl\'c "Il'

rcsidues. Previous chemical modification studics IIldicatc thal mOlhfl~atlon of a hlStldlll~

results In inactivation of the tnmsferase (MacKenzIe & Baugh. 1980) and modil'tcatll\1l

of a cysteine results in loss of the deaminase (Orury & i\lacKcnzlc. 1977). FI\'c of thc SI'

histidines in the transferase domain are conservcd bctwccn chickcn 'Uld pig will le onlv

one of the two cysteines (C476) in thc deaminasc domain are conscrvcd. Rcplaccmcnt of

these histidines and cysteines with conservative amino acids by sitc-dircctcd mutagcncslS

should indicate whether these residues are required for activity.

Paquin et al. (1985) have shown that there are only four Iligh alTi III ty

polyglutamate binding sites per octamer. or one per pair of dcaminasc domains. ThIS

forces the following question: what is the ratio of polyglutamate binding sitcs to

transferase and deaminase active sites? The number of monoglutamylated folatc blllding

sites within the octamer could not be determined by equilibrium binding studics,

presumably because the dissociation constants were too high. Perhaps isothermal titration

studies would provide the number of folate binding sites that arc requircd to dcvclop a

mode! for the arrangement of active sites within the subunit.

5.9 Concll/sion

The studies described in this thesis have provided new insight into the structural

arrangement of formiminotransferase-cyclodeaminase at several di ffcrent levels of

structural organization. A novel cDNA encoding l'l'CD provided the primary structure of

this enzyme. Deletion analysis of this cDNA demonstrated that l'l'CD is composcd of an

N-terminal transferase domain and aC-terminal deaminase domain. Both domains contain

sequences goveming dimerization, confirming that FTCD is arranged as a tctramcr of

dimers, and that the functional unit of FTCD is the octamer. The isolated transfcrase and

170



•

•

deannnase dnlllalllS e,m no longer channel pentaglutamylated substrate. as predleled 11\

the SWlllglllg arlll llleehatllslll of ch,mnellmg While the independent tr,msferase ,md

dealllillase dOlllallls e,m fold stably ,md show no indication of lllteracting. severa' lines

of eVldcl1cc suggest that the lnmsferase ,Uld deammase domams do mteract wnhm the

SUbWlll. the Illost cOlllpelling being the mcreased slability of one type of sllblmll interface

wlthin the octalller.
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CONTRIBI'TIO;-';S TO ORIGIl'iAI. KNOWI.EDGE

.\ porcmc lI\'er cD:":\ encoding forl1llmmotr;msferase-c\'c111deal1lmase has hel'n

Isolated. Seqllenœ ;malysis mdlCaleS lhal thls cDN.·\ encodes a nO\'el pmlem ,,l' 5·11

al1lino aClds. Northen! cmalysls sllggests thal FTCD IS encodcd h\' a smgle. Il\er-speclfl,­

transcnpt of approximately \.9 kb.

2. Bifunctional. octamenc FTeD \Vas expressed m E. coil llle pllnflccltlon of the

recombinant enzyme includes a novel step. pseudo-affinity chrol1latography on affl!;e1-1 ,­

polyglutamate resin.

3. Each FTCD subunit consists of an N-terminal transferase-acltve dOl1laln and a C­

terminal deaminase-active domain. separated by a short Iinker region.

4. Both domains can be expressed in E. coli. indicating tha: each c,rn fold independently

and achieve a functional conformation. Both domains. as weil as the full length enzyme,

have been expressed as C-terminally histidine-tagged proteins to sil1lplify thelr

purification. Kinetie eharacterization suggests that the histidine t'lg has Iittle clTect on the

catalytic function of these proteins.

5. Both types of domains exist as dimers. Therefore, within the octameric (tetramer of

dimers) structure of l'TCD, one type of subunit interface can be formed by interaction of

the transferase domains, the second by interaction of the deaminase domain.

6. While the recombinant FTCD retains the ability to directly transfcr the

pentaglutamylated intermediate between the transferase and deaminase active sites, a

mixture of isolated domains no longer exhibits this channelling behaviour. This confirms

that the transferase and deaminase domains must be physically associated for channclling

to occur. (The isolated domains show no indication of interacting with each othcr.) 'l11c

isolated deaminase domain retains specificity for the pentaglutamylated substrate,
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conflrInlllg that the no!ygllltal11ate h1l1dlllg sile resldes \\'Ilhm thls do 111 a111

7 'Il'e dOl11allls and the fllll-iength enzyme "xhibll 111111ttstate denaturation profiles Both

Isolated dOl11ams LUHlergo a change 111 tenlary structure at lo\\' concentnltlOns of urea

(belo" 2 "'1 ure,,) 10 t'ofln macttve duners. TIlis is followed by dissoclatton and lUlfoldlllg

at ,hghtly hlgher ure'l concentrations. While both isointed domains undergo dissoclatton

to 1110nol11er between 2 and 2.5 M urea. only one type of SUbunlt interface in the octamer

is dlsruptcd nt ùlis urcn concentration. Dissociation of the second interface occurs bet\\'een

3.5 and 5 M urea. indicating that one domain achieves incrensed stability within the full

length enzyme.
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APPENDIX A

THE PORCINE FrCD mRNA IS LIVER SPECIFIC AND PRESENT AS A SINGLE

SPECIES

The plllpose of this appendix is to docl/II/ent the NoTthel7l b/ot ana/ysis descrihed in

Chaptel' 2
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INTRODUCTION

Fonni01inotransferase-cyclodea01inase activity has bccn idcntificd in thc livcr and

kidney of all O1a0101alian species tested (Tabor &. Wyngardcn. 1(59). 'IlIC tnmsfcrasc

activity has not been detected in insects, bacteria and veast. howcvcr both aClivitics havc

been identified in filaria (Jaffe et al.. 1(80) and an avüm homolog has bccn idcntificd in

chicken liver (Hennig, personal co01numication, this thesis. Chaptcr 5).

