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ABSTRACT 

The human folate-dependent trifunctional enzyme methyleneH4folate 

deydrogenase-methenylH4folate cyclohydrolase-formylH4folate synthetase 

catalyzes three sequential reactions in the interconversion of one-carbon 

folate derivatives. In its native conformation the enzyme ts composed of 

an amino-terminal dehydrogenase/cyclohydrolase domain and a iarger 

carboxyl-terminal synthetase domain. A cDNA clone encoding the human 

trifunctional enzyme was isolated and characterized. Sequence analvsis 

yielded the complete deduced primary structure of 935 amino acid res idues, 

and revealed the general location of a putative linker region j oining thE' 

two major functional domains of the enzyme. The human cDNA clone, when 

ex?ressed in E. coli can produce the active full length trifunc tional 

prùtein. As weIl, the two maj or domains of the human protein can be 

expressed as independent functional enzymes. A rapid protocol was derived 

to purify the full length enzyme and the dehydrogenase/cyclohydrolase 

domain, when over-expressed in E. coli. In the native enzyme, the two 

functional domains are separated by an int~rdomain region of 19 residues 

which are not essential foX' catalytic activity. The human trifunc tiona 1 

enzyme and the two major domains can separately rescue a Saccharomyces 

cerevisiae ade3 mutant. 
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L'enzyme humain 

RESUME 

trifonctionnel méthylènetétrahydrnfolate 

déshydrogénase-méthènyltétrahydrofolate cyclohydrolase-formyltétra-

hydrofolate synthétase catalyse trois réactions consécutives dans 

l'interconversion des dérivés folates porteurs d'une unité de carbone. 

Dans son état natif, l'enzyme est composé de deux domaines majeurs: un 

premier domaine comprend les activités déshydrogéTlase et cyclohydrolase et 

se trouve dans la partie amino-terminale alors qu'un second domaine, 

présentant une masse moléculaire plus grande, contient l'activité 

synthétase et est si tué dans la partie carboxy-terminale. Un clone d'ADNc 

codant pour cet enzyme humain trifonctionnel a été isolé et charactérisé. 

L'analyse de sa sequence a permis de déduire que la structure primaire de 

cet enzyme comprend 935 acides aminés. De plus, il a été possible de 

localiser un "linker" potentiel j oignant les deux domaines maj eurs de 

l'enzyme. L'expression de l'ADNe d'origine humaine chez E. coli produit 

une protéine trifonctionnelle qui est active. Les deux domaines majeurs 

de la protéine humaine peuvent aussi être exprimés individuellement chez 

E. coli. Un protocole expérimental a été établi pour purifier l'enzyme 

trifonctionnel ainsi que le domaine déshydrogénase-cyclohydrolase 

lorsqu'ils sont surexprimés chez E. coli. Une région de 19 acides aminés 

comprise entre les deux domaines majeurs s'est révélée non essentielle à 

l'activité catalytique de l'enzyme. L'enzyme trifonctionnel ainsi que les 

deux domaines maj eurs peuvent complémenter un mutant Saccharomyces 

cerevisiae ade3. 
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FOREWORD 

Parts of this thesis include the text of original papers submitt~d 

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

Research "Guidelines concerning Thesis Preparation", the text of section 

7 entitled "Manuscripts and auchorship« is cited below' 

"The candidate has the option, subj ec t to the approval of the 

Department, of including as part Di the thesis the text, or duplicated 

published text (see below), of an original paper, or papers. In this case 

the thesis must still conform to aIl other requirements explained in 

Guidelires Concerning Thesis Preparation. Additiona1 material (procedural 

and design data as weIl as descrjptions of equipment) must be provided in 

sufficient detail (e. g. in appendices) to "ülow a clear !lnd precise 

judgement to be made of the importance and originality of the research 

reported. The thesis should be mf)re than a men~ collection of manuscripts 

published or to be published. It must include a general abstract, fi full 

introduction and li terature review and fi final overall conc lus ion 

Connection texts which provide logical bridges betwepTl di ffen'lIl 

manuscripts are usually desirable in the interests of cohesion. 

It is acceptable for theses to include as chapters authentic copies 

of papers already published, provided these are duplicated clearly on 

regulation thesis stationery and bound as an Integral part oL the thesls. 

Photographs or other materials which do not duplicate weIl mu~t he> 

included in their original form. In such instances, connecting texts are 

mandatory and supplementary explanatory material is almost alway~ 

necessary. 

The inclusion of manuscripts co-authored by the candidate and others 

i 
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is acceptable but the candidate is required to make an expliclt statement 

on who contrihuted to such work and to what extent, and supervisors must 

attest to the accuracy nf the claims, e.g. before the Oral Committee. 

Since the task of the Examiners is made more difficult in these cases, it 

is ln the candidate's interest to make the responsibilities of authors 

perfectly clear. Candidates following this option mus t inform the 

Department before lt submits the thesis f~r review. 

This format for thesis preparation has been approved by the 

Department of Biochemis~ry, McGill Unive~sity. Each chapter has its own 

numeration of figures and tables. AIl references arc compiled at the end 

of the thesis. A single list of abbreviations has been prepared and is 

included following the list of Tables. 
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

This thesis deals with the human folate-dependent trifunctional 

enzyme me thy1eneH4 f 0 la te dehydro genase -me thcny IH4 f 0 la te cyc lohydro lase-

formylH 4folate synthetase, studied using a molecu1ar bio1ogy approach. 

1. A polyclonal antiserum specifie for the porcine trifunctional 

enzyme cross-reacts with the rat and human enzymes, and was used to 

isolate a cDNA encoding the human trifunctional protein. This was 

the first mammalian dehydrogenase-cyclohydro1ase-synthetase enzyme 

to have been c1oned. Northern analysis demonstrated that the human 

enzyme is encoded by a single transcript of approximately 3.1 kb. 

2. Sequence analysis revealed the complete deduced primary structure 

of the protein which contains 935 amino acid residues, and allowed 

for the first time. sequence comparison with the enzyme from 

Saccharomyces cerevisiae. The primary structure of the human 

enzyme is homologous with that of the yeast enzyme. The two 

enzymes share an overall sequence identity of 58% a1though. the 

amino-~erminal dehydrogenase/cyclohydrolase domain (48% identical) 

is less homo1ogous than thecarboxyl-terminal synthetase domain 

(63% identica1). Sequence analysis identified the generai location 

of a putative linker region. and the synthetase domain contains two 

rE'gions that are homologous to consensus sequences for an ATP-

binding site. 

3. Expression of the active human trifunctional enzyme. and 

separately the dehydrogenase/cyc1ohydro1ase and synthetase domains 

in E. coli. demonstrated that the functional domains are 

vi 



independent units which can fold separately to attain active 

conformations. Expression of independent domains confirmed the 

location of the interdomain region and defined the functional 

boundaries of the domains. When expressed independently, the 

dehydrogenase/cyclohydrolase domain exhibit similar kinetic 

properties as in the native enzyme. 

4. A s~."I?le and rapid protocol was established to purify the human 

trifunctional enzyme and the dehydrogenase/cyclohydrolase domain 

when over-expressed in E. coli. 

S. When expressed in S. cerevJ.siae the human trifunctional enzyme 

can rescue an ade3 mutant thus demonstrating the similarity 

between the enzymes. The dehydrogenase/cyclohydrolaEe domain can 

also complement the ade3 mutant, deffionstrating that the domain is 

sufficient to interconvert lO-formylH4folate for de novo purine 

synthesis and that the synthetase domain is not essential for 

survival of S. cerevisiae. Expression of the synthetase domain 

alone can also complement the ade3 mutant by the incorporation of 

supplemented formate. 
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CHAPTER l 

GENERAL INTRODUCTION 

STRUCTURE AND ORGANIZATION OF ENZYMES 
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- Multifunctional enzymes, where two or more activities are properties 

\ of a single type of polypeptide, are found in aIl classes of organisms and 

represent one form of enzyme organization. While the mechanism for the 

evolution of multifunctional enzymes is debated, it is clear that regions 

of the multifunctional polypeptide are usually related and homologous to 

corresponding monofunctional proteins found in other organisms. It is 

becoming apparent that the different activities of a multifunctional 

enzyme are organized as functional domains in the native structure of the 

protein. In sorne cases the multifunctional prote in can be cleaved to 

yield independent domains which retain stable active conformations. 

Presumably, a polypeptide fragment, representative of a functional domain, 

can fold independently to attain an active conformation. This thesis 

deals wi th methyleneH4 folate dehydrogenase-methenylH4folate cyclohydrolase-

formylH 4folate synthetase which catalyses three sequential reactions 

involved in the interconversion of one-carbon folate derivatives which 

have several roles in folate-mediated metabolism. The activities of the 

eukaryotic trifunctional enzyme are catalyzed by monofunctional proteins 

in lower organisms and it has been demonstrated that the trifunctional 

enzyme can be cleaved to yield both a bifunctional and a monofunctional 

domain. The folate-dependent trifunctional prote in provides an excellent 

system for studying the evolution, independent domain folding and 

relationship between s~ructure and function of a multifunctional enzyme. 

Following a general overview on several aspects of the hierarchy of 

prote in structure and the current theories for the initiation of protein 

folding, l will briefly review the domain structure of globular proteins 

including rnultifunctional enzymes. This will be followed by a review and 

.r 
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description of several multifunctional enzymes involved in one-carbon 

folate-mediated metabolism, with specifie emphasis on the properties of 

methyleneH4folate dehydrogenase-methenylH4folate cyclohydrolase-

formylH4folate synthetase. 
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Hierarchie Organization of Protein Structure 

l The process of formation of functional protein following synthesis 

is dependent on the ability of a given polypeptide to attain the proper 

three dimensional conformation in its native milieu of the cell. Prote in 

structure can be viewed as a hierarchic organization with primary 

structure at the first level and the complete tertiary or quaternary 

structure of the protein as the highest level. 

Primary Structure - The primary structure of a prote in refers to the amino 

acid sequence of its polypeptide chain(s) which is specified by the 

sequence of codons in its messenger RNA (mRNA). The role of the mRNA is 

to provide a template for the process of translation which assembles the 

polypeptide chain. During or following translation of a given transcript 

the polypeptide backbone of the resulting aI!lino acid sequence is spatially 

arranged to attain secondary, supersecondary, tertiary and in sorne cases 

quaternary structure. 

Secondary Structure - The formation of secondary structure is dependent 

largely on hydrogen bonding within the polypeptide and does not 

necessarily take into account the conformation of side groups. 

The a-he1ix is one of the Most prominent polypeptide r~gu1ar 

structures which was first described by Linus Pauling (Pauling et al., 

1951) based on geometrica1 parameters. The side-chains of the residues 

project out of the helix and genera1ly do not Interfere with helix 

formation except for the imino acid proline which is a known he1ix-

breaker. While different residues have weak preferences for or against 

.( 4 



existing in an et-helix, sorne residues such as Ala, Glu, Leu and Met are 

considered good helix formers while Pro, Gly, Tyr and Ser are poor helix 

formers (Levitt, 1978). Although the a-helix is the most prominent helix 

in protein, other structures such as short segments of the 310 -helix 

(Venkatachalan, 1968) have been 10c:ated at the ends of a few alpha

helices. 

Along with the a-helix, Pauling (Pauling and Corey, 1951) also 

proposed a different secondary structure known as the ~-pleated sheet. ~

Sheets are composed of ~-strands ~here the backbone of the polypeptide 

chain 1s nearly fully extended. ~-Strands can interact in either a 

parallel or antiparal1el orientation and the formed sheets are "pleated" 

with each successive a-carbon being a little above or below the plane of 

the sheet. f-Strands can combine to produce purely paral1el or 

antiparallel sheets or, less frequently, a mixed-sheet composed of smaller 

parallel and antiparal1el sheets (Richardson, 1977). In both the parallel 

and antipara1le1 orientations the neighbouring side groups on separa te 

strands ex tend to the same side of the sheet (Richardson, 1981). Although 

the regular secondary structures of helices and ~- sheets are maj or 

elements of a protein, other less understood non repetitive secondary 

structures such as reverse turns (also known as ~-bends, ~-turns, tight 

turns, etc.), coil conformation and disordered structure comprise a 

significant part of an average globular protein. Peptide units which 

comprise a reverse turn can be as short as 3 to 4 residues and have 

distinctly recognizable conformations (Crawford et al., 1973). Reverse 

turns provide a means for a ~-strand to reverse itself to form the next 

anti-parallel strand in a ~-sheet. In practice the term "coiled 

5 



conformation" is used to describe structures which do not fit into the 

categories of helix or ,B-structure. However, coiled structures are highly 

organized and have defined non-repetitive backbone conformations which are 

not random or disorganized (Richardson, 1981). In contrast to the well-

ordered coil structures, there exists in 1' ... ·":..( Pl regions which are 

genuinely disordered. These disordered structures are either absent on 

electron density maps or appear with much lower densit~T than the rest of 

the protein. The disordered regions in a protein can be caused by 

multiple alternative conformations being constantly assumed by that region 

of polypeptide chain (for review see Richardson, 1981). Sorne of the non-

repetitive structures can be viewed as links along a polypeptide chain 

which can assume conformations between secondary structural elernents and 

allow for folding of the polypeptide to form super-secondary structures. 

Supersecondary structure - In keeping with the hierachic \~tJanization of 

protein structure, Rao and Rossman (1973) coined the t.erm "supersecondary 

structure" to describe frequently recurring folds of polypeptide chain 

which are consistently found in different but structurally related 

proteins. These folds consist of a sequence of secondary structural 

elements which are combinations of a and/or ,B-structures. One cxample is 

the ,B-a-,B supersecondary structure which has been observed in severa1 

proteins including alcohol dehydrogenase, triose-phosphate isomerase and 

lactatf dehydrogenase (Fothergill-Gilmore, 1986). Although there are rnany 

possible combinations of a-heli('~::; and ,B-stramls, the '1'\ost prominent 

supe'_secondary Slructt.~ep of two or thre.:- adjacent segments of secondary 

structure are: ua, ,Blj, ,B,B,B, and ,Ba,B (Levitt a~d Chothia, 1~76). It has 

. , 
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been suggested that the occurrence of these recurring folds 

-" (supersecondary structures) in different proteins is the result of 

pressure ta find energetic stability through packing of the secondary 

structures involved (Rossman and Argos, 1981). In defining supersecondary 

structure':. it was emphasized that these structures are a higher level 

secondary structure but do not constitute either the complete tertiary 

structure or entire structural domains. 

Tertiary Structure - The tertiary st~~cture of a protein refers ta the 

three dimensional arrangement of the entire polypeptide chain and takes 

into account the spatial disposition of the side groups. The three 

dimensional al:rangement of secondary structural elements into compact 

conformations occurs during formation of the protein tertiary structure. 

The principles which de termine the conformations and packing of 

polypeptide chains into proteins have been reviewed by Chothia (1984). 

The packing of secondary structures, which fo11ow different packing 

models, is governed by the size, shape, and conformation of side chains. 

One model for packing of a-helices is the "ridges into grooves" model 

(Chothia eL al., 1977, 1981). In this model, the side chains of residues 

on the surfaces of helices form ridges which are separated by grooves. 

The helices pack together by the ridges of one helix fi tting into the 

grooves of the other and vice-versa. 

\fuen a-he1ices are found packed onto ~-sheets there is a strong 

tendency for the axes of the helices to be nearly paraI leI to the sheet 

strands. One model where this alignment of axes is observed is the 

"complementary twist" model for helix-sheet packing (Chothia et al., 1977, 
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Janin and Chothia, 1980). When the helix axis is parallel to the strand 

direction, helix residues form a twisted surface that is complementary to 

that of the twisted beta-sheet. 

While these secondary structural elements of a polypeptide chain 

fold to yie1d the tertiary structure of protein, the fo1ding of 

polypeptide chains sometimes involves the formation of compact globular 

c1usters along the chain which were coined "domains" by Edelman and 

coworkers (Edelman, 1973). 

Protein Domains - A domain is composed of secondary structural elements 

which are folded into a unit of stable tertiary structure. Domains of a 

single polypeptide chain are structurally independent, usually have a 

specifie function and can sometimes be isolated as stable fragments 

(Rossmann and Argos, 1981). As an exalnple, each subunit of 

glyceraldehyde-3-phosphate dehydrogenase is folded into two weIl defined 

domains (Biesecker et al. ,1977). The amino-termina1 domain contains the 

residues involved in binding NAD+ while the carboxy1-terminal domain is 

invol ved in ca ta1ys is and binding glyceraldehyde -3 - phospha te. The 

tertiary structure of the amino-termina1 domain of glyceraldehyde-3-

phosphate is very similar to the structures of domains in Many other 

proteins which bind dinucleotide coenzymes. These domains are generally 

known as the "nucleotide binding domain" or the "Rossman fold" and are 

formed by a super-secondary structure of a1ternating a-helices and fJ-

strands (Rossman et al., 1975). 
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Quaternary Structure - Many globular proteins such as glyeeraldehyde-3-

phosphate (a4) and hemoglobin (a2P2) are oligomerie and are composed of 

aggregates of two or more polypeptide chains. Polypeptide chains, 

sometimes referred to as subunits, associate through non-covalent 

interactions, and in some cases, through disulfide bonds. The subunits 

associate in a geometrically specifie manner and the quaternary structure 

refers to the spatial arrangement of these subunits in the native 

conformation of an oligomeric protein, without regard to the tertiary 

structure of each subunit. Each subunit i5 folded into an apparently 

independent globular conformation which then interacts with other 

subunits. Forces which intcract at the subunit interfaces resemble those 

of the interior of a protein. The interfaces betwee'l subunits are closely 

packed and involve hydrophobie and ionic interactions as well as hydrogen 

bonds (Miller, 1989). Based on a review of over 300 oligomeric proteins, 

Klotz et al. (1977) observed that most proteins possessing quaternary 

structure are either dimers or tetramers of identical subunits. Proteins 

which are composed of non-identical subunits are usually arranged as 

dimers or tetramers. 

Protein Folding 

The folding of a polypeptide chain into its native three dimensional 

conformation in the aqueous environment of the cell involves non-covalent 

interactions which include hydrophobie interaction, electrostatic forces, 

hydrogen bonds and Van der Waals forces (Creighton, 1984b). 

For globular proteins, the folding of the polypeptide chain results 

in a compact unit with an overall shape whieh is roughly spherical. In 
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genera1, the interior of a protein is c1ose-packed, hydrophobie and devoid 

of large empty spaces (Chothia, 1984). 

Through denaturation and renaturation studies of polypeptide chains 

i t has been shown that, in optimal aqueous environments, the primary 

structure of a protein contains all the necessary requirements to direct 

folding and yie1d the native tertiary structure (Anfinsen, 1966). In 

their classica1 experiments, Haber and Anfinsen (1961) and White (1961), 

demonstrated the complete denaturation and renaturation of bovine 

pancreatic ribonuclease. Fol1owing denaturation with 8M urea and 2-

mercaptoethano1, the polypeptide refolded under optimal conditions of pH 

and protein concentration to exhibit the native physical and enzymatic 

properties (Anfinsen and Haber, 1961). 

The "th~rmodynamic hypothesis" put forth by Anfinsen (1973) for the 

basis of protein fo1ding and for processes of self assemb1y, states that 

the tertiary structure of the native protein in its normal physiologica1 

environment is the conformation with the lowest Gibbs free energy. In 

other words, a polypeptide chain in its native state of fo1ded 

conformation is more stable than in the unfo1ded state. Interesting1y, 

the differences in free energy between the fo1ded and unfo1ded states of 

a polypeptide chain is of the order of only 25-60 kJ mol- 1 (Pfeil, 1981). 

l t i5 apparent that the folding of polypeptides is not a random 

process. As pointed out by Karplus and Weaver (1976), the time taken for 

a random polypeptide of 100 residues to samp1e aIl possible conformations 

would be _10 50 years. To understand the process of a protein folding to 

its active conformation it 1s necessary to decipher the pathway between 

the unfo1ded and folded states. The pathway of folding would describe the 
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intermediate states and the transition states which exist between the 

unfolded and folded polypeptide. Recently, Murry-Brelier and Goldberg 

(1989) proposed two possible folding pathways for the .B2-subunit of E. coli 

tryptophan synthase. 

One of the few proteins for which an e1aborate fo1ding pathway has 

been e1ucidated is bovine pancreatic trypsin inhibitor (BPTI) (for review. 

see Creighton, 1978). BPTI has a po1peptide chain of fifty-eight residues 

and in its native fo1ded conformation is stabilized by three disulfide 

bonds. 

Kim and Baldwin (1982) reviewed the evidence for specifie 

intermediates in the refolding of a number of small proteins and 

summarized the various mode1s proposed for domain folding. From the large 

number of mode1s suggested, two generalized working models were proposed 

(Kim and Baldwin, 1982). In the "framework" model, elements of secondary 

structure are formed early in folding and are rearranged to generate the 

final tertiary structure, whereas in the "modular assembly" model, 

different regions of the polypeptide fold independently at different rates 

and then interact to form the overall structure. 

Initiation of Folding - Anfinsen (1973) had proposed that the initiation 

of polypeptide folding occurs at regions of a protein chain that can serve 

as "nucleation sites". He presented the notion that portions of a protein 

chain that can serve as nucleation sites for folding will be those that 

can "f1icker" in and out of the conformation that they occupy in the final 

protein, and that they will form a relat'-"ely rigid structure, stabilized 

by a set of cooperative interactions. While it is generally accepted that 
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for most proteins the polypeptide chain contains aIl the necessary 

requirements for folding, there are at least three models for the 

initiation of protein folding (Baldwin, 1989). The three models, whieh 

will be briefly discussed in this section, propose that prote in folding 

initiates from A) formation of specifie interactions; B) formation of 

secondary structures or C) a hydrophobie eollapse. 

A Based on thermodynamic arguments Creighton (1988) proposed a 

correlation between the ordered formation of disulfide bonds in BPTI and 

the pathway of folding, which supports the hypothesis of specifie 

interactions involved in initiating and directing folding. As part of the 

folding pathway, the polypeptide chain of BPTI in its unfolded state 

initially forms a single but random disulfide bond which can int.~rchange 

b~tween different cysteine residues. It was suggested that formation of 

the correct 30- 51 disulfide bond in BPTI should stabilize a folded 

conformation favoring that disulfide bond (Creighton, 1988). 

Oas and Kim (1988) provided experimental evidence which supports the 

proposaI that a specifie interaction along a polypeptide chain can lead to 

a fo1ded conformation which favors the initial interaction. It was shown 

that synthetic peptide fragments of BPTI, which correspond to residues 20 

to 33 and 43 to 58, formed a disulfide bond between residues 30 and 51, 

similarly to the 30-51 intermediate formed during folding of the full 

length polypeptide. In aqueous solution the 1inked peptides displayed 

secondary and tertiary structures similar to those found in the native 

protein. As weIl, the structure can be unfolded with increasing 

temperature and no substantial fo1ded structure was detected when the 
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disulfide bond was reduced. Thus, it was demonstrated that a specifie 

interaction which joins two segments of a polypeptide chain can stabi1ize 

fo1ding. However, it was pointed out that these resu1ts do not ru1e out 

the possibility of specifie secondary structure interactions and non-

specifie hydrophobie interactions having a prominent role in protein 

fo1ding (Oas and Kim, 1988). 

B) - An alternate model for initiation of polypeptide folding (Lewis et 

al., 1970), sometimes referred to as the framework model or the kernel 

theory, postulates that the first step in protein folding is the formation 

of local secondary structure3. These structures would be stabilized by 

packing and would interact to form more complex structures. Experimental 

evidence in support of this model was pr')vided by the observations of 

rapid and somewhat stable secondary structure formation in unfolded 

polypeptides and peptide fragments (for review, see Wright et al., 1988). 

From the studies of several globu1ar proteins, including lysozyme 

and ribonuclease, Lewis et al. (1971) proposed that one of the initial 

steps during the fo1ding proce'~s is the stabilization of secondary 

structures. As proposed based cm mathematica1 probabi1ity, the formation 

of a fi-bend can direct two distant a-helica1 regions along the polypeptide 

chain into close proximity to form a stabilized pair of a-helices (Lewis 

et al., 1971). 

Finkelstein and Ptitsyn (1976) performed a study based on the 

ca1cu1ated probability of the polypeptide chain of several globular 

proteins to form helical or other irregu1ar secondary structures. After 

comparing this with the native secondary structures based on X-ray data, 
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it was concluded that "the a-helices do pre-exist in an unfolded chain, 

and therefore the tertiary structure can be assembled from their 

fluctuating embryos which serve as blocks". 

Based on his analysis of energy, kinetics and diffusion factors of 

the primary structure of globular pro teins , Lim (1978) hypothesized that: 

"(i) Short a-helices bearing hydrophobie clusters on their 

surfaces must be formed first. (li) These must then be united 

into a highly helical intermediate globule. (iii) A native 

structure must be formed by the subsequent transition of a-

helices of the highly helical intermediate globule into 

different types of secondary structure (this transition is not 

accompanied by any considerable shifts of the mate rial of a-

helices relative to each other)". 

In support of the framework model of folding Kuwaj ima et al. (1987) 

studied the refolding of cytochrome C and p-lactoglobulin by stopped-flow 

circular dichroism. By monitoring the refolding kinetics of the proteins, 

accomplished hy dilution of the denaturant (guanidine hydrochloride) , the 

instantaneous formation of secondary structure was observed. 

C) - The model for initiation of protein folding which currently seems to 

be the most widely aceepted, is one whieh postulates the polypeptide ehain 

to first eollapse under the influence of hydrophobie interactions with the 

exclusion of H20. A hydrophobie core is formed from the collapse and would 

further induce the formation of regular and irregular secondary 

structures. This theory was first put forth by Rose and Roy (1980) and 

they stated "our evidence suggests that linear chain regions rieh in 
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hydrophobic residues serve as sma11 c1usters that fo1d against each other, 

with concomitant or even 1ater fixation of secondary structure". In their 

studies, the "packing profiles" of several protetns, which is a measure of 

the protein/protein contact density about each residue (a-carbon) in the 

sequence, were compared to their hydrophobicity profile. The comparisons 

revea1ed that regions of high hydrophobicity along the polypeptide chain 

corresponded to regions of high density while regions of low 

hydrophobicity corresponded to regions of low density. Rose (l97H) had 

also shown that the minima in the hydrophobicity profile correspond to p

turns and solvent-exposed parts of helices of the polypeptide chain. 

These observations suggested that local sites of maximal hydrophobicity 

fo1d together to establish the packed interior core of the protein, 

thereby bringing intervening sites of lower hydrophobicity to the solvent 

accessible surface. 

Lim and Sauer (1989) suggested that the Most essential feature of 

the core sequence of lambda repressor, for attaining an active 

conformation, is the hydrophobicity of its residues. It was suggested 

that the simple pattern of hydrophobie residues along the polypeptide 

chain may dictate its folding. 

Molten Globule State - A para1le1 has been drawn between the polypeptide 

structure of a hydrophobie collapse and an intermediate of polypeptide 

folding, the "molten globule state" (Baldwin, 1989; for review see 

Kuwajima, 1989; Ohgushi and Wada, 1983). The term "molten globule state" 

was coined by Do1gikh et al. (1981) to describe the conformational state 

of a-lactalbumin when partially denatured in acid. The protein was 
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described as being in a compact state with fluctuating tertiary structure. 

In a study of several globular proteins, Ptitsyn et al. (1990) 

demcnstrated in each case a transient intermediate which forms b compact 

structure during refolding. It was proposed that the molten globular 

state oceurs early on the pathway of folding of aIl globular proteins. 

As discussed by Baldwin (1989), the models for initiation of protein 

folding have certain aspects which make them comp1ementary. It is 

possible that the generation of a compact structure from a hydrophobic 

co1lapse favors formation of seeondary structures. On the other hand, the 

formation of seeondary structures can produce a situation where a 

hydrophobie side of an a-helix or p-strand is buried towards the interior 

in the native protein. Thus, the formation of secondary structures would 

generate hydrophobic surfaces which can interaet in the col1apsed state. 

From characterization of partly folded guinea pig a-1actalbumin by lH-NMR, 

Baum et al. (1989) conc1uded that native-like secondary structures are 

albo found in the molten globule state. 

The role of structural domains as folding units in the process of 

folding was emphasized by Yon et al. (1988) with their studies on the 

folding pathway of the two-domain protein phosphoglycerate kinase. It was 

suggested that the carboxyl- terminal domain, being more stable, folds 

first and may influence the folding of the amino-terminal domain. 

From NMR studies of a peptide model, Staley and Kim (1990) conc1uded 

that the proper folding of BPTI is dependent on the ear1y formation of 

native-like subdomains and suggested that understanding the hierarchy of 
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subdomains in native proteins may be an important part of understanding 

protein fo1ding. 

Domain Structure of Globular Proteins 

While there is disagreement on the correct model for the general 

pathway of protein folding, there is litt1e doubt that attaining the 

native structures of globular proteins involves the folding of 

polypeptides into structural domains. The X-ray structure of lysozyme 

(Phi11ips, 1966), which was the first for an enzyme, and that of papain 

(Drenth et al., 1968) were the first to emphasize the domain structure of 

native proteins. The structure of both of these single chain proteins 

revea1ed two distinct globu1ar units which were separated by a cleft. 

As previously mentioned, the work of Porter (1973) and Edelman 

(1973) on the immunoglobulins also support the concept of domains. From 

his studies based on peptide fragments of E. coli fJ- galactosidase, 

Go1dberg (1969) suggested that the native structure of the enzyme i5 

composed of domains or "globules" folded around independent nucleation 

centers. 

With evi.ence of domains found in several globular proteins 

Wet1aufer (1973) proposed a hypothesis that domains are the result of 

independent assembly processes occurring along the polypeptide chain: 

"Distinct structural regions have been found in several 

globular proteins composed of single polypeptide chains. The 

existence of such regions and the continuity of peptide chain 

within them, coup1ed with kinetic arguments, suggests that the 
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early stages of the three-dimensional structure formation 

(nucleation) occur independently in separate parts of these 

molecules. A nucleus can grow rapidly by adding peptide chain 

segments that are close to the nucleus in amine acid sequence. 

Such a process would generate three-dimensional (native) 

protein structures that contain separate regions of continuous 

peptide chain .... One of the most searching experimental tests 

for an independent continuous region would be to demonstrate 

self -assembly of Just that region, with a high degree of 

fidelity" . 

In support of his theory, Wetlaufer (1981) published a review on the 

folding of prote in fragments where the independent folding of protein 

domains to native-like structures was demonstrated with fragments of 

several globular proteins. 

Characteristics of Protein Domains - Drawing from several studies of 

domains in many globu1ar proteins (Rossmann and Argos, 1981; Richardson, 

1981) Coggins and Hardie (1986) compiled a Hst of feav.tres that are 

characteristic of domains: 

"1. Similar structures may be recognised elsewhere, either 

within the same protein (as with the immunoglobulins) or in 

another protein (as with the dehydrogenases). These similar 

folds or domains are clearly identifiable at the level of 

tertiary structure, even when primary structure h~mology i5 
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not obvious. 

2. Domains are generally made up from single continuous 

stretches of polypeptide chain, typically about 100 amino 

acids long, although sorne much larger domains are kncwn. 

3. Domain. are often spatially weIl separated from each other 

and always form a recognisab1e, compact cluster of amino acid 

residues. 

4. Domains usually have a specific catalytic or binding 

function. 

5. The active sites of multidomain proteins frequently occur 

at the interface between domains; this permits the simple 

functions carried by each domain to be brought together to 

form a more complex structure. 

6. Limited proteolytic cleavage can sometimes be used to 

identify and isolate the individual domains of a prote in ." 

In light of the observation that similar structural patterns or 

structural domains are found among many globular proteins, Richardson 

(1981) classified proteins according to their pattern(s) of tertiary 

structure. In this system, proteins were classified on the basis of their 

domain structure. Approximately 100 different structural domains were 

grouped into four broad categories, each of which had severai 

subgroupings. The four categories were 1) antiparailel a-domains 2) 

parallel a/p-domains 3) antiparallel p-domains 4) dmall disulfide-rich or 

metal ligand-rich domains. 

As previously mentioned, the nucleotide-binding domain, 
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alt~rnatively known as the "Rossmann fold" is an example of a recurring 

demain found in several enzymes which exhibit similar function and 

lertiary structure (Rossmann et al., 1975). Based on sequence comparisons 

"etween proteins which bind pyridine dinucleotides, the sequence Gly-X-

Gly X.-X-Gly has been proposed as the "fingerprint" for the nucleotide-

binding p-a-~ unit (Wierenga et al., 1986; Scrutton et al., 1990). The 

sequer.ce is usuall)' located in the region between the first p-strand and 

the amino-terminus Ol~ the a-helix. 

Although it is w:de1y accepted that proteins with similar aequences 

would fold into closely similar structures, it has been proposed that 

during the course of e~o]ution the tertiary structure of protein domains 

may be more highly con~erved than their primary structure (Rossmann et 

al., 1975; McLachlan, 1987). 

From the hi 5h-resolution crysta110graphic structures of glycolytic 

el1;:~'mes it- lias been deduced that active sites in mu1tidomain enzymes are 

usual1y locatf'd in clefts or at the interface formed bet:ween domains 

(Fothergill-Gilmore, 1986). In sorne cases where the multidomain enzyme is 

oligomeric, such as glyceraldehyde-3-phosphate dehydrogenase, the active 

site can invo1ve the interface formed between the subunits. 

The polypeptide chain of the monomeric yeast hexokinase fo1ds into 

two globular domains. From the X-ray structure of hexokinase B it has 

been suggested that glucose binds in a cleft which is formed in between 

the two domains (Anderson et al., 1978). It was subsequently demonstrated 

that the binding of glucose at the cleft induces a conformational change 

to a more compact str'.1cture (Bennett and Steitz, 1978). This demonstrates 

the ability of multidomain pro teins to change conformation by rotation of 
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domains which are linked through flexible regions of polypeptide commonly 

referred to as "hinges". 

Another example of a hinge region was demonstrated through the 

controlled proteolysis of the tetrameric yeast flavocytochrome b2 (Pompon 

and Lederer, 1976). Treatment of the enzyme with chymotrypsin and 

subtilisin cleaved each subunit polypeptide to yield two major domains. 

However, the enzyme maintained sorne catalytic activity wlthout destruction 

of the o1igomeric state of the protein, thus suggesting sorne degree of 

domain interaction. 

Evidence for the independent folding of structural domains and 

interdomain interaction wa5 demonstrated by proteolysis of the two domain 

protein, pig pancreatic elastase (Ghelis et al., 1978). Following 

proteolysis and denaturation, a fragment of polypeptide corresponding to 

one of the domains wa~ able to refold independently back to the structure 

of the domain in the native protein. As "Tell, in vitro complementation of 

the two domains lf,d to a molecule with a similar conformation as the 

native protein and exhibited weak enzymatic activity. 

Yon et al. (1988) suggested that the two dornains of horse muscle 

phosphoglycerate kinase each fold at different rates. The C-terminal 

domain which is more stable was shown to fold before the N - terminal 

domain. Subsequently, Minard et al. (1989) dernonstrated that yeast 

phosphoglycerate kinase is composed of two independent domains. By 

recombinant DNA techniques the amino-terminal and carboxyl-terminal 

domains were expressed separately in yeast, and the carboxyl-domain 

retained the abi1ity to bind nuc1eotides. 
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Size of Protein Domains - Hardie and Coggins (1986) suggested that for a 

mouomeric polypeptide to form a stable tertiary structure and bind sorne 

ligand with specificity, the polypeptide should have at least 100 

residues. This lower limit for the size of a stable domain is in contrast 

to the proposaI of "modules" which was used to designate units of 

structure smaller than domains. 

Following the suggestion of Gilbert (1978) that "genes-in-pieces" 

cau provide additional mechanisms for protein evolution, Blake (1978, 

1979) proposed the hypothesis that exons encode for units of protein 

domains or subdomains. This hypothesis was supported by studies which 

demonstrated that the separate exons of the immunoglobulin heavy chain 

gene encode the separate protein domains and the hinge region (Sakano et 

al., 1979). The size of an average exon is approximately 140 base pairs 

(Blake, 1983) and encodes polypeptides of approximately 45 amine acid 

residues. A polypeptide of 50 residues is below the suggested minimum of 

100 residues to form a stable domain, and as pointed out by Hardie and 

Coggins (1986), domains appear to be encoded by two or more exons (Blake, 

1983), which brings us back to the concept of modules. 

The term "module" was first used to describe the compact structural 

units found in mouse hemoglobin (Go, 1981) and chicken lysozyme (Go, 

1983). In these studies, the module~ of each protein were suggested to 

correspond weIl with the exons ~f the relevant gene. 

In his arguments to suggest that proteins are composed of modules, 

Traut (1986) defines a module as "a minimal polypeptide chain that can 

assume a stable folded structure and bind sorne ligand with high 

specificity. " Ligands in this case include substrates, effectors and 
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enzyme subunits. He states that modules are 1) smaller than prote in 

subunits and domains and 2) have an average size of 5 kDa. From the 

ana1ysis of severa1 weIl characterized enzymes Traut related the size of 

a protein subunit to the number of unique ligand binding functions 

described for the particular enzyme. Based on his hypothesis it is 

predicted that 1) each module has a unique function such as binding a 

ligand and 2) the size of an enzyme subunit is dependent on the number of 

modules required to accomplish the enzyme's bio10gica1 role (Traut, 1986). 

The hypothesis of exons encoding units of protein structure 

(Gilbert, 1978; Blake, 1978, 1979, 1981, 1983) is supported by the 

hypothesis of modules since an average module of 5 kDa can be encoded by 

an exon which has an average size of 140 bp and encodes a peptide segment 

of approximate1y 5.4 kDa. It is a1so consistent with the suggestion of 

Wet1aufer (1981) that ZJ-40 amino acids is the sma11est unit of protein 

with fo1ded structure and sorne type lIf function (Traut, 1988a). In 

providing support for this hypothesis Traut (1988a) cited several studies 

where exons have been suggested to correspond to uni ts of protein 

structure as weIl as units of function. He also argued (Traut, 1988a) 

that during the course of evo1ution the deletion of introns and changes in 

the position of intron/exon junctions can exp1ain why existing, patterns of 

exons might not consistent1y relate to units of structure or function in 

proteins. 

Traut (1988b) conducted a review on enzymes involved in nuc1eotide 

metabo1ism in which he undertook to relate "the significance of subunit 

size and po1ymer size for bio10gica1 function and regulatory properties." 

As the data set, enzymes which function in the synthesis, interconversion 
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or catabo1ism of nuc1eotides were inc1uded. In correlating subunit size 

to the hypothesis of modules it was revealed that, for the enzymes 

involved in nucleotide metabolism, the average molecular weight per ligand 

binding function (module) is approximately 50% larger than previously 

determined. The proposed explanations were that 1) enzymes involved in 

nucleotide binding are not sufficiently characterized and 2) in larger 

proteins, which may result from the fusion of two or more domains, sorne 

binding functions can become lost or masked (Traut, 1988b). Included in 

his study were several examples of multifunctional enzymes involved in 

nucleotide metabolism. One observation which is not disputed is that, for 

multifunctional proteins, the increase in subunit molecular weight 

corresponds with additional catalytic functions of the protein. 

Hultifunctional Proteins 

Multifunctional proteins are generally characterized as consisting 

of a single type of polypeptide chain having multiple catalytic or binding 

functions. They are very similar to multienzyme complexes in that the 

active sites for several catalytic activities are associated in close 

proximity. However, while multienzyme complexes are composed of different 

types of polypeptides associated by non-covalent interactions, the 

multifunctional enzymes consist of active sites covalently linked within 

a single polypeptide chain. 

Mu1tifunctional enzymes have been found in many if not aIl classes 

of prokaryotic and eukaryotic organisms and examp1es of these enzymes have 

been weIl documented (Kirschner and Bisswanger, 1976; Schmincke-Ott and 

Bisswanger, 1980; Coggins and Hardie, 1986). Multifunctional enzymes 
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usually catalyze two or more consecutive reactions in a metabo1ic process. 

However, for those which do not cata1yze consecutive reactions the enzyme 

activities are still usually from a single metabolic pathway. It is 

apparent that mu1tifunctiona1 polypeptides are more common in eukaryotes 

and are involved in metabolic pathways which are located in the cytop1asm 

(Coggins and Hardie, 1986). The pathways for de nova synthesis of 

pyrimidines and purines are two good examples of mu1tifunctiùna1 enzymes 

catalyzing several reactions in metabo1ic pathways. 

In mamma1ian cells, five of the six enzymes invo1ved in de novo 

pyrimidine biosynthesis, from glutamine ta uridine monophosphate (UMP), 

are components of multifunctiona1 proteins. The first three steps in the 

pathway are cata1yzed by the trifunctiona1 enzyme (CAO) with the 

activities carbamoy1 phosphate synthetase Il (CPS), aspartate 

transcarbamoylase (ATC) and dihydroorotase (DHO) (Coleman et al., 1977). 

The last two activities, orotate phosphoribosy1transferase and orotidine 

monophosphate decarboxy1ase are properties of a mammalian bifunctional 

enzyme (McClard et al., 1980) while the enzyme catalyzing the fourth step, 

dihydroorotate dehydrogenase, is monofunctiona1. In S. cerevisiae (Lue 

and Kaplan, 1969) and N. crassa (Williams et al., 1970) the CPS and ATC 

activities exist as a bifunctiona1 enzyme while in E. coli. the three 

activities of the mamma1ian CAO enzyme are cata1yzed by three non

associated monofunctiona1 proteins (Evans, 1986). 

In the biosynthetic pathway of de nova purine synthesis from 5-

phosphoribosyl l-pyrophosphate to inosine monophosphate (IMP), seven of 

the ten activities are properties of three multifunctiona1 enzymes in 

avian liver while in E. coli the activi ties seem to be properties of 
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different and separate polypeptides. In chicken 1iver, the bifunctiona1 

enzyme [S-aminoimidazo1e ribonucleoti1e (AIR) carboxylase] - [5-

aminoimidazo1e-4-(N-succiny1ocarboxamide) ribonuc1eotide (SACAIR) 

synthetase] cata1yzes reactions 6 and 7 (Patey and Shaw, 1973), while 

another bifunctiona1 enzyme [5-aminoimidazo1e-4-carboxamide ribonuc1eotide 

(AICAR) transformy1ase] - [IMP cyc1ohydro1ase] cata1yzes s teps 9 and 10 

(Benkovic, 1984}. The activities glycinamide ribonuc1eotide (GAR) 

synthetase, GAR transformy1ase and AIR synthetase form a trifunctiona1 

enzyme as iso1ated from chicken 1iver (Daubner et al., 1985) however, in 

this c~se on1y the first two activities catalyzing reactions two and three 

are sequential while the third activity catalyzes reaction five in the 

purine biosynthetic pathway. 

Functional and Structural Domains in Multifunctional Enzymes - Kirschner 

and Bisswanger (1976) proposed that mu1tifunctional enzymes are composed 

of functional units of activity which correspond to discrete structural 

"domains" within the folded polypeptide chain. As weIl, it has been 

observed that the areas in between functional regions of mu1tifunctional 

enzymes are susceptible to proteo1ysis. 

Earlier experiments to support the hypothesis of domains relied on 

limi ted proteolysis of the full 1ength polypeptide chain to yield separate 

peptide fragments which retained individual activities of the full length 

prote in. The "Klenow frltgment" of E. coli DNA polymerase 1 was obtained 

by mild proteolysis with subtilisin (Jacobsen et al., 1974). Proteolysis 

of E. coli DNA po1ymerase 1 produced a smaH amino - terminal fragment which 

exhibited only the 5'-3' exonuc1ease activity and a large fragment which 
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retained the po1ymerase as weIl as the 3'-5' exonuc1ease activity . 

Evidence that the active sites of E. coli aspartokinase I-homoserine 

dehydrogenase I were on separate domains was obtained when an ochre 

mutation in its gene 1ed te. expression of a truncated amino-terminal 

peptide fragment with only the aspartokinase activity (Janin et al., 

1967). Subsequently, 1imited proteo1ysis of this bifunctional enzyme wi th 

chymotrypsin produced an active homoserine dehydrogenase fragment while 

the kinase activity was destroyed (Truffa-Bachi, 1974). 

It has been demonstrated that proteolysis of the hamster CAD enzyme 

with trypsin can give rise to three separate functional domains (Davidson 

et al., 1981; Grayson and Evans, 1983; Rumsby et al., 1984) with each 

domain expressing one activity of the GI\J enzyme. The SUIn of the 

mo1ecu1ar weights of the three domains is simi1ar to that of the 

undigested monomer (Davidson et al., 1981). 

Further evidence to support the existence of functiona1 domains in 

mu1tifunctional enzymes is provided by sequence homo1ogy between 

monofunctiona1 polypeptides of lower organisms and the corresponding 

doma::'n regions in the mu1tifuncti onal proteins of higher organisms. 

Tryptophan synthase in yeast is composed of two functiona1 domains A and 

B, whi1e in prokaryotes it is an QzPz tetramer. From sequence homology it 

was determined that domain A of the yeast enzyme corresponds to the Q

subunit and that domain B corresponds to the fi-subunit (Crawford et al., 

1987). 

Simmer e~ al. (1989) demonstrated that the amine acid sequence of 

the ATC domain in the hamster CAD enzyme is homologous to the sequence of 

the monofunctional ATC of E. coli and B. sub~ilis. 
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From the isolation of genes and cDNAs encoding multifunctional 

enzymE!S, it has been possible to manipulate the coding region and 

specifically express fragments of polypeptide corresponding to putative 

functional domains. Maley and Davidson (1988) isolated several cDNA 

fragm1ents of the hamster CAD cDNA which complemented an E. coli mutant 

(pyr B) lacking the ATCase activity. The cDNA fragments which contained 

the region homologous to the E. coli pyr B gene were able to encode stable 

proteins which folded independently and expressed ATCase activity. As 

weIl, their studies showed that the cDNA fragment which was analogous to 

the fmtire pyr B gene, plus 12 codons of CAD sequence upstream of this 

region, was the most active. Larger fragments which include more of the 

upstream CAD sequence were less active and less stable while a smaller 

fragment which was missing five codons at the 5' -end of the analogous 

region with pyr B was also less active. It was suggested that the extra 

resldues, which included seven prolines, might have hindered the domain 

folding, interfered with the formation of functional multimers and/or 

des tabilized aggregates. The shorter fragment may also cause these 

effects or may be missing critical residues for catalytic reaction (Maley 

and Davidson, 1988). 

Chen et al. (1990) recently isolated the cDNA clone encoding the 

avian bifunctional AIR carboxylase-SAICAR synthetase, by complementation 

of E. coli pur mutants. Deletion of the 3' - region of the cDNA clone 

destroyed the carboxylase activity, and a protein domain expressing only 

the synthetase activity was obtained. 

A fragment of cDNA encoding the thioesterase and acyl carrier 

pl:otein domains of chicken fatty acid synthase have been expressed in E. 
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coli (Pazirandeh et al., 1989). The recombinant thioesterase was found to 

be enzymatically active and had the same substrate specificity and kinetic 

properties as in the native multifunctional synthase. Proteolysis with 

chymotrypsin cleaved the recombinant acyl carrier protein from the 

thioesterase domain at the same location as in the native enzyme. This 

demonstrated the folding of functionally active domains which was 

apparently independent of the other domains of the multifunctional enzyme. 

Linker Regions in Multifunctional Enzymes - The ability to obtain stable 

functjonal domains from multifunctional enzymes demonstrates that there 

exist regions of the polypeptide chain, commonly called "linker regions" 

or "connecting regions" which are highly susceptible to proteolysis and 

serve to link the dOlaains of the protein together. It has been suggested 

that the conformational flexibility of linker regions al10w for the 

correct folding of inde pendent functional domains as weIl as the entire 

polpeptide chain of mu1tifunctiona1 enzymes (Hardie and Coggins, 1986; 

Za1kin et al., 1984). 

The domain in the hamster CAD enzyme which corresponds to the 

aspartate transcarbamy1ase activity was iso1ated and characterized 

(Grayson and Evans, 1983). A proteo1ytic fragment of 40 kDa containing 

aspartate tnlnscarbamy1ase activity was obtained fo11owing contro11ed 

proteolysis of the 240 kDa CAD polypeptide. The quaternary structure and 

kinetic properties of the domain were simi1ar to those of the CAO enzyme 

and suggested that the native tertiary structure of the trdnscarbaMylase 

region was preserved in the isolated domain. However, in the absence of 

stabi1izing agents, the activity of the domain had a much shorter ha1f-
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li fe than of that in the full length protein and thus suggested that 

interactions with other regions of the molecule may stabilize the 

transcarbamylase domain in the intact enzyme. 