Northem analysis was performed prior to isolation of the full length eDNA lt1

order to determine if the putative partial cDNA hybridized to a liver speeific message, mul

to estimate the size of the full length clone.

MATERIALS AND METHODS

Materials. DNA modification enzymes were obtained from Bethesda Researeh

Laboratories, Boehringer Mannheim, Pharmacia or New England Biolabs. Nylon

membranes used for Northem blot analysis were from Amersham Corporation as were

radioisotopieally labelled nuc1eotides. Diagnostic Xomat AR film was purchased from

Kodak. OIigo dT cellulose was from Pharmacia. Ali other chemicals used were of reagent

grade.

Ali cDNA probes were labelled by the randOln primer method using [a-"P]dCTP

as the labelled nuc1eotide (Feinberg & Vogelstein, 1984). Unless otherwise noted,

protocols used were as outlined in Sambrook et al. (1989).

RNA isolation. Porcine liver was removed during surgical procedures and immediately

frozen in liquid nitrogen. Liver total RNA was isolated using the urealLiCI method

(Auffray & Rougeon, 1980). Poly A+ mRNA was isolated by two passages over oligo dT

cellulose, essentially as described (Aviv & Leder, 1971).
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Nol1hel1l A lIa/ysis. Total and messenger RNA were c1ectrophoresed on 1.25%

formaldehyde agarose gels in MOPS Buffer and vacuum blotled onto Hybond N

membranes (Kroczek & Siebert. 1990). Hybridization was carried out ovemight at 42" in

hybridization buffer containing 50% formamide. 5 X SSPE (1 x SSPE = 0.15 M NaCI.

la mM NaH,PO.,. I.3M EDTA. pH 7.4 l. 5% Denhardt's solution. \ % dextran sulfate. 50

mM sodium phosphate. 0.5% SDS. \00 ug/ml denatured salmon sperm DNA and 2.5x

10"cpm/ml of cDNA probe derived from the EcoR 1 insert of FT2e. Membranes were

washed once in \ X SSC. 0.5% SDS. 42"C for 20 minutes; once in 0.1 X SSC. 0.5%

SDS. 42"C for 20 minutes; once in 0.\ X SSC. 0.5% SDS. 55"C for 20 minutes. The

mouse tissues mRNA blot shown in Figure A.2 had previously been used by K. Peri (Peri

~md MacKenzie. 199\). and was stripped of any remaining signal. prior to hybridization

with the FT2e probe.

RESULTS AND DISCUSSION

TIle largest partial eDNA (FT2e) isolated from the Âgtll porcine liver cDNA

library, was only I.1 kb and was missing sequences from both the 5' and 3' ends.

However. this fragment could be positively identified as encoding FTCD because the

deduced amino acid sequence included sequences identical to those in the porcine

enzyme. as determined by N-terminal sequencing of cyanogen bromide fragments of

FTCD (Chapter 2). TIlis cDNA hybridized to a 1.9 kb message on Northem Blots of

porcine liver RNA (Figure A.I). This is the same size as the longest cDNAs later isolated

from the Âgt 1a porcine liver cDNA library. suggesting that these latter cDNAs are

approximately full length. On1y a single FTCD transcript is observed in pig liver.

Northem analysis of mRNA from different mouse tissues indicates that this

transcript is liver specific (Figure A.2), as expected. FTCD message was not detected in

olller tissues, even kidney suggesting that it is present at very low levels, if at ail in these

tissues. Interestingly, the FTCD cDNA also hybridizes to a second liver specific transcript

of approximately 3 kb, suggesting that a related transcript may be present in mouse liver.
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FIGURE A.t. Northem blot analysis of porcine Iiver RNA. A. Porcinc livcr polyAI

mRNA (2 Ilg) and B. Porcine liver total RNA (20 ilS) W<lS elcctrophorcscd on a 1.25'!"

formaldehyde-agarose gel in MOPS buffer and vacunm blollcd onto l-Iybond N.

Hybridization with the J2P-labelled partial cDNA. FT2e. was pcrformcd as rlcscribcdlUlrlcr

Materials and Methods, and radioactivity was dctcctcd by fluorography .
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FIGURE A.2. TIssue distribution of vreD mRNAs. Eaeh lane eonlUins 2 ~lg or poly1\'

mRNA isolated from different mouse tissues as indieated or 2 pg orpolyl\' mRNI\ l'rom

pig liveT. Hyhridization with the "P-labelled partial eDNA. Fl'2e. \Vas perronned :l~

deseribed lUlder Materials and Methods. and radioaetivity was deIcelcd by Iluorography .
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