By analysis of the cDNA clone encoding the hamster CAD protein and 

through cornplementation of E. coli pyr B mutants, Shigesada et al. (1985) 

succeeded in 10calizing the aspartate transcarbamylase domain to the 3'-

end of the cDNA. Subsequent1y, Simmer et al. (1989) sequenced the region 

of cDNA spanning the 3'-region of the dihydroorotase domain to the 5'-

region of the transcarbamy1ase domain. Through sequence analysis it was 

suggested that the dihydroorotase and transcarbamylase domains are joined 

together through a linker region of 133 amino acid residues (14 kDa). The 

linker region was shown to contain 28 prolines (21%) and 31 charged 

residues (23%), it is very hydrophilic and secondary-structure 

calculations predicted a low propensity to form helical or sheet 

structures. These results taken together suggested that the linker was an 

exposed segment of polypeptide on the surface of the protein molecuJe and 

corre1ates with the vu1nerability of 1inker regions to proteolytic 

digestion. 

It has been suggested that the function of a linker region is not 

necessari1y dependent on a specifie sequence (Zalkin et al., 1984). It 

was demonstrated that the linker region of Il amino acid residues joining 

the two domains of the bifunctional enzyll.e anthranilate synthase : indo1e-

3-g1ycerol phosphate synthase share little homology between the enzymes 

from yeast and Neurospora crassa. The proposaI received further support 

from studies on the linker region of the yeast bifunctiona1 enzyme 

tryptophan synthase (Crawford et al., 1987). Amino acid sequence 
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comparison hetween the yeast tryptophan synthase and the corresponding Q-

and ,B-subunits of the prokaryotic enzyme revea1ed a 66-residue interdomain 

segment of the bifunctional enzyme with little or no similarity to the 

prokaryotic polypeptides. A deletion of 18 residues from this linker 

region inactivated the enzyme; the activity was partially restored by the 

insertion of 14 residues, whose type and sequence had no relation to the 

18 residues deleted. As weIl, a spontaneous duplication of 48 bases which 

resulted in a spontaneous duplication of 16 amine acid residues in the 

1inker region of the inactlvated enzyme restored activity to a greater 

extent. In relation to the hypothesis that the linker region is critical 

in directing or permitting proper folding of the polypeptide chain, the 

changes in the linker region leading to greater or lesser loss of enzyme 

activity can be due to interference with proper folding of domains. While 

it is clear that the residues of the linker region play no direct role in 

catalysis, these results suggest that the length of the linker region is 

more critical th an its sequence in maintaining function. 

Advantages of Hultifunctional Enzymes Hardie and Coggins (1986) 

suggested several advantages of having sequential enzymes in a pathway 

associated together either as a mul tienzyme complex or as a 

multifunctional enzyme (for review see Welch, 1977). One advantage is the 

increased stability attributed to aggregated polypeptides chains of the 

multienzyme complex and to the stable close packing of multidomain 

structures of the multifunctional enzyme. As the size of a glohular 

protein increases, its volume increases .nore rapidly than its surface area 

which allows for more internaI hydrophobic stabilizing interactions and 
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therefore larger proteins would be expected to be more stable than smaller 

ones. 

The association of active sites on different polypeptides of an 

enzyme complex, or on separate domains of a multifunctional enzyme may 

lead to conformational changes of the protein such that the catalytic 

efficiencies of the associated active sites are increased relative to the 

unassociated active sites. Intuitively, the close proximity of active 

sites decreases the time required for intermediates ta diffuse from one 

active site to the next (transit time) , which consequently decreases the 

time for the overall sequence of reactions. 

The intermediate between two reactions can be "channelled" from one 

active site to the next, where channelling is defined as the preferential 

transfer of the product from one active site to the active site of the 

next activity without equilibration with the medium. Without the 

necessity for substrate to equilibrate with the medium, potentially 

reactive or unstable intermediates could be protected. As weIl, substrate 

channelling eliminates potentia~ interference or competition between 

pathways where the substrate for one activity of a pathway can inhibit or 

be utilized by an activity on another pathway (for review see Gaertner, 

1978). 

Matchett (1974) demonstrated that the bifunctional enzyme tryptophan 

synthase of N. crassa channels the intermediate indole from one active 

site to the other to synthesize tryptophan in two catalytic steps. 

In the case of the multifunctional enzyme fatty acid synthase, 

channelling involves a covalently bound intermediat r • For both the 

mammalian (a2) and yeast (a6fi6) enzymes the lengthening fatty acyl chain 
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is transfered between active sites for successive reactions while attached 

to the sulfhydryl group of the phosphopantotheine prosthetic group of the 

acyl carrier protein domain (Hardie and McCarthy, 1986). 

Ljungcrantz et al. (1989) reported substrate channelling in an 

artificial bifunctional enzyme. The genes encod5ng p-galactosidase and 

galactose dehydrogenase were fused together to express a bifunctional 

protein in E. coli. The hybrid protein was found in multimeric forms and 

was suggested to channel galactose from the p-galactosidase active site to 

that of galactose dehydrogenase. 

The association of active sites also allows for the possibility of 

coordinate regulation of enzyme activities. Such a control would require 

an effector molecule to bind a single site (t!ffector site) and mediate its 

effect through conformational changes of the multifunctional prote in or 

prote in complex. An example of such an effect is seen with E. coli 

aspartokinase I-homoserine dehydrogenase l where it was suggested that an 

allosteric effector (threonine) regulated both activities by binding at a 

single allosteric site (Cohen and Dantry-Varsat, 1980). 

In the case of multifunctional enzymes, where the different 

activities are encoded by a single transcr1pt, there is a coordinate 

expression of the individual enzyme activities. This allows for 

coordinate regulation of expression at the genetic level and ensures 

stoichiometric amounts of each activity which together catalyze a related 

set of reactions. 
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Evolution of Multidomain Proteins 

The observation that similar structural and functiona1 units are 

found in different proteins (Rossmann et al., 1975) corre1ates with the 

suggestion that domains are the fundamenta1 units of protein evo1ution 

(Hardie and Coggins, 1986; Janin and Wodak, 1983) and is consistent with 

the proposaI that new protein molecu1es can be constructed from parts of 

pre-existing ones (Gilbert, 1978). 

Stemming from the hypothesis that exons code for units of protein 

structure and function, the exon recombination hypothesis suggests that 

nove1 proteins can be formed and evo1ve from the shuff1ing and 

recombination of exons (Gilbert, 1978; Blake, 1978, 1979, 1981). While an 

exon encoding a domain wi th a specifie fur,~ tion can recombine randomly in 

a given gene, on1y exons whlch recombine in the correct arrangement for 

expression of a usefu1 product would be favourably se1ected. An advantage 

of such a mechanism is that new domains with the same function would not 

need to be deve10ped for each different protein (Traut, 1988b). In 

support of the hypothesis, Blake (1978) argued that in a new enzyme, 

formed by the combination of two or more domains, thé only location for a 

novel inter.action of amino acid residues to confer a new function is in 

the region of the domain interface. 

Another mechanism for the creation of novel enzymes/proteins is the 

duplication of an existing functional gene so that one of the two copies 

could diverge via mutations, unti1 it acquired a different activity and 

would be stabilized by selection (Traut, 1988b). In this process a stable 

tertiary structure would be a1ready established for a functiona1 protein 

and mutations could lead to substitution of one type of substrate binding 
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activity for another. Support for this mechanism exists in the examp1es 

of isozymes which are expressed from separate genes (Markert, 1975). 

Scrutton et al. (1990) demonstrated that the specificity of an 

enzyme can be :11odified by a few amine acid changes. Modification of 

severai residues in the ~-Q-~ fold of the dinuc1eotide binding domain in 

g1utathione reductase changerl the coenzyme specificity of the enzyme from 

NADP+ to NAD+. 

The modu1ar assemb1y mode1 of protein evolution proposes that larger 

multidomain proteins evo1ved by fusion of smaller pre-existing functional 

units (Janin and Wodak, 1983). The mechanism of gene duplication followed 

by gene fusion 1ead~ to the creation of larger proteins containing two or 

more domains having a common structure and sometimes a common functinn. 

Examples of such proteins inc1ude calmodulin which has 3 domains (Simmen 

et al., 1985), oV0mucoid with 3 domains (Stein et al., 1980) and ubiquitin 

with 7 domains (Finley and Varchavsky, 1985). 

lt has been proposed that the mechanism of duplication followed by 

mutation and fusion can give rise to enzymes with expanded regu1atory 

functions (Traut, 1988b). lt has been suggested that tbe mammalian 

phosphofructokinase has evolved by duplication of a bacterial ancestor 

gene, where the dup1icated cata1ytic center has subsequently bean modified 

into an allosteric regu1atory site (Poorman et al., 1984). 

A1bumin and a-fetoprotein (AFP), which are members of a multigene 

family, have evolved by gene duplication (Young and Tilghman, 1986). 

Through sequence analysis and prediction of secondary structures, it was 

proposed that both proteins were composed of three homologous domains each 

divided further into two subdomains. Evidence that albumin and AFP arose 
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from the triplication of a primordial domain was provided when the single 

copy gene for each prote in was isolated. Analysis of the gene stru~~ure 

revealed a three fold repeat of an ex on pattern. As well, there are 

homologies between the equivalent exons in each repeat and the location of 

exon boundari~s are conserved. The exons have been classifi~d according 

to their location in each repeat and can be correlated ~o recurring units 

in the three repeating domains of the protein. Despite sequence and 

structural homologies between the three domains, each domain of serum 

album in has diverged to bind different ligands (Blake, 1985). 

Isolation and characterization of the mouse mdrl cDNA and gene, 

suggested that the mouse gene evolved from the duplication and subsequent 

fusion of an ancestral gene (Raymond and Gros, 1989). The deduced amine 

acid sequence revealed that the prote in is composed of two homologous 

halves. It was also suggested that 10 of the 12 putativ,~ transmembrane 

domains of the protein are encoded by individual exons and the two ATP-

binding sites, one in each half of the protein, are each encoded by three 

sequential exons. From a comparison of exons and introns between several 

enzymes known to contain t~e same ATP-binding consensus sequence as in the 

mdrl P-glycoprotein, it was suggested that the exons involved in ATP-

binding share a common ancestor and have been used by unrelated genes to 

encode a similar ATP-binding domain in different prot~ins (Raymond and 

Gros, 1989). 

Evolution of Multifunctional Enzymes It has been suggested that 

multifunctional enzymes, which are composed of functional domains, evolved 

by gene fusion events which could have involved the previously mentioned 
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mechanisms (Schmincke-Ott and Bisswanger, 1980). Support for the 

suggestion that mu1tifunctiona1 enzymes have evo1ved from fusion of 

ancestor monofunctional genes is provided when functiona1 domains in the 

multifunctional enzymes of higher organisms correspond in function, size 

and sequence to monofunctional polypeptides found in lower organisms. 

In eukaryotes, the AROM multifunctiona1 enzyme cata1yzes five 

sequential reactions while in prokaryotes the five reactions are cata1yzed 

by separate proteins encoded by genes scattered throughout the genome (for 

review, see Coggins and Boocock, 1986). The gene fusion hypothesis for 

the Neurospora crassa AROM polypeptide is attractive considering that the 

subunit mo1ecular weight of the corresponding polypeptides in E. coli add 

up to 167 kDa compared to 165 kDa for the AROM subunit of the N. crassa 

prote in (Coggins and Boocock, 1986). Isolation of the AROI gene encoding 

the AROM enzyme of Saccharomyces cerevisiae revealed that the yeast 

prote in is a "mosaie" of five functional domains, each of which is 

homologous to a monofunctional E. coli polypeptide (Duncan et al., 1987). 

Fatty acid synthase in vertebrates is a multifunctional enzyme which 

catalyzes 6 reactions and has an acyl-carrier function. In fungi 

(including yeast), the 6 aetivities and the aeyl-carrier function are 

distributed between two non-identieal polypeptide chains while in bacteria 

the activities are properties of separate monofunctional enzymes 

(Schweizer, 1986; Hardie and McCarthy, 1986). Based on the isolation of 

active fragments from the multifunctiona1 enzymes, sequence homology 

between active domains and monofunctional enzymes, and genetie cvidence to 

support independent active domains in the yeast enzyme, it has been argued 

that the vertebrate enzyme as well as the yeast enzyme E'volved through 
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gene fusion (Hardie et al., 1986; Schwe1zer, 1986; Hardie and McCarthy, 

1986) . A1though both the yeast and vertebrate enzymes have been 

postulated to have envolved through a similar mechanism, the observation 

that the order of active domains a10ng the polypeptide chain is different 

among the proteins indicates that they arose by independent gene fusion 

events (McCarthy et: al., 1983; Hardie and McCarthy, 1986). 

Genes which encode enzymes for de novo purine synthesis have been 

mapped on the E. coli chromosome (Bachmann and Low, 1980) and except for 

pur H (J)D, pur MN and pur EK operons, the genes are dispersed on the 

chromosome. This is in sharp contrast to the situation in Bacillus 

subt:ilis where the enzymes cata1yzing ten enzymatic steps of de novo 

purine synthesis are encoded by a cluster of twe1ve genes organized as an 

operon (Ebbole and Zalkin, 1987). Comparison of the amino acid sequence 

between the bacterial monofunctional enzymes and the corresponding domains 

in multifunctional enzymes revealed significant homology. GAR synthetase 

which is monofunctional in B. subt:ilis 1s part of a bifunctiona1 enzyme 

(GAR synthetase-AICAR synthetase) in S. cerevisiae and part of a 

trifunctional enzyme (GAR synthetase-AIR synthetase-GAR transformylase) in 

Drosophila. Alignments of the GAR synthetase from the three organisms 

demonstrated homology in monofunctional, bifunctional, and trifunctional 

enzymes from a prokaryote, lower eukaryote and invertebrate (Ebbo1e and 

Zalkin, 1987). Henikoff et al. (1986) reported that AIR synthetase, in 

the Drosophila trifunctional enzyme, contains two duplicate copies of an 

AIR synthetase sequence. The amine acid sequence of the monofunctional 

AIR synthetase in E. coli and B. subtilis is highly conserved and 1s 

similar to the single-copy sequence in the yeast bifunctlonal enzyme and 
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to both copies of the duplicated AIR synthetase sequence in Drosophila. 

In B. subt:ilis the genes pur MN, which encode AIR synthetase and GAR 

transformylase, are overlapping and suggest a possible step in the 

evolution of the gene encoding the trifunctional enzyme. As proposed by 

Ebbole and Zalkin (1987), an insertion of one nuc1eotide or deletion of 2 

nucleotides at or immediately upstream of an ancestral pur H translation 

termination codon (TGA) would fuse the pur H and pur N coding sequences to 

yield an inframe AIR synthetase-GAR transformylase multifunctional 

protdn. 

Several of the enzymes involved in de nova purine biosynthesis are 

found in a multienzyme complex in avian liver along with a trifunctional 

enzyme which interconverts one-carbon tetrahydrofolate derivatives 

required for purine synthesis (CapereHi et: al., 1980; Smith et: al., 

1980) . From recent findings that several of these enzymes are 

multifunctional, at least 9 activities are found in the multienzyme 

complex. Henikoff et: al. (1986) suggested that. in the purine 

biosynthetic pathway, the existence of multifunctional enzymes and their 

organization into an enzyme complex must offer sorne selective advantage to 

the organism. Pathways organized in this way aHow for more efficient 

genetic regulation and also for more efficient biochemical regulation of 

metabolism. Kirschner and Bisswanger (1976) discussed the possibility 

that the fusion of contiguous struc tural genes may occur before the 

corresponding enzymes have developed an affinity for one another. 

Conversely, a multienzyme complex conferring a selective advantage to the 

organism May have evolved before fusion of the corresponding structural 

genes . 
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Multifunctional Enzymes Involve,~ in Folate-mediated Metabolism 

The subject of this thesis is the domain structure of a fo1ate-

dependent trifunctiona1 enzyme which l have studied by sequence 

comparison, in vivo expression and functiona1 comp1ementation. This is 

on1y one example of a mu1tifunctional enzyme in the broad area of fo1ate-

mediated metabolism, so 1 will briefly describe sorne examples and 

characteristics of other multifunctiona1 enzymes in the folate pathways 

before reviewing in more detail the known properties of 

methylenetetrahydrofo1ate dehydrogenase methenyltetrahydro-

fo1ate cyc1ohydro1ase-formyltetrahydrof~late synthetase. 

Overview - Folate and its derivatives are invo1ved in several biosynthetic 

as well as degradative pathways (for a review, see MacKenzie, 1984). An 

outline of sorne pathways which utilize folate derivatives is shown in Fig. 

1 where the activlties of a given multifunctional enzyme are indicated by 

the same 1etter. The overall scheme invol ves degradative reactions which 

produce one-carbon derivatives of tetrahydrofo1ates at different oxidation 

states of the one-carbon unit that are then used in biosynthetic pathways. 

Quantitatively, serine and glycine are the most important contributors of 

one-carbon units for the synthesis of substituted fo1ates. Serine is 

incorporated into the active one-carbon pool in the cytosol by cleavage 

with serine hydroxymethyltransferase to yield glycine and 5,10-

methyleneHqfolate. lt has been proposed that in mit-ochondria, the glycine 

c1eavage system and catabolism of choline and sarcosine yield 5,10-

methyleneHqfolate which May be used by serine hydroxymethyltransferase ta 

convert glycine to serine for transport of one-carbon units to the 
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Figure 1. Pathways of folate-mediated one-carbon metabolism. 

Mu1tifunctiona1 enzymes are indicated by the same 1etter. A, serine 

hydroxymethyltransferase; B, glycine c1eavage system; C, dimethy1g1ycine 

and sarcosine dehydrogenase; Dl, NADP-dependent S,10-methyleneH4folate 

dehyrogenase; D2, S,10-metheny1H4 fo1ate cyclohydro1ase; D3, 10-formy1-

synthetase; El, NAD-dependent S,10-methyleneH4folate 

dehydrogenase; E2, S,10-metheny1H4fo1ate cyclohydrolase; Fl, S-formimino -

H4folate:glutamate 

cyclodeaminase; Gl, 

formiminotransferase; F2, 

10-formylH4folate hydrolase; 

S-formiminoH4folate 

G2, lO-formylH4folate 

dehydroganase. H, 1; GAR transformylase and AICAR transformylase, each is 

part of a multifunctional enzyme involved in de novo purine biosynthesis 

and uses lO-formylH4folate as cofactor. 
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cytosol. 5,10-Methy1eneH4folate is either used for synthesis of 

thymidylate, is reduced to 5-methylH4folate for methionine synthesis or is 

oxidized by two 

methenylH4folate 

activities of methyleneH4folate dehydrogenase

cyc1ohydrolase-formy1H4folate synthetase to 10-

formy1H 4folate, which is a substrate in de nova purine synthesis. 

It is thought that the conversion of 5,lO-methy1eneH4folate to 10-

formy1H 4folate occurs in the cytosol although, this is presently an area 

of vigourous debate. Barlowe and Appling (1988a) suggested that, like 

most cytoso1ic NADP-linked dehydrogenases, NADP-dependent methyleneH4folate 

dehydrogenase should cata1yze the 

methyleneH4fo1ate. In a coup1ed 

conversion of methenylH4folate to 

enzyme assay system with rabbit 

methy1eneH4fola te dehydrogenase-methenylH4fo1ate cyc1ohydro1ase-

formy1H 4folate synthetase and serine hydroxymethyltransferase, Strong and 

Schirch (1989) demonstrated the conversion of formate to serine. It was 

recent1y reported that fo1ate-dependent reactions in the mitochondria of 

mamma1ian transformed cells (Mej ia and MacKenzie, 1988), yeast ce11s 

(Shannon and Rabinowitz, 1986) and rat 1iver ce1ls (Barlowe and App1ing, 

1988) can interconvert 5,10-methy1eneH4folate and 10-formy1H4folate. It 

has been suggested that a mitochondria1 enzyme, such as lO-formy1H4folate 

synthetase or hydrolase, may convert 10-formy1H4 folate to H4 folate and 

formate which can be transported to the cytosol; in the presence of 

H4 folate and ATP the formate wou1d be incorporated into the active one

carbon pool by cytosolic 10- formylH4 folate synthetase to provide 10-

formy1H4folate for de nova purine synthesis (Barlowe and Appling, 1988; 

Mejia and MacKenzie, 1988). 

Strong et; al. (1990) suggested that the inhibition of cytosolic 
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serine hydroxymethy1transferase wou1d not b10ck purine and thymidy1ate 

synthesis and thus argued that the mitochondria1 enzymes May convert 

glycine and serine to formate which would be incorporated into the active 

one-carbon pool in the cytoso1. Scan10n et al. (1981) demonstrated that 

inhibition of serine hydroxymethy1transferase with tetrahydrohomofo1ate 

did not significantly inhibit either thymidy1ate or purine biosynthesis. 

Mutants of CHO cells which 1ack mitochondrial serine 

hydroxymethyl transferase were reported to be auxotrophic for glycine 

(Chasin et al., 1974) thus suggesting that this enzyme is important for 

synthesizing glycine for use in the cytosol. From the studies published 

thus far it is apparent that the pathways involved in the interconversion 

of one-carbon fo1ate derivatives are more comp1ex than originally thought, 

and deciphering the overall scheme will prove to be a challenging and 

exciting task. 

Hultifunctional Enzymes The fc1ate-dependent bifunctional enzyme 

formiminog1utamate formiminotransferase 5-formiminoH4fo1ate 

cyclodeaminase catalyzes two sequential reactions in the pathway of 

histidine degradation which incorporates a carbon unit into the activated 

one-carbon pool of folate derivatives (for review, see Shane and Stokstad, 

1984). Formiminotransferase catalyzes the transfer of the formimino group 

from formiminoglutamate to the N5 position of H4folate with a release of 

free glutamate. The cyclodeaminase activity then cyclizes the 5-

formiminoH 4folate with a release of ammonia to yield 5 ,lO-methenylH4folate. 

This bifunctional enzyme is found in the liver and kidneys of a11 

mammalian species tested. 
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Most of the work on formiminotransferase-cyc10deaminase has been 

performed using enzyme purified from pig liver (Tabor and Wyngarden, 1959; 

Drury et al., 1975; Find1ay et al., 1989). The native enzyme from pig 

1iver is an octomer composed of identica1 subunits of 62 kDa which are 

arranged in a p1anar ring (rrury et al., 1975; Beaudet and MacKenzie; 

1975). 

It has bteen demonstrated that the two activities of the enzyme occur 

at separate cata1ytic sites and that the intermediate can be channe1ed 

between the active sites. (Drury and MacKenzie, 1977; MacKenzie et al., 

1980; MacKenzie and Baugh, 1980). Channelling experiments with the 

substrate tetrahydropteroy1(glutamate)n having 1, 3, 5 or 7 gamma-g1utamy1 

residues showed that when the pentag1utamate substrate was used, no 1ag 

and no accumulation of intermediate was observed, corresponding to 100% 

channe1ling. As weIl, by mixing enzyme which 1acked the cyc10deaminase 

activity (Drury and MacKenzie, 1977) with enzyme which 1acked the 

transferase activity it was shown that channe1ling required that the 

active sites be present on the same m01ecule (MacKenzie and Baugh, 1980). 

It was proposed that the long polyglutamate chain would serve as a 

type of anchor to attach the intermediate to the enzyme molecule und that 

the pentaglutamate ls the optimal chain length to allow the transfer of 

the tetrahydropteroyl mctety between the two active sites without its 

dissociation from the enzyme (MacKenzie and Baugh, 1980). Subsequent1y 

it has been shown that there exists only one polyglutamate binding site 

for every pair of cata1ytic sites (Paquin et al., 1985). 

Through the partial denaturation of formiminotransferase

cyclodeaminase, Findlay and MacKenzie (1987) demonstrated that isolated 
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active deaminase-dimers and transferase-dimers have different subunit-

subunit interfaces, one of which is required for each activity. 

Renaturation of denatured enzyme in the presence of ].5 M urea 1ed to the 

formation of transferase-dimers on1y, whi1e the deaminase activity was 

recovered by the remova1 of urea and corre1ated with the formation of 

octamer (Find1ay and MacKenzie, 1988). This suggested that the native 

octameric structure is required for expression of both activities and 

therefore for channelling of the intermediate. The polyglutamate binding 

site was shown to be associated with the deaminase-dimer and it was a1so 

demonstrated that the transferase active si te is part of a 

structura1/functiona1 domain capable of refo1ding independent1y to form an 

active dimer (Findlay and MacKenzie, 1988). These experiments demonstrate 

that t.he quaternary structure of the enzyme i8 required for 

bifunctiona1ity. 

lO-Formy1tetrahydrofo1ate dehydrogenase-hydrolase is a folate-

dependent bifunctional enzyme which cata1yzes two non- sequentia1 

reactions. The NADP- dependent dehydrogenase reaction releases carbon 

dioxide whi1e the hydrolase reaction re1eases formate, and both reactions 

cata1yze the conversion of 10 - formy1H4 fo1ate to H4folate (for review, see 

MacKenzie, 1984). It has been suggested that the metabolic role of the 

enzyme is to regenerate H4folate in the absence of active reactions that 

utilize lO-formylH4fo1ate (Osborn et al., 1957). 

Zamierowski and Wagner (1977) identified, and Cook and Wagner, 

(1982) purified and partia11y characterized a rat liver f01ate-binding 

protein (Cytosol 1) which was determined to be 10-formy1H4folate 

dehydrogenase-hydrolase (Min et al., 1988). Thg dehydrogenase-hydrolase 
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activity is found mainly in liver and kidney, and has not Leen detected in 

other tissues. The enzyme was purified to homogeneity from rat liver and 

was apparently a tetramer with identical subunits of 108 kDa (Scrutton and 

Beis, 1979). Rios-Orlandi et al. (1986) purified the enzyme from pig 

liver and determined the subunit size to be 92.5 kDa. They demonstrated 

that both activities of the bifunctional enzyme occur simultaneously and 

apparently at different sites. However, Case et al. (1988) reported that 

10-formylH4folate dehydrogenase and hydrolase are separa te enzymes in rat 

liver where the dehydrogenase activity was localized in the cytosol and 

the hydrolase activity was exclusively localized in the mitochondria. 

Johlin et al. (1989) demonstrated immunologica11y that the rat and human 

liver lO-formylH4folate dehydrogenase possess similar propertips. 

NAD-dependent methyleneH4folate dehydrogenase-metheny1H4fo1ate 

cyclohydrolase is a bifunctional enzyme which catalyzes two sequential 

1~~ctions involved in the interconversion of one-carbon units from 5,10-

methyleneH4folate to lO-formylH 4folate. Based on enzyme activity assays 

(Mej la and MacKenzie, 1985) and Northern blot analyses (Bélanger and 

MacKenzie, 1989) it has been reported that the NAD-dependent dehydrogenase 

activity was detectable in many transformed and established cell lines as 

we1l as in developing tissues but not in normal differentiated cells. The 

enzyme was purified 6000-fold rrom Ehrlich ascites tumour cells and was 

determined to be a 68 kDa dimer with identical subunits of 34 kDa (Mejia 

et al., 1986). The NAD-dependent dehydrogenase required Mg2+ for activity 

and was stimulated by inorganic phosphate. 

By isolation of the cDNA encoding the bifunctional enzyme (Bélanger 

and MacKenzie, 1989) and by assays of subcellular fractions of murine cel! 
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Unes (Mej ia and MacKenzie, 1988) it was revealed that NAD-dependent 

methyleneH4folate dehydrogenase-methenylH4folate cyclohydrolase is a 

mitochondrial enzyme. The deduced amine acid sequence reve~led a signal 

peptide of 34 amine acids which had characteristics of other known 

mitochondrial presequences. As weIl, enzyme activity assays and Western 

analyses localized the enzyme to mitochondria. 

The folate derivative 10- formylH 4 folate is a substrate for two 

activities which are both properths of different multifunctional proteins 

in the de novo purine pathway. As previously mentioned, the folate-

dependent GAR transformylase activity is part of the trifunctional enzyme 

GAR synthetase-AIR synthetase-GAR transformylase (Daubner eé al., 1985) 

and the other folate-depandent activity, AICAR transformylase forms a 

bifunctional enzyme with IMP cyclohydrolase (Mueller and Benkovic, 1981). 

It has been suggested that in avian liver these two mul tifunctional 

enzymes and the trifunctional enzyme methyleneH4folate dehydrogenase-

methenylH4foiate cyclohydrolase - formylH4folate synthetase as[)ociate to form 

a multienzyme complex involved in de novo purine synthesis (Smith et a.l. , 

1980; Caperelli et al., 1980; Benkovic, 1984). 

The activities methyleneH4 folate dehydrogenase, me:thenylH4folate 

cyclohydrolase and formylH 4folate synthetase catalyze three sequential 

reactions involved in the interconversion of activated one-carbon 

derivatives of H4folate (Fi3. 2) (for review, see MacKenzie, 1984). The 

dehydrogenase reaction, which is dependent on a pyridine dinucleotide as 

cofactor, catalyzes the oxidation of 5, lO-methyleneH4 folate to 5,10 

methenylH4 folate (Fig. 2). The dehydrogenase activity of the S. cerevisiae 

(Tatum et al., 1977) and the porcine (Green et al., 1986) enzymes have 
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been shown to stereospecifically transfer a hydride to the pro-R-position 

of NADPH. The cyclohydrolase activity converts 5,10-methenyIH4folatp to 

10-formylH4folate while the ATP-dependent synthetase reaction synthesizes 

lO-formylH4folate from formate and H4folate. 

In prokaryotes, the three activities are properties ')f separa te 

proteins or, as shown for Clostridium thermoaceticum, the dehydrogenase 

and cyclohydrolase activities can form a bifunctional enzyme while the 

synthetase activity is separate and monofunctional. However, in sorne 

prokaryotes which include E. coli. (Dev and Harvey. 1978, 1982), 

Pseudomonas aeruginosa, Klebsiella pneumonia and Salmonella typhimurium, 

the 10-formy1H4fo1ate synthetase activity was not detectab1e (Shannon et 

al., 1986; Whitehead et al., 1988). 

The co-purification of the three activities from porcine liver led 

to the suggestion that the three enzymes occurred as a complex (Mackenzie, 

1973) and was later determined to be a trifunctional enzyme. The 

eukaryotic trifunctiona1 enzyme has been isolated and characterized from 

ovine 1iver (Paukert et al., 1976), porcine livet' (Tan et al., 1977), 

Saccharomyces cerevisiae (Paukert et al., 1977; Staben et al., 1987), 

rabbit liver (Schirch, 1978), avian liver (Caperelli et al., 1980), mouse 

1iver (Gardam et al., 1987), hum an liver (Mackenzie et al., 1988) and rat 

liver (Cheek and Appling, 1989). In aIl cases the enzyme was apparently 

a dimer with identical subunit...; of approximately 100 kDa. The similarity 

between severai of the eukaryotic trifunctiona1 enzymes and the 

monofunctiona1 10-formylH4folate synthetase of Clostrldium acidwrici have 

beeu demonstrated by immuno1ogical cross-reactivity (StabeT! and 

Rabinowitz, 1983). A po1yclona1 antiserum raised against the porcine 
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The three sequential reactions cata1yzed by 5,10-

methyleneH4folate dehydrogenase (D), 5,lO-methenylH4folate cyclohydro1ase 

CC) and lO-formy1H4fo1ate synthetase (S) . 
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enzyme also cross-reacts with the rat and hurnan enzymes (Rozen et al., 

1985). The enzyme is found primarily in the cytosol although, Shannon and 

Rabinowitz (1986) also isolated a mitochondrial isozyme from S. 

cerevisiae. The mitochondrial enzyme was shown to have a signal sequence 

of 34 amino acid residues and is encoded in the yeast nuclear genome. 

Paukert et al. (1977) demonstrated that the synthetase activity of 

the yeast trifunctional enzyme can be iso1ated as an independent domain. 

Limited proteolysis of the full length enzyme with trypsin coordinatcly 

destroyed the dehydrogenase and cyc1ohydrolase activities and yie1ded a 

homodimer with subunits of 76 kDa which contained the synthetase activity. 

Subsequently, Tan and MacKenzie (1977, 1979) showed that the porcine 

enzyme is composed of two major functiona1 domains. Limited proteolysis 

of the prote in with trypsin yielded a 33 kDa fragment which retained 

dehydrogenase/cyclohydrolase activities while proteolysis with 

chymotrypsin coordinately inactivated dehydrogenase and cyclohydrolase 

activities but yie1ded a synth~tase-active fragment of 67 kDa. 

Immunodiffusion analysis showed nonidentity between the two peptide 

fragments and amino-terminal sequence analysis of the two peptides and the 

uncleaved enzyme indicated that the dehydrogenase-cyclohydrolase domain 

was located at the amino-terminal region whi1e the synthetase domain was 

at the carboxy1- terminal region of the polypeptide (Tan and MacKenzie, 

1979). Although it was not possible to isolate an active dehydrogenase/ 

cyclohydrolase fragment of the yeast enzyme by proteolysis (Paukert et 

al., 1977), a mutant of S. cerevisiae was iso1ated which did not express 

synthetase activity but retained the dehydrogenase/cyclohydro1ase 

activities (deMata and Rabinowitz, 1980). Limited trr~~mpnt of the rabbit 
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trifunctiona1 enzyme with trypsin a1lowed for the simu1taneous isolation 

of a 36 kDa dehydrogenase-cyclohydrolase-active fragment and a 66 kDa 

synthetase-active fragment (Villar et al., 1985). It was suggested that 

each subunit of the native enzyme is composed of a sma11 bifunctiona1 

domain and a large monofunctiona1 domain which are structura11y and 

functiona11y independent. 

Cohen and MacKenzie (1978) demonstrated a functiona1 interaction 

between the dehydrogenase and cyc1ohydro1ase active site(s) of the porcine 

enzyme. By measuring the time course of appearance of 5,10-

methenylH4fo1ate and of 10-formy1H4 fo1ate from the dehydrogenase and 

cyc1ohydro1ase activities in enzyme assays, it was determined that, in the 

two sequentia1 reactions, 5,10-metheny1H4fo1ate did not equi1ibrate with 

the solution. 10-FormylH4folate was produced without a lag period and it 

was determined that 60% of the intermediate was preferentially channelled 

from the dehydrogenase to the cyclohydro1ase active si te to yield 10-

formylH 4folate. As weIl, the dehydrogenase activity disp1ayed an ordered 

bi-bi kinetic mechanism. Subsequent1y, Wasserman et al. (1983) 

demonstrated a similar channel1ing of intermediate between the 

dehydrogenase and cyc1ohydro1ase active sites of the avian enzyme. 

It was shown that the efficiency of substrate channe11ing between 

the dehydrogenase and cyc1ohydro1ase active site(s) of the porcine 

trifunctiona1 enzyme was not affected by the number of glutamates on the 

tetrahydropteroyl(glutamate)n substrates (MacKenzie and Baugh, 1980; Ross 

et al., 1984). However, the fo1y1po1yg1utamates did bind with a slight1y 

higher affini ty . Wasserman et al. (1983) suggested that channelling 

within the avian enzyme was more efficient with a trig1utamate substrate. 
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It has been suggested that the synthetase domain of the rabbit 

trifunctional enzyme undergoes a conformational change in the presence of 

MgATP and H4pteroylpolyglutarnates (Schirch et al.. 1986; Strong et al .• 

1987). Studies revealed that, in the presence of MgATP, the binding of 

the tri-, tetra-, or pentaglutarnate of H"pteroylglutamates caused a 

conformational change of the synthetase domain to a more thermally stable 

state and abolished the cold lability of the domain. As weIl, the rate of 

domain formation by chymotrypsin proteo1ysis of the enzyme was increased 

although the H"pteroylpo1yglutamates stabilized the synthetase domain from 

further digestion by chymotrypsin. When H4pteroyltrig1utamate was used as 

substrate in place of the H"pteroylmonog1utamate, the Km values for MgATP 

and formate were lowered 3.6- and 520-fold, respectively. 

The close association between the dehydrogenase and cyc10hydro1ase 

active site(s) of the porcine enzyme was further demonstrated when Smith 

and MacKenzie (1983) showed that the cyc1ohydro1ase activity of the 

trifunctional enzyme was inhibited by NADP+, which is a substrate of the 

dehydrogenase activity. This showed quite clearly that these twû 

activities cannot function simultaneously and are not kinetically 

independent. From the observations of both activities in a sma11 33 kDa 

domain, the channe11ing of an intermediate, the non-independent nature of 

the two activities and the identical inactivation and ligand protection of 

both activities, it was suggested that the dehydrogenase and 

cyclohydrolase acitvities over1ap to sorne extent or actually share a 

common active site (Smith and MacKenzie, 1983). Chemical modification of 

the enzyme with diethylpyrocarbonate (DEPC) inactivated the dehydrogenase 

and cyclohydro1ase in a coordinate manner but did not inacti vate the 

'. 
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synthetase activity. Folate was able to protect both activities against 

inactivation by DEPC, and NADP+ potentiated the protection against 

inactivation for both the dehydrogenase and cyclohydrolase. Chemical 

modificatior with phenylglyoxal also inactivated both activities at the 

same rate and to the same extent while the synthetase activity was 

affected to a much lesser extent. As weIl, the combination of NADP+ and 

folate protected the dehydrogenase and cyclohydrolase activities in a 

coordinate manner. A similar study of chemical modification with the 

yeast trifunctional enzyme also suggested an overlapping site for the 

dehydrogenase and cyclohydrolase reactions (Appling and Rabinowitz, 1985) 

although there were differences in the rate of inactivation of the 

dehydroganase and cyclohydrolase activities both by DEPC and by N-

ethylmaleimide (NEM). While NADP+ alone did not protect the dehydrogenase 

and cylcohydrolase activities of the porcine enzyme against inactivation 

by DEPC or phenylglyoxal (Smith and MacKenzie, 1983), Appling and 

Rabinowitz (1985a) demonstrated that both activities of the yeast enzyme 

were protected against inactivation by DEPC and NEM by NADP+ although, the 

dehydrogenase activity was prot:~cted to a slightly greater extent. Based 

on the lack of any significant accumulation of 5, lO-methenylH4folate during 

the dehydrogenase and cyclohydrolase reaction, the identical heat 

stability and protection by NADP+ for these two activities, and the 

observation of similar affinity constants of the two activities for 

different H4folate compounds, Schirch (1978) also suggested a single site 

for the dehydrogenase and cyclohydrolase activities of the rabbit enzyme. 

Smith and ":acKenzie (1985) provided direct evidence to suggest that 

a single €clate site is implicated in both the dehydrogenase and 
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cy~lohydrolase activities of the porcine enzyme. By using carbodiimide 

activated [3H] -folate, which inactivated in parallel both the dehydrogenase 

and cyclohydrolase activities in the presence of NADP+. it was 

demonstrated that one mole cf reagent bound and led to the inactivation of 

one mole of the bifunctional dehydrogenasej cyclohydrolase domain. 

The three activities of the trifunctional enzyme supply activated 

one-carbon units required in biosynthetic pathways which are indispensable 

for survival of the organism. Expression of the enzyme .LS probably 

ubiquitous and constitutive in aIl celis. By manipulating the diet of 

chickens (Wasserman et al., 1984) and incubating yeast under various 

growth conditions (App1ing and Rabinowitz, 1985b) it has been suggested 

that the amount of the trifunctional enzyme can be influenced by 

nutritional requirements where the regulation of expression occurs at a 

pretrans1ationa1 level. Bar10we and Appling (1988b) reported that 

exposure of rat liver tissue to nitrous oxide decreases the expression of 

the trifunctiona1 enzyme and suggested that regulation of expression 

occurs at the translational or pretranslational level. Based on enzyme 

activity assays, Western analyses (Cheek and Appling, 1989) and Northern 

analyses (Thigpen et al., 1990) it has been reported that the level of the 

trifunctional enzyme varies among the different tissues in rat. 

The cDNA encoding methyleneH4folate dehydrogenase-methenylH4folate 

cyclohydrolase-formylH4folate synthetase has been isolated from several 

species and will be discussed later on in the thesis. It is apparent that 

isolation and characterization of the cDNA and gene will provide an 

invaluable tool to further study the structure and function of the 

protein. 
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CHAPTER 2 

PRIMARY STRUCTURE OF A HUHAN TRIFUNCTIONAL ENZYME. 

ISOLATION OF A cDNA ENCODING 

METHYLENETETRAHYDROFOLATE DEHYDROGENASE-

METHENYLTETRAHYDROFOLATE CYCLOHYDROLASE-

FORMYLTETRAHYDROFOLATE SYNTHETASE 
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SUMKAR.Y 

A DNA clone complementary to the messenger RNA encoding the human 

trifunctional enzyme 5,lO-methylenetetrahydrofolate dehydrogenase-

5,10-methenyltetrahydrofolate cyclohydrolase- 10-formyltetrahydrofolate 

synthetase has been isolated from a lambda gtlO library. In vitro 

transcription-translation of the 3.1 kb cDNA clone yields a prote in of 

101 kDa which is of identical size and exhibits the same immunoreactivity 

as the enzyme purified from human liver. A co ding region of 2805 bp in 

the cDNA encodes a prote in of 935 amino acids. The initiator methionine 

is absent from the purified enzyme and the amino terminal 30 amine acids 

derived by automated sequence analysis are identical (Arg at position 18 

was not identif:ed) with that deduced from the nucleotide sequence. The 

amino acid sequence of the human enzyme shows extensive homology with that 

of the yeast enzyme, although the amino-terminal bifunctional 

dehydrogenase-cyclohydrolase domain is less homologous th an the 

carboxyl- terminal synthetase domain. A region was identified which 

probably serves as a link between these two major domains of the human 

enzyme. The synthetase domain contains two regions that are homologous to 

consensus sequences for an ATP-binding site. 
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INTRODUCTION 

The enzymes S,10-methy1eneH.fo1ate dehydrogenase (E.C.1.S.1.S), 

5,10-metheny1H.fo1ate cyc1ohydro1ase (E.C.3.5.4.9) and 10-formy1H4fo1ate 

synthetase (E.C.6.3.4.3) cata1yze three sequentia1 reactions in the inter

conversion of one-carbon derivatives of tetrahydrofo1ate which are 

substrates for methionine, thymidy1ate and de novo purine syntheses. 

Because they exist in nature both as single enzymes and as different 

enzyme conjugates, these three activities provide a good system in which 

to examine the evo1ution and advantages of enzyme organization. In 

procaryotes the activities exist either as three separate proteins or the 

dehydrogenase-cyc1ohydro1ase activities can form a bifunctiona1 enzyme 

(MacKenzie, 1984). In eukaryotes the three activities are properties of 

a single protein, a homodimer of polypeptides of approximate1y 100 kDa. 

The eukaryotic trifunctiona1 enzyme consists of two major domains, an 

amino terminal portion containing the dehydrogenase-cyc1ohydro1ase 

activities and a 1arger synthetase domain. Proteo1ysis of the mamma1ian 

enzymes has yie1ded both domains as active species (Tan and MacKenzie, 

1977; Tan and MacKenzie, 1979; Villar et al., 1985), while an active 

synthetase domain has been obtained from the yeast protein (paukert et 

al., 1977). The dehydrogenase-cyc1ohydro1ase activities of the enzyme 

from pig 1iver are not kinetically independent (Smith and MacKenzie, 

1983), and appear to share a common fo1ate-binding site (Smith and 

MacKenzie, 1985), but it js not known to what extent these properties are 

shared by the protein from yeast. These two trifunctional proteins show 

quantitative differences in the relative rates of inactivation of the 

dehydrogenase and cyc1ohydrolase by histidine specifie chemical 
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modification, with the mammalian enzyme showing almost coincident 10ss of 

both activities (Smith and MacKenzie. 1983) while about a two- fo1d 

difference in rate of inactivation is observed with the yeast enzyme 

(Appling and Rabinowitz, 1985). This might suggest less interdependency 

between the dehydrogenase and cyc10hydro1ase activities in the yeast 

protein, as has been described for the mammalian NAD-dependent 

dehydrogenase-cyclohydrolase enzyme (Rios-Orlandi and MacKenzie, 1988). 

The similarities or differences between the yeast and the mammalian 

enzymes can a1so be compared at the 1evel of the primary structure of the 

respecti.ve proteins. Although X-ray crystallography studies will be 

required to deduce the compJete structures of the proteins, the primary 

structure can be used to further define the two functiona1 domains and 

determine the region which links them. 
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MATERIALS AND METHODS 

Restriction enzymes and DNA modification enzymes were obtained from 

Bethesda Research Laboratories or Boehringer Mannheim. AlI reagents and 

enzymes for DNA sequencing were from United States Biochemical 

Corporation. Nitrocellulose and nylon membranes were from Amersham and 

radioisotopically labelled nucleotides were from Amersham or New England 

Nuclear. Diagnostic X-Omat AR film was from Kodak. Protein A-Sepharose 

CL-4B was from Pharmacia. AlI common chemicals were of the highest grade 

commercial1y avai1ab1e. 

Un1ess specified, a11 recombinant DNA techniques fo11owed the 

procedures outlined by Maniatis et al. (1982). AH cDNA probes were 

1abe1led by the random primer method with [32p]dCTP to an average specifie 

activity of 109 cpm/~g of DNA (Feinberg and Vogelstein, 1984). 

Isolation of cDNA Clones A po1yc1onal antibody was raised by 

subcutaneous injection of purified porcine trifunctiona1 prote in (Smith 

and Mackenzie, 1983; Tan et al., 1977) in Freund's adjuvant into a New 

Zealand white rabbit. Injections were administered at 2-week intervals; 

two weeks after the third injection, the rabbit was bled and serum was 

coHected and stored at -70°C. A lambda gtU human liver cDNA library that 

was kind1y provided by Dr. D.W. Stafford, University of North Caro1ina, 

Chapel Hill, U.S.A., was screened with the po1yc1onal antibody fol1owing 

the method described by Huynh et al. (1985). The antiserum was di1uted 

1/200 and was not preabsorbed with E. coli extract prior to screening. 

After incubating with antiserum the membranes were treated with 1251_ 

protein A (80-90 l'Cilpg) using 107 cpm/ml. Positives were selected, 
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plaques were purified and the cDNA inserts were sized by digestion of 

purified lambda gt1l DNA with EcoRI prior to electrophoresis in 1% agarose 

gels. 

Two positives designated H-l and H-2 were isolated; the insert from 

H-1 (230 bp) was subc10ned into the EcoRI site of the pUC 13 vector 

(Vieira and Messing, 1982) and used as a probe to screen a lambda gtlO 

cDNA library made from the human colonie adenocarcinoma ~ell line LS-180. 

(The library was a generous gift from Drs. N. Beauchemin and C.P. Stanners 

(Beauchemin et al., 1987). The membranes were incubated for 12 h at 42°C 

in 50% formamide, 5 x SSPE, 2 x Denhardt's solution, 100 ~g/ml denatured 

salmon sperm DNA and the cDNA probe at 5 x 105 cpm/ml (1 x SSPE - 0.15 M 

NaCl, 10 mM NaH2P04 , 1.3 mM EOTA, pH 7.4). They were washed for 15 min 

with 1 x SSC, 0.1% SOS at room tempe rature , and then with 0.1 x SSC, 0.1% 

SOS for 15 min at room tempe rature and twice for 45 min at 65°C (1 x SSC 

- 0.15 M NaCl, 15 mM sodium citrate). Thirteen positive recombinants were 

isolated from the LS-180 library of which two (HT- 2, HT-12) were full 

1ength. 

Protein Sequencing - Automated Edman degradations of purified human 

trifunctional enzyme were executed on a Model 470A Gas Phase Sequencer 

equipped with an on-line Model l20A Phenylthiohydantoin Analyzer (Applied 

Biosystems Inc., ABI) employing the general protocol of Hewick et al. 

(1981). The protein sample was applied to a filter coated with 1.5 mg of 

polybrene plus 0.1 mg NaCl (Biobrene Plus) and standard programs (03RPRE 

and 03RPTH, ABI) were employed for precycling and sequencing. 
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cDNA Sequencing HT-2 was subcloned into the EcoRI site of the 

Bluescript-SK+ and Bluescript-KS+ vectors (Stratagene Cloning Systems) and 

progressive unidirectional deletions using exonuclease III/mung bean 

nuclease were carried out as outlined by the supplier. After the 

deletions the DNA was subjected to electrophoresis in a 0.8% agarose gel, 

appropriately sized bands were excised, the DNA was purified and the ends 

repaired with the Klenow fragment of E. coli DNA polymerase l prior to 

ligation with T4-DNA ligase. The coding strand of the cDNA was sequenced 

from single-stranded DNA templates while the sequence of the non-coding 

strand was determined using double-stranded DNA. AlI sequences were 

derived from dideoxy sequencing (Sanger et al., 1977) using [35S 1 dATP 

sequencing reactions with Sequenase1M (Uniced States Biochemical Corp.). 

Northern Analysis - Total RNA from LS-180 cells grown in culture was 

extracted by the method of Chirgwin et al. (1979). Poly(A)+ rnRNA was 

isolated by hybridization to Hybond-mAP paper (Amersham Corp.) as 

described by the manufacturer. Total and messenger RNA were 

electrophoresed on 1.25% formaldehyde-agarose gels in MOPS and blotted 

onto nitroc~llulose. Hybridization was carried out overnight at 42°C with 

probes (5 x 105 cpm/ml) derived from the 230 bp H-l fragment and the 

1.26 kb HaeII fragment of HT-2 in 35% formamide, 10% dextran sulfate, 5 x 

SSC, 4 x Denhardt's solution, 10 mM TriseCl (pH 7.5), 0.1% SDS, and 100 

~g/ml denatured salmon sperm DNA. After hybridization the fi1ters were 

washed with 2 x SSC, 0.1% SDS for 30 min at 42°C, and with 0.1 x SSC, 0.1% 

SDS for 10 min at SOoC and rinsed with 0.1 x SSC at room temperature. 
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In vitro Transcription - RNA transcripts of the HT-2 cDNA were synthesized 

using T3- and T7-RNA po1ymerase fo1lowing standard protoco1s as outlined 

by Stratagene C10ning Systems. [3H]CTP (~20 pCi/mmo1) was incorporated 

into the transcripts and 5 l'g of RNA was electrophoresed in a 1% 

forma1dehyde-agarose gel. The gel was impregnated with EN3HANCE (NEN) and 

dried prior to f1uorography. 

In vitro Translation - The T3 and T7 transcripts (20 ng/l'l of translation 

mix) were trans1ated in a ce11-free, message dependent, rabbit 

reticu10cyte lysate system (Pelham and Jackson, 1976) in the presence of 

1 l'Ci/ml of [35S]methionine (~800 l'Gi/mmol). For immunoprecipitation the 

trans1ated samp1es were diluted with 9 volumes of 1% Triton X-IOO, 20 mM 

methionine, 0.02% sodium azide, 10 mM EDTA (pH 7.4), a11 dissolved in 

phosphate buffered saline (pH 7.4). The samp1es wer~ centrifuged for 45 

min at 120,000 x g and the supernatants were incubated wi th 5 l'lof 

polyc1ona1 antiserum and 0.4 volumes of 4 M NaC1 for 8 h at 4oG. The 

immunocomp1exes were then precipitated by incubating with Protein 

A-Sepharose CL-4B at room temperature for 60 min, and washed 3 times with 

the above Triton X-100 solution and twice with 0.9% NaGl. The washed 

pellets were resuspended in 0.1 M Tris.HG1 (pH 6.8), 4~ SDS, 1.4 M 

2-mercaptoethano1, 20% g1ycero1, 0.1% bromopheno1 bIue, boi1ed for 3 min, 

cooled, centrifuged in an Eppendorf microfuge and supernatants applied to 

an 8% SDS-po1yacry1amide gel (Laemm1i, 1970). In experiments where the 

antibodies were preabsorbed with purifiea human enzyme (Gardam et al., 

1988), 5 1'1 of antiserum was incubated with the protein for 8 h at 4°C 

using the buffer conditions as described ab ove prior to incubation witn 
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RESULTS AND DISCUSSION 

A hurnan 1iver lambda gt11 cDNA 1ibrary was screened with a rabbit 

po1yc1ona1 antibody raised against the trifunctiona1 enzyme iso1ated from 

porcine 1iver. An initial screening of 2.7x106 recombinants yielded two 

positive clones of 230 bp which cross-hybridized. One of the positive 

clones (H-1) was used to screen approximately 3. 5x10 5 rec0mbinants of a 

human lambda gtlO cDNA library and thirteen positive clones varying in 

sizes from 800 bp to 4 kb were isolated. All 13 clones were digested with 

EcoRI and were found to contain a common 3' -end by Southern analysis using 

the H-1 fragment as a probe. The longest insert of 4 kb was rej ected 

because it was found to contain two unrelated sequences of DNA, presumab1y 

a result of blunt end ljgation during construction of the cDNA 1ibrary. 

A 154 bp probe from the S'-end of the 4 kb insert, when used to rescreen 

the library, se1ected 16 additiona1 clones, but none of them hybridized 

with the original 230 bp H-1 DNA. A clone of about 3.1 kb (HT-2) was 

chosen for sequence ana1ysis; the deduced sequence of the first 30 amino 

acids after the first AUG codon was identical to that obtained from the 

NH2-terminal sequence of the purified protein with the exception that in 

the protein-sequence ana1ysis the predicted Arg at cycle 18 was not 

identified. 

Northern b10t analyses of mRNA isolated from the human cell line 

LS-180 were carried out with the 230 bp H-l insert and the 1.26 kb Haell 

fragment of HT - 2 as probes. Locatlons of the probes in the cDNA are shown 

in Fig. 1. Both hybridized to a common I1lRNA, a single band of 3.1 kb 

(Fig. 2A, lane 1) which is of sufficient length to code for a 100 kDa 

protein. These results are indicative of the protein being translated 
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Figure 1. Physical map and sequendng strategy for HT-2 cDNA. The 

diagram shows (from lef't to right) the 5' -untranslated region (thin Une) 1 

the amine acid coding region (heavy Une) 1 the 230 bp H-l cDNA (hatched 

box) and the 3 ' -untranslated region (thin Une). The arrows indicate the 

direction and extent of the DNA sequence determined. Abbreviations for 

restriction endonuclease sites: E, EcoRI; H, Haell. 
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Figure 2. Ncrthern analysis of human mRNA (A) and in vitro transcription 

of the cDNA clone (8). (A) 3 l'g of LS180 poly(A)+ mRNA was electrophoresed 

on a 1. 25% formaldehyde-agarose gel in MOPS buffer and transferred onto 

nitrocellulose. Hybridization with the 32P-labelled 1.26 kb Haell fragment 

of HT-2 was as described in Materials and Methods and radioactivity was 

detected by fluorography. (B) HT-2 was subcloned into the Bluescript-SKt 

and Bluescript-KS+ vectors and transcribed wi t}. T7 (lane l) and T3 (1ane 

2) RNA polymerase. Transcripts (5 IJg) containing incorporated [3H]CTP were 

electrophoresed on a 0.9% agarose gel and were detected by fluorography. 
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from a single population of transcr~.pts which are essentia11y identica1 in 

size with the iso1ated cDNA clone. 

Southern blot analyses of genomic DNA iso1ated from human 1eukocytes 

were carried out using the 1.93 kb EcoRI fragment from HT-2. The probe 

hybridizes to DNA fragments which add up to approximately 40 kb (results 

not sho~rn) indicating the presence of large introns in the gene; however 

subsequent studies have 10ca1ized genes on two separate chromoso.lIes (Rozen 

et al., unpublished). 

Transcripts of the clone were obtained by subcloning the HT-2 cDNA 

ir.to the EcaRI site of B1uescript-SK+ as well as Bluescript-KS+ and 

carrying out transcription in vitro with either T3 or T7 polymerase. The 

full hmgth transcripts of 3.1 kb are shown in Fig. 2B showing that a 

single transcript was obtained using either promoter. These transcript9 

were then translated in a cell-free, rabbit reticulocyte lysate ln vitro 

translation system to produce a major protein product of approximately 

100 kDa which co-migrates with the purified human trifunctional enzyme on 

SDS-PAGE; however sorne minor lower molecular weight products were a1so 

produced (Fig. 3). The major protein (100 kDa) as well as the minor 

polypeptides were shawn ta be irnmunoprecipitated by a polyclonal antibody 

raised against the purified enzyme. Furthermore, the immunoprecipitation 

of a11 the synthesized proteins cou1d be inhibited by preabsorbing the 

antiserwn with purified human trifunctional enzyme prior ta incubation 

with proteins synthesized in vitro (Fig. 3). The minor polypeptides of 

lower Mr are most probab1y the result of premature termination of 

translation hy the in vitro translation system or the erroneous initiation 

of translation at an Aue codon located downstream of the actual start 
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Figure 3. In vitro translation of HT-2 transcripts and the 

immunoprecipitation of translation products. Total translation products 

(lane 1) and immunoprecipitated proteins (lanes 4-8) were electrophoresed 

on a SDS-polyacrylamide gel and detected by fluorography. Equal amounts 

of translation products were immunoprecipitated with non immune serum 

(lane 4); no serum (lane 5); untreated antiserum (lane 6); or with 

antiserum preabsorbed with 5 Jjg (lane 7); or la Jjg (lane 8) of purified 

trifunctional enzyme. Lanes 2 and 3 are controls for translation and 

immunoprecipitation of products with no added transcript. The arrow 

indicates the position of the purified human trifunctional enzyme. 
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codon, a1though sorne proteo1ysis of the translation product cou1d a1so 

exp1ain these bands. In vitro translations programmed with the non-coding 

transcript prepared in the same fashion did not produce any 1abe11ed 

prote1n products (data not shown). 

The complete sequence of the cDNA was determined on each strand of 

the DNA according to the strategy out1ined in Fig. 1. The nucleotide 

sequence and the deduced amine acid sequence are shown in Fig. 4. The 

open reading frame of 2805 bp codes for 935 amine acids which is of 

sufficient 1ength to encode the trifunctiona1 polypeptide. The other two 

reading frames contain 57 and 65 termination codons distributed throughout 

the sequence. The deduced amino acid sequence has a ca1cu1ated Mr of 101 

423 exc1uding the ini tiator methionine. The ca1cu1ated Mr agrees well with 

the estimate made from SDS-polyacry1amide gel e1ectrophoresis (Tan et al. , 

1977). Thé coding region 1s flanked by a 5'-untranslated region of 53 bp 

and a 3'-untrans1ated region of 259 bp which is fo1lowed by poly-A. We 

could deduce the location of the initiator methionine, which is not 

present in the purified enzyme, from the protein sequence data which 

begins with the amino acids Ala-Pro-Ala-Glu. Twenty-nine of the first 30 

amino acids of the purified protein correspond to the sequence deduced 

from the cDNA. The nucleotide sequence flanking the first Aue codon in 

the clone 1s consistent with the consensus sequence proposed for 

initiation of translation in higher eukaryotes (Kozak, 1987). The 

putative translation termination corlon TAA is found at position number 

2806 and the 3'-untranslated region contains the po1yadeny1ation signal 

AATAAA which is found 16 nucleotides upstream of the poly-A (Fig. 4). 
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Figure 4. DNA sequence of HT-2 cDNA and the deduced amino acid sequence. 

The amino acid sequence is numbered sequentially from the amino terminus 

of the predicted prote in starting from the first methionine. The stop 

codon is indicated by (***) and the putative polyadenylation signal i5 

underlined. 
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We have compared the deduced amino acid sequence of the human 

trifunctional enzyme to that of the yeast enzyme (Staben and Rabino'l1itz, 

1986) and found extensive homology. When gaps are introduced into both 

sequences to attain maximum alignment they are 58% identic, 1 (Fig. 5), 

al though the hum an form of the protein contains eleven fewer éll!'.ino acids, 

Multifunctiona1 enzymes have been postulated to have arisen [rem smaller 

monofunctional proteins and each enzyme actjvity exists as a se{.Jarate 

active domain in the multifunctiona1 protein. Good examples of this are 

the pentafunctional AROM enzyme of Saccharomyces cereviSLae (Duncan et 

al., 1QS7) and the fatty acid synthase of most eukaryotes (Hardie and 

McCarthy, 1986). For both of these proteins it has been shown that thE' 

polypeptide is a mosaic of functional domains joined by linking regions 

and it has been proposed that the genes encoding these enzymes arose from 

the fusion of the smaller genes encoding the monofunctiona1 proteins, 

Previous work on the marnma1ian trifur.ctiona1 enzyme isolated from piJ~ 

liver has shawn that an active domain of 33 kDa from the NHz_terminal, 

expressing on1y dehydrogenase and cyclohydro1ase activities. cou1d be 

isolated fo110wing 1imited proteo1ysis of the native protein with tcypsin 

(Tan and MacKenzie, 1977). Proteo1ysis of the enzyme with chymotrypsin 

yie1ded a COOH-terminal dama in of 67 kDa which retainE-'d on1y the 

synthetase activity (Tan and MacKenzie, 1979). Extending thj c; work to the 

sequence at hand we have 10cated a region which potentially separate5 the 

two functiona1 domains. Secondary structure ana1ysis using the model of 

Robson (Garnier et al., 1978) and the LKB-PROSIS computer program has 

revealed that the sequence between amine acids 299 and 333 exhibitc; il 

region of d1sordered conformation that 15 flanked by a-helices and could 
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Figure 5. Comparison of the deduced amino acid sequence of the human 

trifunctional enzyme with that of yeast. Sequence of the human protein 

(Hu) is the top 1ine and the yeast sequence (Staben and Rabinowitz, 1986) 

on the bottom line is 1abelled Ye. Both sequences are numbered 

sequentia11y from the amino terminus starting at the first methionine; the 

1ast digit of the number indicates the residue. Homologous residues are 

boxed. 
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be susceptible to proce(,lysis. This region corresponds to that which has 

been suggested to separate the two domains of the yeast enzyme (Staben and 

Rabinowitz, 1986) and the sequences in part of this region (Hu 299-313) 

are not highly homologous. This agrees weIl wit:h a previous proposaI tha~ 

the connector regions are important for maintaining structural integrity 

of multifunctional proteins, but that their sequence is less important 

(Zalkin et al., 1984). As well the proposed connector regions in both 

proteins correspond to a relative1y hydrophilic region on the polypeptide. 

This suggests that the region is exposed on the surface of the protein and 

may be available for proteolysis. In aligning sequences to attain 

hom01ogy between the two enzymes we have confirmed that the two functional 

domains are arranged in the same order in both the mammalian and yeast 

enzymes, as previously determined (Tan and MacKenzie, 1979; Jones, 1977; 

de Mata and Rabinowitz, 1980). The amino acid sequence of the NHz- terminal 

domain (Hu 2- 305) is 48% homologous to the ~equence of the enzyme from 

yeast. However, the sequences of the synthetase domains (Hu 306-935) are 

63% identical and contain several extensive stretches of identiral 

residues. The lower homology between NH2 -terminal domains of the two 

enzymes may exp1ain the quantitative differences observed when studying 

the rates of inactivation of the dehydrogenase and cyc1ohydrolase with 

diethyl pyrocarbonate (Smith and MacKenzie, 1983; Appling and Rabinowitz, 

1985). The extensive sequence homology in the synthetase domain suggests 

a more stringent conservatlon of amino acid sequence which concurs with 

the observation by Staoen and Rabinowitz (1983) of immunological 

cross-reactivity between the trifunl~tional eukaryotic enzymes and the 

monofunctiona1 prokaryotic 10- formyltetrahydrofolate synthet.dses. 
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The formyltetrahydrofolate synthetase activity which is found in the 

carboxyl- terminal domain of the trifunctional enzyme utHizes MgATP as 

cofactor. We have identified two regior.s in the synthetase do main which 

are hOlllologous to sequences (A and B) believed to be involved in 

nucleotide binding in enzymes that bind ADP or ATP (Walker et: al., 1982; 

Husaln et al., 1986). lhe sequer.ce T-P-L-G-E-G-K-S-T-T-T-I-G-L-V at 

residues 380-394 of the human enzyme is similar to the A consensus 

sequence The B consensus sequence 

R-X3-G-X3-L-(hydrophobic)4-D is located at residues 892-904 of the human 

protein and is R-A-S-V-G-A-G-F-L-Y-P-L-V-G. Both sequences correspond to 

homologous regions in the yeast enzyme (Fig. 5). Fry et: al. (1986) have 

proposed that the glycine - rich A sequence is important for conformational 

change in addition to nucleotide binding. This proposal is interesting in 

light of the observation by Strong et: al. (1987) that the synthetase 

domain of the rabbit trifunctional enzyme undergoes a detectable 

conformational change in the presence of the substrates 

tetrahydropteroylpolyglutamate and MgATP, as well as ammonium ion. 

The enzyme from hum an sources is a total of eleven amine acids 

shorter than that from yeast, with significant deletions occurring in the 

dehydrogenase-cyclohydrolase domain after amino acid 229 and in the 

synthetase domain after amine acid 660. These two deletions in the human 

protein are a1so readily identified by two horizontal disp1acements in the 

hydropathy profiles of the proteins (not shown). When these areas are 

taken into account the hydropathy profiles of the human and yeast proteins 

are very similar, reflecting the sequence homology as weIl as a large 

number of conservative changes in non-hom010gous positions. It will be 
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interesting to determine if these deletions alter the properties of either 

dornain, especially with respect to the kinetic properties of the 

dehydrogenase -cyc lohydro lase . 
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CHAPTER 3 

EXPRESSION OF ACTIVE DOMAINS OF A ROMAN FOLATE-DEPENDENT 

TRIFUNCTIONAL ENZYME IN ESCHERICHIA COLI 

( 
81 



SUMMARY 

The cDNA. encoding the human trifunctional enzyme methylene

tetrahydrofo1ate dehydrogenase-methenyltetrahydrofolate eyc1ohydrolase

formyltetranydrofolate synthetase was engineered to contain a procaryotic 

ribosome binding site and was expressed under the bacteriophage T7 RNA 

polymerase promoter in Escherichia coli. Site-directed mutagene~is was 

used to prepare constructs that encode separately the dehydrogenasel 

cyclohydrolase (Dje) domain as amino aeid res idues 1- 301, and the 

synthetase (Syn) domain as residues 304-935. Both domains formed active 

enzymes thereby demonstrating their ability to fo1d independent1y. The 

full length enzyme, D/C and Syn domains were expressed at leve1s 4, 55, 

and 3 fold higher than the specifie activities found in liver. Additional 

mutagenesis and independent expression of domains further defined the 

interdomain region ta include amino acids 292 to 310. The Dje domain was 

purified to homogenei ty by a single affinity chromatographie stcp, and the 

full length protein in a two step procedure. The kinetic properties of 

the D/C domain appear unaltered from those of the trifunetional enzyme. 
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INTRODUCTION 

The enzymes 5,10-methyleneH4fo1ate dehydrogenase (EC 1.5.1.5),5,10-

metheny1H4fo1ate cyclohydrolase (EC 3.5.4.9) and 10-formy1H4 folate 

synthetase (CC 6.3.4.3) cata1yze three sequential reactions in the 

interconversion of lO-formylH4folate required for purine biosynthesis, and 

methyleneH4folate which is used in the synthesis of thymidylate or, after 

reduction, to provide the methyl group of methionine. In certain 

prokaryotes the three activities are separate proteins or, as is the case 

in Clost:ridium thermoaceticum, the dehydrogenase and cyclohydrolase can 

exist as a bifunctional enzyme and the synthetase as a separate protejn 

(MacKenzie, 1984). In eukaryot~s the three activities are properties of 

a single polypeptide of approximately 100 kDa which forms a homodimeric 

trifunctional enzyme as isolated from yeast (Paukert et: al., 1977) and the 

livers of rabbit (Schirch, 1978), sheep (Paukert et: al., 1976), pig (Tan 

et al., 1977) and chicken (Caparelli et al., 1978). 

Proteolysis experiments with the mammalian trifunctional enzymes 

(Tan and MacKenzie, 1977, Tan and MacKenzie, 1979, Villar et: al., 1985) 

demonstrated that the prote in can be sep~rated into two functional 

domains: a carboxyl-terr.1inal domain which contains only the ATP-dependent 

synthetase activity and corresponds to about two-thirds of the original 

polypeptide, and an amino-terminal domain of approximately one-third the 

native polypeptide which contains the cyclohydrolase and NADP-dependent 

dehydrogenase activities. Chemical modification of the porcine (Smith and 

MacKenzie, 1983) and yeast (App1ing and Rabinowitz, 1985) proteins with 

diethyl pyrocarbonate suggested that the dehydrogenase and cyclohydrolase 

active sites overlap at least partially. Smith and Mackenzie (1983) 
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demonstrated that these two activities in the enzyme iso1ated from pig 

:iver are not 1"inetica11y inde pendent and appear to share a common fo1ate 

binding site (Smith and MacKenzie, 1985). 

Comparison of the primary structures of the yeast (Staben and 

Rabinowitz, 1986) and human (Hum et al., 1988) trifunctiona1 enzymes, 

deduced from the nuc1eotide sequences, revea1s extensive homo1ogy between 

the two proteins. 1-. region of low homo1ogy was proposed as a putative 

linker regi n joining the two major domains of the hum an enzyme (Hum et 

al., 1988) and this ar~a over1aps that. which had been suggested to 

separat~ the two domains of the yeast enzyme (Stabeo and Rabinowi ~z, 

1986) . Bar10we et al. (1989) converted several eysteine residues to 

serine in the dehydrogenase/eye1ohydro1ase domain of the yeast enzyme by 

site-specifie mutagenesis of the gene. The para11e1 effects of these 

substitutions on the dehydrogenase and cyc10hydrolase aetivities support 

the hypothesis of over1apping active sites. 

In this paper we describe the expression in E. coli of the full 

1ength hum an enzyme, and separate1y, its two major domains. By site-

directed mutagenesis we have 10ca1ized the interdomain region and 

demonstrated that the domains can fold independently into enzymatically 

active species. 
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HATERIALS AND HETHODS 

Restriction endonucleases and DNA modification enzymes were obtained 

from Bethesda Research Laboratories .md Boehringer Mannheim. Reagents and 

enzymes for DNA sequencing were from United States Biochemical Corp. AlI 

matrices for column chromatography were purchased from Pharmacia and 

ni troce Il u10se membranes were from Sch1eicher and Schuell. 

Oligonucleotides used in mutagenesis were synthesized and purified by the 

Regional DNA Synthesis Laboratory, University of Calgary. AlI common 

chemicals used were of the highest grade commercially availab1e. Unless 

specified otherwise standard recombinant DNA techniques were carried out 

as described by Maniatis et al. (1982). 

Bacterial Strains and Plasmids - The plasmid pBluescript-SK+ was used as 

a cloning vector in E. coli XLI-Blue, both obtained from Stratagene. 

pBluescript-SK+ was a1so the basis for constructs used to express 

exogenous proteins in E. coli. The K38 strain of E. coli, which harbours 

the pGP1-2 p1asmid, and emp10yed to express the proteins was a generous 

gift from Dr. Charles C. Richardson (Tabor and Richardson, 1985). cDNA 

constructs in M13mp18 were introduced into E. coli RZI032 (dut- ung-) 

(Kunke1 et al., 1987) to produce single stranded uraci1-containing DNA 

templates for oligonuc1eotide-directed mutagenesis. 

Construction of Expression Plasmids - The full 1ength cDNA clone HT-2 

described earlier (Hum et al., 1988) was used for construction of 

expression p1asrnids as outlined in Fig. 1. 
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Fi&ure 1. Construction of the expression p1asmids SK-HT. SK-D/C 301 and 

SK-Syn 304. The oligonucleotides used to insert the RBS are shown; the 

RBS is overli"ed and the initiator ATG is overlined in bold. The 

bacteriophage T7 RNA po1ymerase promotor 15 indicated by. ,the inserted 

RBS by Â and the stop codon by •. Abbreviations for restriction 

endonuc1ease sites: H, HindIII; K, KpnI; N, NotI; P, PsCI; X, XhoI; A, 

AcyI; C, ClaI; E, EcoRI. 
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The complementary oligonucleotides 5' AGCTTAGGAGGAt\AAAATTATGG3 ' and 

5'CGCCATAATTTTTTCCTCCTAJ' were mixed and hybridized at 37°C for 2 hrs in 

50mM Tris-Cl pH 7.5, 10mM MgC1 2 to form a synthetic HllldIII-AcvI fragment 

This fragment was designed to insert an efficient ribosome binding site 

(RBS) into the 5'-untranslated region of the HT-2 cDNA. The HlndIII-NotI 

fragment of pBluescript-SK+ and the AcyI-NotI fragment of HT-2 were mixed 

at approximately equal molar ratio with the synthetic fragment and ligated 

to construct the vector (SK-HT) us~d for expression of the full length 

t"rifunctional protein (HT). The correct sequence of the RBS was confirmed 

by sequence analysis. This construct contained the cading sequence, st0p 

codon and the entire 3'-untranslated region of the cDNA. 

Oligonucleotide-directed mutagenesis and subsequent subcloning were 

used to construct ve~tors that would express separately the dehydrogenasel 

cyclohydrolase (D/C) and the synthetase (Syn) domains. The terminology 

used -incorpora tes the amino acid residue numbers of thE' human enzyme. The 

amino-terminal domain repres~nted by D/C 301 Is a protein that terminates 

following amine acid residue 301 Rt an introduced stop codon Syn 304, on 

the other hand, represents a domain where, through mutagenesis, initiation 

begins just prior to residue 304 and terminates at the normal stop codon 

(Fig. 2). These proteins are expressed by the correspondin5 SK-D/C 301 

and SK-Syn 304 plasmids. 

SK-D/C 301 was constructed in the following way. The 1.3 kb KpnI

PstI fragment from SK-HT was subcloned into the multiple cloning site of 

M13mp18. Single stranded template was prepared and the rnutagenic 

oligonucleotide 5 'GGTTGTTATACTGAATCATCGATTATCCTGGCTTAAATTTCTCC3' wu., used 

to introduce both a stop codon (TAA) and a ClaI restriction site in M13-
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mHTkp. The 1.1 kb XhoI-XhoI fragment from M13-rnHTkp was subcloned into 

the XhoI site of pB1uescript-SK to form SK-DjC 301. The same fragment was 

1igated with the 5.0 kb XhoI-XhoI fragment of SK-HT to form SK-rnHT. SK

Dje 301 was used for expression of the dehydrogenase-cyclohydrolase domain 

DjC 301. 

Construction of SK-Syn 304 for expresssion of the synthetase domain 

Syn 304 was achieved by ligation of the 4.0 kb AcyI-ClaI fragment of SK

mHT with the 1.1 kb AcyI-AcyI fragment of SK-HT. Using this strategy only 

the transformants which contain the insert in the correct orientation are 

ampicillin resistant. This manipulation introduced an additional codon 

for alanine after the initiator methionine, in frame with the coding 

sequence for Syn 304 (Fig. 2). 

Oligonucleotide-directed mutagenesis was carried out essentially as 

described by Zoller and Smith (1987) using uracil-rich single-stranded DNA 

from recombinant M13-HTkp following the method of Kunk'!l et al. (1987). 

Mutants were selected by plaque-lift hybridiozation with the labelled 

mutagenic oligonucJ.eotide, followed by sequential washes of increasing 

stringency. The 1.1 kb XhoI-XhoI insert in SK-DjG 301 was sequenced to 

confirm the desired base changes and to ensure that there were no 

secondary mutations. AlI sequences were derived from dideoxy sequencing 

(Sanger et al , 1977) of double stranded DNA. 

P1asmids for expression of DjC 312 end Syn 315, DjC 296 and Syn 300, 

as weIl as Dje 291, were constructed as described above for DjC 301 and 

Syn 304 and used synthetic oligonucleotides comp1ementary to sequences 

shown in Table 1. 
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Figure 2. The strategy employed for expression of the full length 

protein, the amino-terminal dehydrogenas3/cyclohydrolase domain (Die 301) 

and the ~arboxyl-terminal synthetase domain (Syn 304). The amino acid 

residues (299-313) of the proposed interdomain region are shown on the top 

line and the initiator methionine is designated number 1. The second line 

repr~sents the corresponding nucleotide co ding sequence of the cDNA and 

the adenine of the initiator ATG is designated number 54 as previously 

reported for the full length cDNA (Hum et al. 1 1988). The sequence of the 

RBS is indicated by the broken line and the broken line in bold shows the 

AcyI restriction site. Nucleotide changes in the linker region are 

indicated by * Underlined is the introduced stop codon and underlined 

in bold is the restriction site recognized by CIal. Translation of the 

amino-terminal domain i5 terminated after residue 301 as indicated by •. 

The expression plasmid SK-Syn 304 was constructed by religation of the 

compatible Acyl and CIal sites. 
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Table 1 

Plasmid 

SK-OIC312 
SK-Syn 315 

SK-OIC301 
SK-Syn304 

SK-OIC296 
SK-Syn300 

SK-OIC 291 

Synthetic oligonucleotides used for m'Jtagenesis 

Cod.ng Sequence of Mutants 

980 * ** 
5' C cn MC CTC TAG GCG CCT Gn CCA AGT G 

938 * * * 5' G GAG MA nT MG CCA GGA TM TCG ATG ATT CAG TAT MC AN:. C 

929 * * * 5' G CGT TTC CTG GAG TM TTG ACG CCA GGA MG Too 

915 * * ** 5' GTA GAG AGT GeC TM Ger nc CTG GAG 

961 *** 

Restriction 
SIle 

Acy 1 

CIal 

Acy 1 

H.nd III 

SK-Syn 309 5' 00 ATG ATT CAG TAT GU MC CTT MC CTC Hpal/Hll'lcll 

Pvu Il 965 ** * 
SK-Syn 310 5' GATT CAG TAT AAC GAG CTG AAC CTC MG AGA 

SK-Syn 311 

SK-Syn316 

(delebon mutant) 

(del.t.on mutant) 

915 
5' GTA GAG AGT GeC MG CGT TTC CTG GAG MA nT MG CCA GGA MG Too 

ATG ATT CAG TAT MC MC CTT MC CTC MG ACA CCT GTT CCA NJT G 3' 
1008 

Complementary oligonucleottdes made to the sequences shown, were used to construct the various 
plasmids. Base changes are ind.cated by * ,and underlined sequences are restriction endonuclease 
sites. Plasmtds SK-Syn 311 and SK-Syn 316 were constructed by nuCleotide deletions using 
exonuclease III. The unmutated nucleotJde coding sequence IS shown at the bottom. 
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To construct the plasmids for expression of Syn 309 and Syn 310, 

oligonucleotide-directed mutagenesis was used to introduce a unique 

restriction site (Table 1) in the proposed interdomain region fo11owing 

the procedure described above for M13-mHTkp. The mutated DNA was digested 

at the introduced restriction site and with NcoI to remove the region of 

the cDNA encoding the dehydrogenase/cyc1ohydrolase domain and the ends of 

the DNA were repaired with the Klenow fragment of E. coli DNA polymerase 

l. Appropriately sized DNA fragments were purified and ligated with T4 

DNA ligase. Following transformation of E. coli, DNA was isolated and 

sequenced to confirm the proper sequence for the RBS and for initiation of 

translation at the desired position. 

To construct the plasmids for expression of Syn 311 and Syn 316, SK-

mHT was restricted with CIal and nested-deletions were introduced using 

exonuclease III and Mung bean nuclease as out1ined by the supplier. 

Appropriately sized DNA fragments were purified, digested with Nco! and 

the ends were repaired with Klenow fragment prior to ligation with T4 DNA 

1igase. DNA isolated from 48 transformants was sequenced to identify 

constructs which initiated translation at the desired position. 

Expression of the Constructs - Expression of the full length trifunctional 

enzyme as weIl as the Die and Syn domains was carried out essentially as 

described by Tabor and Richardson (1985) for expression of the 

bacteriophage T7 gene 5 protein, using a coupled T7 RNA 

polymerase/promotor system. The pBluescript-SK+ vector carrying the DNA 

of int~rest downstream of the T7 RNA polymerase promotor was introduced 

into K38 cells which harbour the pGPl-2 vector. This vector contains the 

:1 , 
93 



gene for the heat-sensitive lamb~a repressor, CI8s7, and the gene for T7 

RNA polymerase under the control of the inducible lambda PL promotor. 

Transformed K38 ceUs were grown to an 0.0. 600 of 0.8-1.0 at 30°C in LB

broth containing 100 J.'g/ml ampicillin and 50 J.'g/ml kanamycin. The 

temperature was incr9ased to 42°C for 30 min to induce T7 RNA polymerase 

expression. Cells were then incubated at 300e for an additional 40 min to 

a1low continued transcription by T7 RNA po1yrnerase. After cooling on ice 

for 10 min the K38 ce11s were harvested by centrifugation at 10 000 x g 

for 10 min and cell pellets were stored at -70DC. 

Enzyme Assays and Channelling Experiments The dehydrogenase, 

cyc1ohydrolase and synthetase assays were performed as previously 

described (Tan et al., 1977) as were channe1ling experiments (Cohen and 

MacKenzie, 1978; Rios-Or1andi and MacKenzie, 1988). The efficiency of 

channe1ling was calcu1ated as a ratio of the rate of 10- formy1H 4 foiate 

production to the rate of 5, 10-methyleneH4fo1ate utilizatiop and is 

expressed as percentage. Protein samp1es were precipitated by the method 

of Bensadoun and Weinstein (1976) and prote in delermination was by the 

method of Lowrey et al. (1951). 

Enzyme Purification - Approximate1y 4 ml of packed E. coli cells were 

sonicated in 8 ml Qf 1ysis buffer (0.1 M potassium phosphate, pH 7.3,35 

mM 2-mercaptoethano1, 1 mM PMSF, 1 mM benzamidine, 0.5% nonidet P-40) for 

2 min (8 X 15 sec separaced by 30 sec on iee). The ee11 suspension was 

diluted to 0.05 M potassium phosphate by the addition of 8 ml of dilution 

buffer (35 mM 2-mereaptoethano1, 1 mM PMSF, l mM benzamidine), sonieated 
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for an additional minute and glycerol was added to a final concentration 

of 20 %. The total extract was clarified by centrifugation at 20 000 x g 

for 30 min at 4°C. After centrifugation the resulting pellet was 

resuspended in lysis buffer and was sonicated as described above. The 

supernatants from both extractions were pooled, protamine sulfate (10 

mg/ml, pH 7.0) was added to a final concentration of 1 mg/ml, stirred for 

30 min on ice and centrifuged at 20 000 x g for 30 min at 4°C to remove 

precipitated nucleic acids. The supernatant was applied to a 2.6 x 3 cm 

column of 2' ,5'-ADP Sepharose (168 ml/hr) that was equilibrated with 

buffer A (50 mM potassium phosphate, pH 7.3, 35 mM 2-mercaptoethanol, 1 mM 

PMSF, 1 mM benzamidine, 20% glycerol). The column was washed (168 ml(hr) 

sequentially with 56 ml (3.5 column volumes) of buffer A, 32 ml of a 

linear gradient of 0.05 M to 2 M potassium phosphate, pH 7.3 in buffer A, 

32 ml of 2 M potassium phosphate, pH 7.3 in buffer A and 48 ml of buffer 

A. The enzyme was eluted (156 ml/hr) with buffer A containing 7 mM NADP. 

The eluate was applied directly onto a 1. 6 x 2 cm column of DEAE-sepharose 

(connected in line) and the flow-through was collected in 4 ml fractions. 

This procedure produced homogeneous dehydrogenase/cyclohydrolase protein. 

Purification of the full length trifunctional enzyme required the 

following additional steps. Flow-through fractions from the DEAE-

Sepharose column which contained active enzyme were pooled (24 ml) and 

applied to a G-25 desalting column (2.6 x 28 cm) equilibrated and eluted 

at 4°C with buffer C (25 mM KPi, pH7. 3, 35 mM BME, l mM PMSF, 20% 

glycerol). The active enzyme was collected (approx. 45 ml) and applied 

(60 ml/hr) to a Mono Q column equilibrated with the same buffer. The 

column was washed with 25 ml of buffer C and a 20 ml linear gradient of 
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o M tv 0.1 M KC1 in buffer C was used to effect e1ution. 

Western Analysis - Supernatant from E. coli extract as we11 as purified 

proteins were precipitated by the method of Bensadoun and Weinstein (1976) 

and were separated on SOS - polyacrylamide slab gels as described by Laemmli 

(1970). Proteins were transfered electrophoretical1y onto nitrocellulose 

paper following the general method of Towbin et al. (1979). A polyclona1 

antibody raised against the trifunctional prote in (Hum et al., 1988) was 

diluted 1:500 and was used as the primary antibody. Protein bands were 

visualiz~d using an alkaline phosphatase conjugated anti-rabbit second 

antibody, emp10ying the Protoblot immunoscreening system from promega 

Biotec. Alternative1y, visua1ization of prote in bands with 125I-protein 

A fo11owed the procedure used for scr~ening a lambda gtll library as was 

described previously (Hum et al., 1988). 
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RESULTS 

Expression of the Trifunctional Enzyme and its Two Major Domains 

Construction of the plasmids is described in detai! in Materials and 

Methods. Expression of aIl the cDNA constructs used in these studies was 

accomplished by transcription from the original T7 RNA polymerase promotor 

of the pBluescript-SK+ vector. A ribosome binding site (RBS) was inserted 

between the T7 promotor and the initiator ATG to construct SK-HT, which 

was used for expression of the complete coding region of HT-2 (Fig. 1). 

AlI expression plasmids contained the same RBS and the identical 

nucleotide sequence through the initiator ATG except for SK-Syn 309, 310, 

311 and 316 in which two cytosines replaced two lhymidines immediately 5' 

of the initiator ATG. 

The construction of SK-D/C 301 for initial expression of the amino-

terminal dehydrogenase/cyclohydrolase domain (Ole 301) utilized 

oligonucleotide-directed site-specifie mutagenesis to introduce a stop 

codon (TAA) and a unique restriction site (CIal) into the region of the 

cDNA which was proposed to code for the interdomain region of the 

trifunctional enzyme (Fig. 2). The plasmid SK-Syn 304 for initial 

expression of the carboxyl-terminal synthetase domain (Syn 304) was 

constructed by deleting the region of cDNA encoding the D/C domain (Fig. 

1, Fig. 2). 

SK-HT, SK-D/C 301 and SK-Syn 304 were transfected separately into 

K38 cells. A significant amount of the human trifunctional enzyme was 

expressed and was only partially soluble in E. coli extracts (Fig. 3A). 

AlI three constructs expressed pro teins that could be detected in the 

soluble fractions of E. coli extracts by Western analysis as bands of 100 
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kDa (HT) , 34 kDa (D/C 301) and 67 kDa (Syn 304) in good agreement with 

predicted values of Mr (Fig 3B). The 67 kDa prote in expressed by SK-Syn 

304 is the least stable of the exogenous proteins and was partially 

degraded in E. coli extract yielding a break-down product of 38 kDa. The 

proteins detected by the polyclonal antibody were not found in control 

extracts of E. coli cells transformed with pBluescript-SK+. 

Cells transformed with SK-HT and shown to express a 100 kDa protein 

contain all three activities of the trifunctional enzyme at levels 

significantly ab ove control K38 cells (Table 2). Crude extracts 

containing the exogenous 34 kDa polypeptide have markedly increased levels 

of dehydrogenase and cyclohydrolase activities but no detectable 

synthetase activit.y. On the other hand, cells transformed with SK-Syn 304 

and which expressed a 67 kDa polypeptide contained significant synthetase 

activity. 
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Figure 3. Immunob1ot analysis of the supernatant fraction of the 1ysates 

of ~ coli transformed with SK-HT, SK-D/C 301 and SK-Syn 304. In A, 100 

~g of protein fromwhole cell lysates (lanes 2 and 4) and from supernatant 

obtai.ned after centrifugation at 20 000 x g for 30 min (lanes 1 and 3) 

were analyzed by Westprn blot. K38 ce11s transformed with SK-HT were 

either induced (lanes 1 and 2) or not induced (lanes 3 and 4) for 

expression of exogenous proteins. In B, each lane contains 100 ~g of 

prote in from the supernatant fractions of the lysates of E. coli 

transformed with pBluescript-SK+ (lane 1), SK-HT (lane 2), SK-D/C 301 

(lane 3) and SK-Syn 304 (1ane 4). The indicated protein molecular weight 

markers are indicated in kiloda1tons. 
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Table 2 

Enzyme 

HT (E) a 
(P) b 

D/C 301 (E) 
(P) 

SYN 304 (E) 

E. coli (E) 

Specifie Activities of Enzymes 

Dehydrogenase 

0.038 
10.0 

0.52 
32.7 

0.002 

Cyclohydrolase 

0.18 
32.0 

3.1 
120 

0.003 

The specifie activities are expressed as umol min'1 mg'1 

a Total extract from the supernatant fraction of Iysates. 

b Purified protein 

eND, activity not detected 

Synthetase 

0.033 
13.8 

0.064 

ND 

The values for the purified proteins are averages of two separate experiments 
in duplicate. The variations between measurements were within 10%. 
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Location of Domain Boundaries - Because the initial domain constructs D/C 

301 and Syn 304 expressed functional enzymes, it was possible to explore 

further the extent of the interdomain region. The nucleotide sequence in 

the proposed interdomain region was mutated to allow for expression of 

various lengths of the amino-terminal and carboxyl-terminal polypeptides 

(Fig. 4A). For expression of the dehydrogenase/cyclohydrolase domain, 

nonsense codons were introduced at different positions in this region to 

express polypeptides which differed in length at their carboxyl-end. 

Polypeptides which terminated after residue 291, where the stop codon 

replaced a highly conserved lysine residue (Bélanger and MacKenzie, 1989), 

retained both the dehydrogenase and cyclohydrolase activities. Construct 

SK-D/C 291 expressed a polypeptide that was extensively degraded and was 

highly insoluble in E. coli extracts. However, when the low amount of 

enzyme that remained soluble was concentrated following affinity 

chromatography on 2' ,5' -ADP Sepharose, it was found to be active This is 

in sharp contrast to D/C 296, ole 301 nnd DIC 312 which are active, 

relatively stable and mostly soluble proteins. When the extracts of cells 

were chromatographed on a 2' ,5'-ADP Sepharose column, and protein 

corresponding to 0.006 units 

electrophoresed on SOS-PAGE, 

of 

the 

dehydrogenase 

amounts of the 

activity were 

dehjdrogenasel 

cyclohydrolase proteins were approximately equal as visualized by Western 

analysis (Fig. 4B). 

Ta de termine the boundary of the synthetase domain, constructs were 

made ta express carboxyl-terminal polypeptides which varied in length at 

their amino-ends where translation was initiated at different positions in 

the proposed interdomain region and ended at the original stop codon. 
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Figure 4. Analysis of the interdomain region. A: The sites of 

termination of translation for expression of the amino-ter.,inal Die domain 

and the sites of initiation of translation for expression of the carboxyl-

terminal Syn domain are indicated (initiator me thionine not shown). E. 

coli K38 cells transformed with the appropriate expression plasmids were 

induced for expression and the total extracts were assayed for enzyme 

activity. The presence and absence of detectable enzyme activity are 

indicated by (+) and (-) respectively. The deduced interdomain region of 

19 amino acid residues is underlined. 

B: Extracts from cells induced to express Die 312 (lane 2), Die 301 (lane 

3), D/C 296 (lane 4) and Die 291 (lane 5) were purified on 2',5'-ADP 

Sepharose columns. Aliquots representing 0.006 units of dehydrogenase 

activity were analyzed by western blot. Proteins were visualized by 

fluorography. Lane 1 contains 0.005 units of dehydrogenase activity of 

the purified human trifunctional enzyme. 

C: Aliquots of the supernatant fraction of whole cell lysates of E. coli 

cells Induced to express Syn 300 (1ane 2), Syn 304 (lane 3), Syn 309 (lane 

4), Syn 310 (lane 5), Syn 311 (lane 6), Syn 315 (lane 7) and Syn 316 (lane 

8) were analyzed by Western blot. Proteins in lane 1 were trom cells 

transformed with pBluescript-SK+. Lanes 2 and 3 contained 30 ~g and lanes 

4-8 75 ~g of protein. 
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A11 constructs expressed soluble synthetase prote in as shown by the 

Western ana1ysis of E. coli extracts in Fig. 4C. Constructs where 

initiation began at or before residue 310 expressed proteins which 

retained detectab1e synthetase actvity. However, no synthetase activity 

cou1d be d~tected in E. coli extracts containing Syn 311, Syn 315 or Syn 

316. Under the conditions used in these studies a specifie activity of 

0.2 runol min-1 mg-lof protein was taken as the minimum to unambiguous1y 

establish expression of activity. The control extracts of ce11s 

transformed with pB1uescript-SK+ exhibit an apparent specifie activity of 

not more ~han 0.05 runo1 min- l mg- l . The specifie activities of the active 

synthetase domains (Syn 300, 304, 309 and 310) in E. coli extracts were at 

1east 1 runo1 min- l mg- 1 and the activities of Syn 311, 315 and 316 were 

indistinguishab1e from that of the pBluescript-SK+ control. 

PurHication of Enzymes - Determination of the functiona1 boundaries of 

the two domains showed that Die 301 terminated near the midd1e of the 

sequence 1inking functional domains, perhaps in the true "linker" 

sequence, and was se1ected as appropriate for purification. The D/C 

domain, as well aB the full 1ength trifunctional protein, both over

expressed in E. coli, were purified by FPLC. Separation of the exogenous 

human enzymes from the endogenous E. coli enzyme relied on their 

differences in affinity for a 2' ,5'-ADP Sepharose column (Fig. 5). The 

endogenous methyJ eneH4folate dehydrogenase of E. coli binds on1y weak1y to 

2' ,5'-ADP Sepharose, and under the conditions used, most of the enzyme 

either did not bind to the eolurnn or was e1uted by low ionie strength at 

the beginning of the phosphate gradient. 
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Figure 5. Separation of the exogenous dehydrogenase/cyclohydrolase domain 

(D/e 301) from the endogenous dehydrogenase enzyme in 1.:... coli cell 

extracts. The supe~natant fraction of whole lysate of cells transformed 

with SK-D/C 301 (350 mg of protein) was applied to a 2.6 X 3 cm 2' ,5'-ADP 

Sepharose column. The column was washed and eluted as described in 

Materials and Methods and the e1uted fractions (4 ml each) were assayed 

for dehydrogenase activity (0). The addition of 7 mM NADP to the co1umn 

to effect e1ution of ole 301 is indicated by (,). An extract from cells 

transformed with pBluescript-SK+ (380 mg of protein) was processed under 

identical conditions and the dehydrogenase activity (e) in the eluted 

fractions was determined. The gradient of phosphate buffer (KPi) from 

o .05 M to 2 M is indicated on the top portion of the gr aph. 

activities are expressed as IAmol/min- 1/m1-1. 
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The exogenous 34 kDa polypeptide was purified in one simple 

chromatographie step by FPLC. From approximate1y 4 g of packed cells we 

were able to pur if y 5 mg of the active dehydrogenasejcyclohydro1ase domain 

(Dje 301) with 80% recovery. Purification of the full length enzyme 

fol1owed the same protocol as for the Dje domain, but two additional 

polypeptides of 66 kDa and 42 kDa were present in the flow through 

fractions of the DEAE-sepharose co1umn (results not shown). The 100 kDa 

protein which was approximately 85% pure at this stage was further 

purified on a Mono Q co1umn. The 100 kDa trifunctional enzyme and the 34 

kDa dehydrogenasejcyc1ohydrolase domain were both purified to homogeneity 

as shown by SDS-PAGE (Fig. 6). 

Experiments with the trifunctional enzyme and the DIC domain 

demonstrated that in each case approximately 45% of the methenylH4folate 

intermediate produced by the dehydrogenase reaction was preferentially 

converted to 10-formy1H4folate by the cyclohydrolase reaction (channelling) 

(Fig. 7). As in previous studies witÏ1 the trifunctional enzyme from 

porcine liver (Cohen and MacKenzie, 1978), the absence of a lag period in 

production of lO-formylH4folate is indicative that the methenylH4folate 

produced does not ~quilibrate with the medium before being acted upon by 

the cyclohydrolase. Also, as previous1y described for the porcine enzyme 

(Smith and MacKenzie, 1983), NADP, which ls a cofactor for the 

dehydrogenase reaction, inhibits the cyc1ohydrolase activity of the human 

en~ymes purified from E. coli. (data not shown). 
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Figure 6. SDS-PAGE of frt,ctions from the purification procedure. 

Proteins were electrophoresed on a 9% acrylamide gel and were stained with 

Coomassie Brillant Blue. The gel contains: 100 ~g of protein from the 

supernatant fraction of 1ysates of ce11s transformed with pBluescript-SK+ 

(lane 1), and SK-HT, (lane 2); 10 ~g of purified full 1ength trifunctional 

protein, (lane 3); 100 l'g of protein from cells transformed with SK-D/C 

301 which contained 0.05 units of dehydrogenase activity (lane 4). A 

samp1e of the lysate shown in 1ane 4 was applied to a 2',5' -ADP sepharose 

column and 100 l'g of protein from the flow-through fraction is shown in 

lane 5. Lanes 6 and 7 contain 0.05 uni ts of dehydrogenase ac ti vi ty and 10 

l'g respectively of the purified dehydrogenase/cyc1ohydro1ase domain (D/C 

301). Lane 8 contains 100 ~g of protein from cel1s transformed with SK

Syn 304 and represents 0.006 units of synthetase activity. 
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Figure 7. Time course of appearance of products used to de termine 

efficiency of channe11 ing . The products represented are: e, 5,10-

metheny1H4fo1ate and 0, 10-formylH4folate. (A) shows the results for the 

trifunctiona1 human enzyme (HT) and (B) the dehydrogenase/cyclohydrolase 

domain (Ole 301) purified from E. coli extracts. 
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DISCUSSION 

We have been particularly interested in the nature of the kinetic 

interdependency and the possible physical overlap of the dehydrogenase/ 

cyclohydrolase activities of this trifunctiona1 enzyme (Smith and 

MacKenzie, 1983, 1985). Expression of the human enzyme in E. coli 

provides a more readi1y availab1e source than human 1iver, with a 3-4 fo1d 

increase in 1eve1. A1though sorne of the protein was insoluble in extracts 

of E. coli, it was possible to express approximate1y 0.5 mg of soluble 

enzyme per gram of ce11s. lt has been reported that the 1eve1 of soluble 

prote in expressed in E. coli increases at lower temperatures (Schein, 

1989), however, expression of the trifunctional enzyme at 30°C, where ~7 

RNA po1ymerase was provided by bacteriophage T7 (CE6) infection (Studier 

and Moffatt, 1986), did not increase the amounts of soluble protein 

(results not shown). Expression of the active synthetase domain in E. 

coli was also achieved but attempts to purify the domain were unsuccessful 

as the 67 kDa polypeptide was 1argely insoluble and more labile than the 

full 1ength enzyme. However, the expression of the 

dehydrogenase/cyc1ohydro1ase domain at much higher levels (50 fold), 

coupled with a very simple purification procedure al10ws us to obtain good 

quantities of this bifunctional domain, free of possible contamination by 

the E. coli activities. 

lt has been postulated that multifunctional enzymes arise from 

smaller monofunctional proteins where each enzyme activity exists as a 

separa te functiona1 domain in the mu1tifunctional protein, as exemplified 

by the mammalian trifunctional CAD proteins (Simmer et al., 1989) and the 

eukaryotic fatty acid synthases (Hardie and McCarthy, 1986). The fo1ate-
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dependent eukaryotic trifunctional enzyme (dehyJrogenase-cyclohydrolase

synthetase) is similar to many other multifunctiona1 proteins where a 

series of functional domains are connected by protease-sensitive "linker 

regions" (Schmincke-Ott and Bisswanger, 1980). Previous work on the 

mammalian trifunctional enzyme has shown that the protein can be separated 

into two active domains following limited proteolysis (Tan and MacKenzie, 

1977, 1979; Villar et al., 1985). Combining the resul ts of the 

proteolysis studies with analysis of the primary and predicted secondary 

structure of the protein, we previously proposed that the sequence between 

amine acids 299 and 313 of the human trifunctional enzyme could function 

as the "linker region" between the two major domains (Hum et al., 1988). 

This sequence is predicted to exhibit a reglon of dlsordered conformation 

and corresponds ta a re1atively hydrophillc region of the polypeptide 

which suggests that it 15 exposed on the surface of the protein and thus 

would be susceptible to proteolytic c1eavage. Staben and Rabinowitz 

(1986) proposed that a stretch of amine acids from position 306 to 321 of 

the yeast enzyme might serve as the intp.rdomain region. More recently, 

Thigpen pt al., (1990) suggested that the interdomain region of the rat 

enzyme includes amino acids 304 to 317. To de termine the region between 

functional domains in the hurnan enzyme, the cDNA was manipulated to a110w 

for expression of 1) amino-terminal protein fragment~ where translation 

terminated at introduced nonsense codons and 2) carboxyl- terminal peptides 

where translation initiated at introduced artificial translation 

initiation sites. The approach to define functional domains was ta reduce 

the length of the carboxy1-terminal region of the dehydrogenase/ 

cyclohydrolase domain and the amino-terminal region of the synthetase 
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domain unti1 we observed significant effects on the physical or cata1ytic 

properties of the separate domains. The boundary of the synthetase domain 

was determined as a complete 10ss of catalytic activity of Syn 311, 315 

and 316 while Syn 310 was active. Polypeptides expressed from SK-Syn 300 

and SK-Syn 304 contain an additional alanine residue at the amine terminus 

which does not seem to affect the 1evels of synthetase activi ty. 

Variations in the 1evel of expression of the synthetase domains in E. coli 

as observed in Fig. 4e can be due to differences in nucleotide sequence 

proximal to the initiator methionine which may affect the efficiency of 

initiation of translation. Because of the lab:Uity of this domain, 

different 1evels of expression of the various constructs, and the 

inability to purify the proteins, we wou1d not detect more subtle changes 

that might occur in the shorter active proteins. On the other hand, our 

studies demonstrated that a1though Die 291 was active, the properties of 

this prote in were altered as evideneed by reduced solubi1ity, increased 

degradation and instabi1ity in E. coli extracts, compared with al1 other 

Die proteins. Therefore we assign residues 292-310 as the limits of the 

region 1inking the two domains which is located more toward the ami no

terminus than our original prediction of 299-313 for the human enzyme, or 

the predicted interdomain regions of 304-317 and 306-321 for the rat 

(Thigpen et al., 1990) and yeast (Staben and Rabinowitz, 1986) enzymes 

respective1y. 

It 15 interesting that amine aeid sequence comparisons between the 

human enzyme and the monofunctiona1 10-formylH4fo1ate synthetase from 

Clostridium acidiurici (Shannon and Rabinowi tz, 1988) and Ciostridium 

thermoaceticum (Lovell et al., 1990) revea1 that the beginning of these 

115 



prokaryotic proteins correspond to residues 316 and 314 of the hum an 

enzyme and wou1d incorrect1y indicate the beginning of the active 

mamma1ian synthetase domain. In making this comparison one must remember 

that the l-'roteins from Clostridium are sma11er than the synthetase domain 

of the human enzyme and exist as a tetramer and not as a dimer (MacKenzie, 

1984) . 

Whi1e the residues in the region between amino acids 292 and 310 of 

the hum an trifunctiona1 enzyrr.3 are not required for cata1ytic activity of 

the functiona1 domains, the actua1 "linker region" which j oins the domains 

is most probab1y a shorter sequence found in the region bound by residues 

292 to 310. Argos (1990) recent1y reported a study on the characteristics 

of 1inker regions, based on the tertiary structure of multidomain 

proteins. It was observed that preferred 1inker amino acids are usua11y 

not hydrophobie, with the exception of A1a and Pro, with the average 

1ength of the linker being 6.5 residues. Within the region between 

residues 292 to 310 of the hum an enzyme is found a sequence of 6 amino 

acids, Lys-Phe-Lys-Pro-G1y-Lys, where 5 of the residues are considered 

favourable linker constituents and may form the actual linker region. 

While we have succeeded in defining the general are a of the linker region 

joining the major domains, finding its definitive location w~ll require 

the tertiary structure of the protein. 

Although previous studies showed that the proteolytically derived 

domains are active, the expression of an active 34 kDa dehydrogenasel 

cyclohydrolase domain (Ole 301) from the amino-terminus and an active 67 

kDa synthetase domain (Syn 304) from the carboxyl-terminus demonstrates 

that the two domains are able to fold i.ndependently. That the linear 
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polypeptide chain of each domain is able to fold into a functional thre~ 

dimensional unit without the influence of the other portions of the 

procein is consistent with the theory proposed for modular folding of 

multidomain proteins, beginning at multiple nucleation centers a10ng the 

polypeptide chain (Janin and Wodak, 1983). The expression of an active 34 

kDa ole domain of the human enzyme is in contrast with the yeast enzyme 

where Shannon and Rabinowitz (1988) suggested that an intact synthetase 

domain is necessary to stabilize the bifunetional ole domain. The 

proteins ole 301 and Syn 304 used to demonstrate the independence of the 

two domains are derived from constructs located near the center of the 

interdomain region and are the most suitab1e for further studies on the 

domains. 

Previously it was found that isolation of the ole domain following 

proteolysis of the pig enzyme yielded a fragment with a significantly 

lower than expected specifie activity (Tan and MacKenzie, 1977) and it was 

not possible ta de termine if this was due to partial inactivatVm or to a 

fundamental change in the properties of the isolated domain. In this 

study, the specifie activities of the purified ole domain are in the order 

of three-fold higher th an those of the full length enzyme as expected for 

a polypeptide of approximately one third the size. The similarities 

between the full length protein and the bifunetional domain with respect 

to their specifie activities and extent of substrate channelling 

illustrate that the kinetic properties of the independently formed 

dehydrogenase/cyclohydrolase domain are not gross1y altered. 

Independent expression of the two active domains in E. coli and the 

ability to manipulate the protein primary structure provide new tools to 
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investigate the cata1ytic sites, the domain structure and the possible 

functiona1 advantages of this comp1ex human enzyme. 
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CHAPTER. 4 

COHPLEHENTATION OF A YEAST ade3 MUTANT 

BY THE FUNCTIONAL DOMAINS OF A 

HUHAN TR.IFUNCTIONAL ENZYME 
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SIDIKARY 

The cDNA encoding the human trifunctional enzyme methyleneH4folate 

dehydrogenase-methenylH4folatecylcohydrolase-formylH 4folatesynthetasewas 

expressed in an ade3 strain of Saccharomyces cerevisiae which exhibited 

decreased endogenous levels of the three enzyme activities. The human 

enzyme was catalytically active when expressed in yeast and was able to 

complement the ade3 mutation thus alleviating the adenine auxotrophy. 

Independent expression of the dehydrogenasejcyclohydrolase domain also 

complemented the mutation in a similar manner as the full length enzyme. 

As weIl, expression of the synthetase domain alone rescued the ade3 mutant 

but was dependent on supplemented formate. 
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INTRODUCTION 

The eukaryotic trifunctiona1 enzyme methy1eneH4fo1ate dehyd't'ogenase-

metheny1H4fo1ate cyc1ohydro1ase- formy1H4fo1ate synthetase cata1yzes the 

interconversion of one-carbon fo1ate derivatives. The NADP-dependent 

dehydrogenase reaction can oxidize 5,10-methyleneH4folate to 5,10-

methenylH4folate which is then converted by the cyclohydrolase reaction to 

10-formy1H4fo1ate for de novo purine synthesis. In most organisms the ATP-

dependent synthetase reaction is presumed to incorporate formate into the 

active one-carbon pool to form lO-formylH4folate (for review see MacKenzie, 

1984) . 

The trifunctional enzyme has been isolated from several s-'urces 

(paukert et al., 1976; Tan et al., 1977; Paukert et al., 1977; Schirch et 

al., 1978; Capere11i et al., 1980) as a homodimer with subunits of 

approximately 100kDa. Limited proteolysis of the porcine (Tan and 

MacKenzie, 1977; Tan and MacKenzie, 1979) and rabbit (Villar et al., 1985) 

enzymes have yieided an amine terminal dehydrogenase/cylcohydrolase domain 

and a carboxyl-terminal synthetase domain. cDNA clones encoding the yeast 

(Staben and Rabinowitz, 1986), hum an (Hum et al., 1988) and rat (Thigpen 

et al., 1990) proteins have been isolated and the location of a putative 

interdomain region j oining the two maj or domains has been predicted in 

each case. 

Here we report expression of the active hum an full Iength 

trifunctiona1 enzyme, the dehydrogenase/cyclohydrolase domain and the 

synthetase domain in an ade3 mutant strain of Saccharomyces cerevisiae 

which expresses decreased 1eveis of enzyme activity. Rescue of the mutant 

yeast st't'ain with the full length enzyme demonstrates the ability of the 
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human protein to attain an active conformation and complement the yeast 

enzyme. Complementation with the dehydrogenase/cyclohydrolase domain 

reveals the non-essential nature of the synthetase domain. However, 

expression of the synthetase domain incorporates formate into the active 

one-carbon pool and eliminates the adenine auxotrophy of the ade3 mutant. 
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HATERIALS AND HETHODS 

Restriction endonucleases and DNA modification enzymes were' 

purchased from Bethesda Research Laboratories and Boehringer Mannheim. 

Components used for growth media were from Difco and auxotrophic 

supplements were from Sigma. AlI common chemicals used were of the 

highest grade commercially available. 

Strains, Plasmld, Media - Saccharomyces cerevisiae strains STX24-IB (0 

ade3 ural gal2) and X2180-1A (a SUC2 mal mel gal2 CUPI) were obtained from 

the yeast genetic stock center, University of California, Berkeley, and 

T9-3C (MAT a urs3 his3 leu2) was obtained from Dr. Howard Bussey (McGi11 

University, Biology Dept.). The haploid strains T9-3C and STX24-1~ were 

crossed, the resulting diploids were sporulated and asci were dissected. 

l'he spores were grown and by appropriate selection YA3 -1 (a leu2 ade3 

u.r'a3) was isolated. 

Yeast expression vectors pVTIOO-U and pVTIOO-L (a generous gift from 

Dr. T. Vernet) (Vernet et al., 1987) were purified from Escherichis coli 

MC1061. Separate cDNA fragments which encode and express the active human 

trifunctional protein (HT), the dehydrogenase/cyclohydrolase domain (D/C 

301) and the synthetase domain (Syn 304) were inserted separately into the 

expression vectors as follows: the cDNA fragment originally in 

pBluescript-SK+ (Stratagene) was re.stricted with NcoI, the ends of the DNA 

were repaired with Klenow fragment, the desired fragment was excised by 

restriction with Sac! and following agarose gel electrophoresis was 

purified using Gene Clean™ (Bio 101 corp.) following manufacturer' s 

protocol. The purified cDNA fragment was ligated into the PvuII -Sac! site 

( 
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of the expression vectors using T4 DNA 1igase (Fig. 1). The resulting 

constructs pVT100-U-HT, pVT100-L-HT, pVTIOO-U-D/C 301, pVT100-L-D/C 301, 

pVT100-U-Syn 304 and pVTlOO-L-Syn 304 were propagated in E. coli XL1-Blue 

(Stratagene) and inserts were ana1yzed by restriction analyses. The 

expression plasmids, isolated from XLI-Blue, were used to transform YA3-1 

fo11owing a modified LiCI method (Vernet et al., 1987). 

The media used for the growth of yeast at 30DC were YPD complete 

medium (1% Bacto-yeast extract, 2% Bacto-peptone, 2% dextrose) and minimal 

medium (0.67% Bacto -yeast ni trogen base w/o amino acids, 2% dextrose) 

supp1emp.nted with the fo11owing as required, adenine (20 rng/L) , histidine 

(20 mg/L) , leucine (60 mg/L) , uraci1 (20mg/L) and sodium formate (12.8 

mM) . 

Assays and Western Analysis - To obtain whole cell lysates for enzyme 

assays and Western analyses, 50 ml cultures of Saccharomyces cerevisiae 

were grown aerobically at 30De to mid-log phase, ce Ils were harvested by 

centrifugation at 12 000 x g for 5 min and resulting ce II pellets were 

immediately frozen at -80DC. To effect ceU lysis, 240 ul of ice cold 

buffer A (0.1 M potassium phosphate, pH7.3, 35 mM 2-mercaptoethanol, 1 mM 

PMSF, 1 mM benzamidine, 0.5% nonidet-P40) and 0.25 g of glass beads (0.45-

0.50 mm diameter, Fisher Scientific) were added to the frozen cel1 pellet 

and was vortexed at the maximum setting for 5 x 20 sec spaced by 20 sec on 

ice. The mixture was centrifuged at 12 000 x g for 2 min at 4°C and the 

supernatant was recovered. The spectrophotometric assays of 

dehydrogenase, cyclohydrolase and synthetase activities were performed as 
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previous1y described (Tan et al., 1977). Protein samp1es were 

precipitated by the method of Bensadoun and Weinstein (1976) and protein 

determinations were by the method of Lowrey et al. (1951). For Western 

ana1ysis the proteins were separated by SDS-PAGE as described by Laemm1i 

(1970) and were transferred e1ectrophoretica11y onto nitrocellulose paper 

following the general method of Towbin et al. (1979). A polyc1onal 

antiserum raised against the porcine trifunctional enzyme (Hum et: al., 

1988) was used as the primary antibody (1:500 dilution). Protein bands 

were visualized using an alka1ine phosphatase conjugated anti-rabbit 

second antibody, employing the Protob1ot immunoscreening system from 

Promega Biotec. 
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Figure.-1. Schematic representation of the expression plasmids pVTIOO-U-

HT, pVT100-L-HT, pVT100-U-D/C 301, pVTIOO-L-D/C 301, pVTIOO-U-Syn 304 and 

pVT100-L-Syn 304. The cDNA fragments were inserted downstream of the 

alcohol dehydrogenase promotor (ADHp) and upstream of the 3' -reglon of the 

ADHI gene (ADH3'). The pVTIOO-U vector harbors the URû gene while the 

pVTIOO-L vector harbors the defective leu2-d gene as selective markers. 
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RESULTS 

The cDNA (HT-2) encoding the folate-dependent human trifunctional 

enzyme, methyleneH4folate dehydrogenase-methenylH4folate cyclohydrolase

formylH 4folate synthetase, was subcloned into the yeast expression shuttle 

vectors pVTlOO-U and pVTIOO-L (Fig. 1). As weIl, separate cDNA fragments 

which encode the amino-terminal dehydrogenase/cyclohydrolase domain (D/C 

301) and the carboxyl-terminal synthetase domain (Syn 304) were subcloned 

into the expression vectors. In aIl cases the cDNA was inserted within 

the multiple cloning site of the vectors downstream of the yeast alcohol 

dehydrogenase promoter. 

cDNA fragments encoding HT, D/C 301 and Syn 304 subcloned in the 

pVT100-U and pVTlOO-L vectors were transfected separately into 

Saccharomyces cerevisiae YA3-1 and expression of the human enzymes was 

detected in the soluble fractions of yeast extracts by Western analysis 

(Fig. 2). The exogenous pro teins of 100, 34 and 67 kDa have molecular 

weights in good agreement with the predicted values for HT, ole 301 and 

Syn 304 respectively and are identical in size with the proteins when 

expressed in E. coli. Increased expression of the fnll length protein, by 

transformation with pVT100-L-HT led to higher levels of degradation. 

Transformation of YA3-1 with pVT100-L-Syn 304 or pVT100-U-Syn 304 yielded 

a low number of transformants which grew as sma1l colonies and expressed 

the least amount of soluble protein. 

Ta determine the activity of the human enzymes when expressed in 

YA3-1, the supernatant fractions of whole yeast extracts were assayed for 

enzyme activity. Extract from untransformed YA3-1 expressed small amounts 

of dehydrogenase and cyclohydrolase activity at levels below of that 
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Figure 2. Western analysis of whole cell extracts of Saccharomyces 

cerevlsiae expressing exogenous proteins. 100 ~g of protein from who1e 

cell extracts of S. cerevisiae were separated by SDS-PAGE and the Western 

blot was probed with po1yclonal antiserum. Lanes 1 and 2 contain extract 

from wildtype yeast (X2180-1A) and the ade3 mutant (YA3-1) respectively. 

The other 1anes contain extracts of YA3-1 transformed with pVT100-U (lane 

3), pVTIOO-L (lane 4), pVTIOO-U-HT (lane 5), pVTIOO-L-HT (lane 6), pVTIOO

U-D/C 301 (lane 8), pVT100-L-D/C (lane 9) and pVT100-U-Syn 304 (lane 11). 

Lanes 7, 10 and 12 contain samp1es of HT, D/C 301 and Syn 304 respective1y 

when expressed in E. coli. 
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detected in the extract from wild-type cells (X2l80-lA) (Table 1). 

Cells transformed with pVTlOO-L-HT expressed increased amounts of 

dehydrogenase, cyclohydrolase ând synthetase activities at levels at least 

25 fold above those found in wild-type Saccharomyces cerev~siae. Cells 

transformed with pVT100-L-DjC 301 a1so expressed increased levels of 

dehydrogenase and cyclohydrolase activity although, no detectable level of 

synthetase activity was measured. On the other hand, transformation with 

pVTIOO-L-Syn 304 yielded a slight increase in the level of synthetase 

activity. 

TI) determine the ability of the human enzymEls to complement the 

yeast trifunctional enzyme, transformed YA3-1 cel1s were grown on minimal 

medium plates in the presence or absence of required amino acids and 

nucleotides. Similarly to other ade3 mutants which are auxotrophic for 

adenine and histidine, YA3-l was unable to grow when supplemented only 

with uracil, leucine and histidine, but growth was apparent when adenine 

was added. Expression of the hum an trifunctional enzyme in this strain, 

by transformation with pVTlOO-U-HT, complemented the ade3 mutation and 

cells were able to survive when supplemented with only leucine (Fig. 3A). 

Transformation with pVTlOO-L-HT also complemented the mutation when 

supplemented with only uracil. Expression of D/C 301 in YA3-l was al 50 

sufficient to complement the ade3 mutation and yield results identical to 

those of the full length enzyme (Fig. 3B). Transformation of YA3-1 with 

pVTIOO-U-Syn 304 yielded cells which grew very poorly when supplemented 

with only leucine and grew slighty better when supplemented with leucine 

and histiù1ne (Fig. 3e). However, un ~er both of these conditions, the 

addition of formate to the medium increased the rate of cell growth and 
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allowed for comp1ementation of the ade3 mutation by the synthetase domain. 
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Table 1 Specifie Activities of Expressed Enzymes 

Enzyme Dehydrogenase Synthetase 

X2180-1A 0.006 0.003 
(Wildtype) 

YA3-1 0.001 ND
a 

HT 0.151 0.231 

ole 301 0.138 ND 

Syn 304 0.001 0.007 

The specifie activities are expressed as umol min -1 mg-1 

a ND, aetivity not detected 
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Figure 3. Complementation of the ad~l mutant (YA3-1). Approximately 105 

cells of wildtype (X2l80-lA) and ade3 (STX24-lB and YA3-l) Saccharomyces 

cerevisiae as well as transformed YA3-1 were grown o~ minimal medium 

plates supplemented with the following nutrients (final concentration in 

mg/L,: adenine (20), histidine (20), leucine (60) and sodium formate (12.8 

mM) • Cells were incubated at 30DC for approximately 18 hours. At the top 

of each figure, (+) and (-) indicate the presence and absence of the 

respective nutrients in each column. The strain of c:ells in each row and 

the constructs nsed to transform YA3-1 are 1isted on the left-hand side of 

each panel. Panel A: complementation with the hum an trifunctional enzyme 

(HT) . Panel B: complementation with the dehydrogenase/cyclohydrolase 

domain (D/C 301). Panel C: complementation with the synthetase domain 

(Syn 304). 
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DISCUSSION 

The cDNA (HT-2) encoding human methyleneH"folate dehydrogenase-

methenylH"folate cyclohydrolase-formylH"folate synthetase, and separate 

cDNA fragments which encode the dehydrogenase/cyclohydrolase domain and 

synthetase domain have been used to express separately the proteins in 

Saccharomyces cerevisiae. Western analyses demonstrated the ability of a 

polyclonal antiserum, raised against enzyme purified from pig liver, to 

recognize the human proteins of expected molecular weight when expressed 

in YA3-1. A1though the hum an and yeast proteins share several stretches 

of extensive amino acid sequence homology (Hum et al., 1988), this 

antiserum did not cross-react with the yeast trifunctional protein. 

It has been well documented that the ADE3 locus of chromosome 7 

encodes the trifunctiona1 enzyme in Saccharomyces cerevisiae (McKenzie and 

Jones, 1977; de Mata and Rabinowitz, 1980). Severa1 strains of yeast have 

been iso1ated which harbour dLfferent mutations in the ade3 locus and were 

found to lack usu,ü1y all three of the activities 

(dehydrogenase/cyc1ohydrolase/synthetase) (Jones and Fink, 1982). The low 

leve1s of dehydrogenase and cyclohvdrolase activities detected in YA3-1 

can be from the mitochondrial form of the enzyme which is encoded by the 

I1IS1 locus in the yeast gencIr,e (Shannon and Rabinowitz, 1988). The 

product of HIS1 is non-essential for cel1 surviva1, a1though it is unc1ear 

if this enzyme is capable of generating one-carbon units from the 

mi tochondria to be utilized in the cytop1asmic pathway (Shannon and 

Rabinowitz, 1988; Bar10we and Appling, 1988). 

Our results demonstrated the ability of the human trifunctiona1 

enzyme to complement the yeast enzyme and thus rescue strain YA3-1. 
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Complementation of the ade3 mutation with only the dehydrogenase/ 

cyc1ohydrolase domain revea1s that the synthetase activity is non

essential for surviva1 of Saccharomyces cerevisiae under the experimental 

conditions, and demonstrate that the bifunctional domain alone can utilize 

serine to generate one-carbon units for purine synthesis. This parallels 

the situation in E. coli which expresses the dehydrogenase and 

cyc1ohydrolase activities and survives in the absence of the synthetase 

activity (Dev and Harvey. 1978, 1982). 

Expression of the carboxy1-termina1 domain in YA3-1 demonstrated 

that the synthetase activity can complement the ade3 mutant by 

incorporation of supp1emented formate into the one-carbon pool for purine 

synthesis. In our studies, the requirement for histidine and formate in 

addition to the expression of the synthetase domain to complement YA3-1 

may be re1ated to the suggestion of E. W. Jones (Jones and Fink. 1982) 

t:hat in the absence of the dehydrogenase and cyc1ohydrolase activities in 

an ade3 mutant, the accumulation of 5,10 -methyleneH4 fo1ate can inhibi t the 

fourth enzyme in histidine biosynthesis. In contrast, the rescue of YA3-1 

with HT and Die 301, where 5,10-methyleneH4 fo1ate is a substrate of the 

dehydrogenase reaction, did not have a requirement for histidine. 

Isolation of a cDNA clone encoding the human trifunctional enzyme 

provides us with a tool with which we can change specifie amino acids of 

the full length prote in and the two domains to determine the effect(s) of 

the manipulation(s) on structure and/or function. The ability to 

complement an ade3 mutant with the hum an enzyme and its domains provides 

a sensitive method ~o screen for active or inactivated enzyme. 
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The eukaryotic trifunctional me tbyleneH"folate dehydrogenase-

methenylH4folate cyclohydrolase-formylH4folate synthetase has been iso1ated 

from several sources (see chapter 1). The kinetic properties of the 

enzymes are weIl characterized. However, without knowledge of the primary 

structure, attempts to study the nature of active sites and the domain 

structure of the proteins by chemical modification and proteo1ysie have 

been limited. The isolation and characterization of the cDNA encoding the 

human trifunctiona1 enzyme have provided a tool to study the enzyme from 

a mo1ecular biology approach. 'etermination of the primary structure and 

expression of protetn fragments have furthered 

our understanding of the domain structure and will support future studies 

of chemiea1 modifi cation, site-specifie mutagenesis and u1timate1y in 

determining the tertiary structure of the protein. 

Sequence Analysis - Isolation of the human cDNA described in this thesis 

represents the first mammalian dehydrogenase-cyclohydrolase-synthetase 

enzyme to be cloned (chapter 2). Clones containing the entire coding 

region of the eytosolic and mitochondrial trifunctional enzymes of 

Sa=charomyces cerevisiae have been characterized (Staben and Rabinowitz, 

1986; Shannon and Rabinowitz, 1988), and recently Thigpen et al. (1990) 

reported the isolation of a cDNA encoding the rat trifunctional enzyme. 

Sequencing of the cDNAs or genes from the various organisms have al10wed 

for comparison of the deduced amino aeid sequences of the enzymes. The 

open reading frames encoded by the isolated clones range from 946 residues 

for the yeast cytosolic enzyme, 943 residues for the mature yeast 

mitochondria1 isozyme and 935 residues for bath the hum an and rat enzymf's. 
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This is in agreement with the apparent Mr of approximately 100 kDa for the 

iso1ated trifunctiona1 proteins. The deduced amino acid sequences of the 

trifunctiona1 proteins are high1y homo1ogous and share an overal1 identity 

of 60% (Thigpen et al., 1990). The degree of conservation in primary 

structure of the trifunctiona1 prote in across species is simi1ar to that 

observed for other proteins (Creighton, 1984a). As discussed in chapter 

2. it is interesting that the carboxy1-region encoding the synthetase 

domain is more high1y conserved than the amino-region encoding the 

dehydrogenase/cyc1ohydro1ase domain. Fo11owing the initial report that 

the yeast cytoso1ic and human enzymes are 63% identica1 in the synthetase 

domain and 48% identical in the dehydrogenase/cyc1ohydrolase domain 

(chapter 2), Thigpen et al. (1990) reported a simi1ar pattern of homology 

when a11 the deduced sequences of the fo1ate-dependent trifunctiona1 

protein were compared. Clones encoding the murine (Bélanger and 

MacKenzie, 1989) and human (Peri et al.. 1990) mitochondria1 NAD-dependent 

bifunctional dehydrogenase/cyclohydrolase have been isolated and their 

deduced amino acid sequences are homologous to the amino-termina1 

bifunctional dehydrogenase/cyc1ohydro1ase domain of the trifunctiona1 

enzyme (Bélanger and MacKenzie, 1989; MacKenzie et al., 1990). 

The gene encoding monofunctiona1 lO-farmylH4fo1ate synthetase has 

been iso1ated from Clostridium acidiurici (Whitehead and Rabinowitz 1986, 

1988) and Clostridium thermoaceticum (Lovell et al., 1990). The deduced 

amine acid sequences from the two clones are 66% identica1 and are 

homologous with the carboxy1-domain of the eukaryotic trifunctional 

proteins (Lovell et al., 1990). 

Methy1eneH4fo1ate dehydrogenase. metheny1H4fo1ate cyc1ohydrolase and 

( 
140 



formy1H4fo1ate synthetase exist in nature both as single enzymes and as 

different enzyme conjugates (MacKenzie, 1984); therefore, these three 

activities provide a good system in which to e~amine the evolution and 

advantages of mu1tifunctiona1 enzymes. It has been proposed in severa1 

cases that multifunctional proteins evolved by the fusion of genes 

encoding the more primative monofunctional proteins (chapter 1). 

Homologies between the Clostridial monofunctional synthetase enzyme with 

the corresponding carboxyl domain of the trifunctional protein is 

consistent with the latter enzyme having evolved from gene fusion events. 

Although it is premature to conclude gene fusion as the evolutionary 

mechanism of the trifunctional enzyme, the isolation and characterization 

of genes encoding the corresponding monofunctional and bifunctional 

dehydrogenasejcyclohydro1ase enzymes of lower organisms may shed more 

light on the subject. 

The comparison of amine acid sequences of the trifunctional protein 

from several species have revea1ed regions of extensive homology which may 

be essential for catalysis or folding to an active conformation. To 

confirm initial reports that cysteine residues were essential for 

dehydrogenase and cyclohydrolase activities (Appling and Rabinowi tz, 

1985a), Barlowe et al. (1989) have utilized si te-directed mutage.lesis to 

change each cysteine residue to serine within the 

dehydrogenasejcyclohydrolase domain of the yeast trifunctional enzyme. 

The intimate relationship between the dehydrogenase and cyc1ohydrolase , 
activities was demonstrated, as amine acid substitutions at two of the 

three cysteines affected both activities. Consistent with results of 

chemical modification of the yeast enzyme with NEM, substitution of the 

-. 
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cysteines affected the two activities to different extents. 

Interesting1y, substitution of cysteine 257 enhanced the cyc1ohydro1ase 

svecific activity two-fold but did not affect that of the dehydrogenase 

activity. Simi1ar experiments of site-directed mutagenesis are being 

undertaken with the cDNA encoding the human trifunctiona1 enzyme, and the 

extent of overlap between the dehydrogenase and cyclohydro1ase activities 

will be explored. It is interesting to specu1ate that the 

dehydrogenase/cyc1ohydrolase functiona1 domain may be composed of two or 

more structural domains. The two activities may be close1y associated at 

an inter-domain interface such that a slight change in either domain would 

lead to an a1teration of both activities. 

Sequence ana1ysis of the eukaryotic trifunctional enzymes and 

comparison of prote in sequences between the yeast, hum an and rat enzymes 

have 1ed to a proposed location of a putative interdomain region joining 

the bifunctional dehydrogenase/cyc1ohydro1ase domain to the synthetase 

domain. Ear1ier studies of the eukaryotic enzymes had suggested a 

proteo1ytic susceptible region which j oins the two maj or functiona1 

domains (Paukert et al., 1977; Tan and MacKenzie, 1977; Tan and MacKenzie, 

1979; Villar et al., 1985). The proposed location of the putative 

interdomain region in each of the eukaryotic enzymes was approximate1y in 

the same area. The general location of the putative interdomain region 

correlates with the end of the NAD-dependent dehydrogenase/cyclohydro1ase 

enzyme (Bélanger and MacKenzie, 1988) and the start of the Clostridial 10-

formy1H4 fo1ate synthetase (Whitehead and Rabinowitz, 1988; Lovell et al., 

1990). However, this approach only suggested the approximate area of the 

interdomain linker region. 
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Independent Domains To further our characterization of the hurnan 

trifunctional enzyme, the iso1ated cDNA was used to express the enzyme in 

E. coli (chapter 3). Uti1izing the iso1ated yeast gene (Staben et al., 

1987) and the human cDNA to express the trifunctiona1 enzyme indisputably 

confirmed earlier conclusions that the dehydrogenase, cyclohydrolase and 

synthetase activities in eukaryotes are properties of a single type of 

polypeptide chain. 

The strategy which we emp10yed to demonstrate the independent nature 

of the two functional domains was to express them separately in E. coli. 

Interestingly, at the time of a review on mu1tifunctional proteins by 

Kirschner and Bisswanger (1976) there were no kno"-Tt1 reports of active 

domains which were expressed from genes or cDNAs separated by the 

artificia1 introduction of translation termination or re-initiation 

signa1s. However, as mentioned in chapter one, there have recently been 

several reports where the separate domains of sorne multifunctional 

proteins have been expressed from genes or cDNA which were manipulated by 

recombinant DNA techniques. By the introduction of translation 

termination and initiation signaIs into the proposed interdomain region of 

the human trifunctional enzyme, we succeeded in expressing the 

dehydrogenase/cyclohydro1ase and synth~~ase domains separately. lt was 

demonstrated that each separate domain can fold independently into an 

active conformation in the absence of the other portion of the polypeptide 

chain. These experiments a1so confirmed the location of the interdomain 

region and revealed that the boundaries of the functional domains in the 

trifunctional ~nzyme do not correspond exactly to those of the 

bifunctional NAD- dependent dehydrogenase/cyclohydrolase and the 
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( monofunctiona1 lO-formy1H4folate synthetase of Clostridium acidiurici and 

Clostridium thermoaceticum. 

Based on the functional boundaries of the domains in the 

trifunctional enzyme, the region joining the two functional domains is 

approximately 19 amino acids long (chapter 3), and 9 of the residues are 

considered to be desirab1e linker constituents according to a review by 

Argos (1990) on characterLstics of linker regions. Although these 19 

residues are not essential for catalytic acti vit y , the actual linker 

region is probably a SUbS3t of the 19 residue sequence. Simi1ar to many 

enzymes, it is probable that remova1 of a few residues from the ends of 

the domains wou1d not have a1tered its activity. To further study the 

nature of the 1inker i t wou1d be interesting to alter the primary 

structure and/or 1ength of this region to determine its effect(s), if any, 

on catalytic function. lt has been suggested that the 1ength of a linker 

regiCln may be more important than its sequence (Za1kin et al., 1984) 

a1though, a significant change in the conformation of this region may 

potentially disrupt any interaction between the functional domains thus 

altering their stabi1ity and function 

Initial characterization of the functiona1 dehydrogenase/ 

cyclohydrolase domain and the hum an trifunctiona1 enzyme isolated from E. 

coli suggests that the kinetic properties of the iso1ated bifunctional 

domain are not grossly a1tered. The simi1ar substrate turn-over rate of 

the two proteins and their ability to channel 5,lO-matheny1H4folate with 

equa1 efficiency further demonstrate the independent nature of the 

isolated bifunctional domain, and suggests that the isolated domain can 

probab1y fo1d into a tertiary structure simi1.:l.r to th 1t of the native 
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enzyme. 

One advantage of fusing the synthetase domain as part of the 

trifunctional enzyme might be the stabilization of the synthetase 

activity. Although the expressed synthetase domain exhibited enzyme 

activity it was unstable and highly insoluble in E. coli extract. It is 

possible that the two major domains of the trifunctivnai enzyme can 

interact to sorne extent and attain a more stable conformation. In 

Clostridium, the synthetase is a tetramer of four identieal subunits 

(MacKenzie and Rabinowitz, 1971; MacKenzie, ]984) wllile in the eukaryotic 

trifunctiona.l enzyme the syntheta.se domain il" part of a homodimer 

Interaction of the synthetase domain with the dehydrogenasejcyclohydrolase 

domain in the homodimerie trifunctional enzyme might mimie the 

interactions of a tetrameric synthetase enzyme and thus stabilize the 

carboxyl-domain. 

Villar et al. (1985) reported that following proteolysis of the 

rabbit trifunctiona1 enzyme, the functional domains were isolated as 

dimers. Like many dimeric proteins whieh have a two- fold symmetry at 

their subunit interface (Miller 1989), the dimeric interfaces of the two 

functional domains in the native enzyme and as separate fragments 

presumab1y have a two-fold symmetry although, this has yet to be 

determined. 

Expression of the hum an trifunctional enzyme and the dehydrogenasej 

cyclohydro1ase domain in E. coli provides us with a readily abundant 

source of both enzymes. Using the procedure described in chapter 3, it is 

possible to purify large amounts of the dehydrogenase/cyclohydrolase 

domain which makes structural analysis a feasible possibility. In 
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( addition to the two functional domains, the trifunctional enzyme is most 

probably composed of several structural domains which might only be 

revealed by detailed structural analysis. X-ray crystal analysis of the 

native enzyme and the bifunctional domain will allow for comparison of 

their tertiary structures, and reveal the ability of the separated 

functional domain to attain native tertiary conformation. As weIl, 

structural analysis may reveal the nature of the overlap between the 

dehydrogenase and cyclohydrolase activities, and may identify the 

nuc1eotide-binding site of NADP+ in the dehydrogenase/cyclohydrolase 

domain. While the sequences of the binding sites from many proteins have 

been shown to differ, many oi them share a similar f3-a-f3 fold (Wierenga et 

al., 1985; Hanukoglu and Gutfinger, 1989). 

Comparison of primary structures between the hum an and yeast 

cytosolic trifunctional enzymes and the NAD-dependent 

dehydrogenase/cyclohydrolase have revealed that the latter two enzymes 

contain an insert of eight amino acids in the same region of their 

respective sequences corresponding to the dehydrogenase/cyclohydrolase 

domain (Bélanger and Mackenzie, 1988). l t has been shown tha t the 

dehydrogenase and cyclohydrolase activities of the porcine, murine and 

hum an enzymes are not kinetically independent where NADP, which is a 

substrate of the first reaction, inhibits the cyclohydrolase reaction 

(Smith and MacKenzie, 1983; Rios-Orlandi and MacKenzie, 1988). The two 

activities of tl.e NAD-dependent ~nzyme are kinetically independent sinee 

NAD does not inhibit the cyclohydrolase activity (Rios-Orlandi and 

MacKenzie, 1988). As weIl, chemical modification of the yeast cytosolic 

and porcine trifunctional enzymes suggested that the dehydrogenase and 
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eyelohydrolase aetivities are less elosely associated in the yeast enzyme 

than in the porcine enzyme. These observations prompted us to insert the 

eight extra amino acids found in the yeast sequence into the eorresponding 

region of the human dehydrogenase/cyclohydrolase domain, to determine if 

the insertion ean lessen the association between the two activities of the 

human enzyme. The eight residues were inserted into the cDNA by 

oligonucleotide-directed mutagenesis. Subsequent expression of the cDNA 

in E. coli produced the desired soluble protein although, the insertion 

inactivated both activities of the dehydrogenase/ cyclohydrolase domain. 

Relationship Between the Hitochondrial and Cytosolic Enzymes? - Although 

the micochondrial NAD -dependent bifunctional enzyme and the 

dehydrogenase/cyelohydrolase domain catalyze identica1 metabolic 

reactions, they differ in cofaetor specificity. The bifunctional enzyme 

requires NAD and Mg2+ for activity while the bifunctional domain of the 

trifunctional enzyme is NADP-dependent. In total extraets of transformed 

cells, the NAD-dependent dehydrogenase/cyclohydrolase can be separated 

from the trifunctional enzyme by column chromatography (Mejia and 

MacKenzie, 1985), and Western blot analysis have demonstrated that the two 

enzymes are immuno1ogically distinct (Gardam et al., 1988). Thus far, the 

NAD-dependent dehydrogenase/cyclohydrolase has only been detected in 

transformed cells and in tissues containing undifferentiated cells (Mejia 

and Mackenzie, 1985; Bélanger and Mackenzie, 1989). However, basal 

expression of this enzyme in normal adult cells has not been ruled out. 

The NAD-dependent bifunctional enzyme localized in mitochondria of 

mammalian cells (Mej ia and MacKenzie, 1988) may be analogous to the 
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mitochondrial isozyme of the NADP-dependent trifunctional enzyme found in 

S. cerevisiae (Shannon and Rabinowithz, 1986). The physiological role of 

the two mitochondria1 enzymes has not been determined a1though they may 

serve simi1ar functions. One possible explanation for expression of the 

mitochondria1 enzyme j~ that the products of the cytop1asmic and 

m~tochondria1 enzymes are required in two cellular compartments but are 

not transported across the mitochondria1 membrane. As proposed by Shannon 

and Rabinowitz (1986, 1988) and Mej ia and MacKenzie (1988), the activities 

of the mitochondrial enzymes can convert 5, 10-methy1eneH4 fo1ate to 10-

formylH 4fo1ate which can be used to produce formy1methionyl-tRNA to support 

initiation of protein synthesis in mitochondria (Galper, 1974; Bianchetti 

et al., 1977). Interestingly, Shannon and Rabinowitz (1988) have reported 

that the yeast mitochondrial trifunctiona1 enzyme is non essentia1 for 

surviva1 of the organism. In their experiments, chromosoma1 de1etion of 

the gene produced viable yeast in minimal medium and had no detectable 

effect on cell growth. 

Bar10we and App1ing (1988a) proposed a pathway where fo1ate-

dependent activities (NADP-dependent dehydrogenase, cyc1ohydro1ase, 

synthetase) in mitochondria of mammalian ce11s can interconvert 5,10-

methyleneH4folate and 10-formy1H4folate and provide one-carbon units for 

fo1ate-mediated metabo1ism in the cytop1asm. It was proposed that 10-

formylH 4fo1ate synthetase activity in mitochondria can generate Arp, 

H4fo1ate and formate from 10-formy1H4folate. The formate would then be 

transported across the mitochondria membrane and be incorporated into the 

active one-carbon pool by cytoplasmic lO-formylH4fo1ate synthetase of the 

trifunctional enzyme. Although low amounts of dehydrogenase (NADP-
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dependent), cyclohydrolase and synthetase activities were reported to be 

detected in the mitochondria of rat liver cells, the activities can be 

from residual amounts of the cytoplasmic trifunctional enzyme 

contaminating the mitochondriel fraction. lt is c1ear that the 

mitochondrial NAD-dependent dehydrogenase/cyclohydrolase enzyme can 

interconvert lO-formylH4folate but it lacks a synthetase activity. 

Alternately, lO-formylH4folate hydrolase activity would convert 10-

formJlH4folate to formate and H"folate but its activity has not been 

detected in the mitochondria of transformed marnrnalian ceIIs (Mejia and 

Mackenzie, 1988). However. 10-formylH4folate hydrolase activity has been 

reported to be detected in rat liver mitochondria (Barlowe and Appling, 

1988a; Case et al., 1988). 

Based on amine acid sequence homology between the NAD-dependent 

bifunctional enzyme and the NADP-dependent trifunctional enzyme lt is 

tempting to speculate on the evolution of the enzymes. The genes encoding 

the two muitifunctionai proteins could have evo1ved by independent fusion 

events, as proposed for marnrnalian and yeast fatty acid synthase (McCarthy 

et al., 1983). Another possibility is that one enzyme could have evoived 

from the other. Assuming hypothetically that the trifunctional cytosolic 

enzyme is the more ancient form, gene duplication fol101Nl'd by exon-

shuffling and/or point-mutations could allow divergence to form the NAD-

dependent bifunctional enzyme. Point mutations which change amino acid 

residues can al ter the enzyme' s cofactor requirement from NADP to NAD/Mg2+. 

Scrutton et al. (1990) demonstrated that by changing residues in the NADP-

binding domain of glutathione reduc tase, the enzyme acquired a nove 1 

preference for the coenzyme NAD without disrupting the specificity for 
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glutathione. The introduction of nonsense codons before the coding region 

of the synthetase domain would delete its activity from the enzyme, and 

exon shuffling could lead to fusion of exon(s) encoding a mitochondrial 

si~nal sequence. The corresponding trifunctional isozymes in yeast May 

have also resulted from gene duplication although, in this case the 

mitochondrial enzyme may have diverged to a lesser extent where the 

cofactor specificity and the synthetase activity have been conserved; as 

weIl, the mitochondrial and cytosolic trifunctional enzyme in yeast are 

not immunologically distinct (Shannon and Rabinowitz, 1986). While any 

proposaI for the evolution of these cytoplasmic and mitochondrial enzymes 

would be pure speculation at this time, isolation and characterization of 

corresponding mammalian genomic clones will be usefu1. The conservation 

of intronjexon pattern is a strong indication of gene duplication as was 

shown for the globin gene fa~i1y (Efstratiadis et al., 1980). Whi1e the 

intronjexon arrangement of a gene encoding the mammalian trifunctional 

enzyme has yet to be determined, the gene encoding the mouse NAD-dependent 

bifunctional enzyme has been shown to contain eight exons separated by 

seven introns (Bélanger and MacKenzie, 1990). As weIl, Rozen et: al. 

(1989) localized the gene encoding the human trifunctiona1 enzyme to 

chromosome 14q24. 

Complementation Studies Simi1arities between the yeast and human 

trifunctiona1 enzymes were further demonstrated èy complementation 

studies. The ability of the human trifunctiona1 enzyme to rescue a yeast 

ade3 mu.:ant suggests that the enzymes are similar in structure and 

fûnction (chapter 4). Recent1y, Thigpen et al. (1990) reported the rescue 
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of a yeast ade3 mutant with the rat trifunctional enzyme. 

As described in chapter 4, complementation of the ade3 matant with 

the human dehydro~enase/cyclohydrolase domain demonstrated that the 

synthetase aetivity was non essential for survival of S. cerevisiae. It 

is presumed that lO-formylH4folate synthetase ean Incorporate formate into 

the active one carbon pool to form lO-formylH4folate however, the 

physiological significance of the activity ls unclear since formate has 

not been considered a major one-carbon donor for most organisms 

(MacKenzie, 1984). While lO-formylH4folate synthetase is widespread in 

nature, jt is not found in E. coli (Dev and Harvey, 1978, 1982) or in 

severat other bacteria (Whitehead et al., 1988). 

Barlowe and App1ing (1988a) have suggested that the dehydrogenase 

activity of the trifunctional enzyme predominately converts 5,10-

metheny1H4folate to 5,10-methy1eneH4folate in the cytosol. However, the 

rescue experiments in yeast clear1y showed that the dehydrogenase and 

cyclohydrolasp. activities can interconvert 10-formy1H~folate to provide for 

purine synthesis and a1leviated the adenine auxotrophy. Comp1ementation 

of the yeast mutant with just the hum an 10-formy1H4folate synthetase domain 

was dependent on formate and strong1y suggests that formate ean be a one-

carbon donor ta synthesize 10-formy1H4folate for de novo purine synthesis. 

The yeast ade3 mutant ean be used as a sensitive tool to screen for 

the human trifunetiona1 enzyme and its two functional domains. Following 

mutagenesis, the ability to express the human prote in in the yeast system 

may a1low us to define specifie residues and/or regions involved in the 

catalytie and structural functions of the trifunetional enzyme. Assuming 

that the enzymes from other organisms are siml1ar ta the yeast, human and 
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rat trifunctional enzymes, the yeast ade3 system can be used to isolate 

DNA clones from other species which would help identify invariant 

residues, and aid in deciphering the mechanism of evolution of the 

eukaryotic trifunctional enzyme. 
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