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Abstract

The structure of a bifunctional 5,10-methylene-tetrahydrofolate dehydrogenase0cyclohydrolase fromEscherichia coli
has been determined at 2.5 Å resolution in the absence of bound substrates and compared to the NADP-bound structure
of the homologous enzyme domains from a trifunctional human synthetase enzyme. Superposition of these structures
allows the identification of a highly conserved cluster of basic residues that are appropriately positioned to serve as a
binding site for the poly-g-glutamyl tail of the tetrahydrofolate substrate. Modeling studies and molecular dynamic
simulations of bound methylene-tetrahydrofolate and NADP shows that this binding site would allow interaction of the
nicotinamide and pterin rings in the dehydrogenase active site. Comparison of these enzymes also indicates differences
between their active sites that might allow the development of inhibitors specific to the bacterial target.
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Single carbon units are carried in a variety of oxidation states by
the coenzyme folic acid~Blakeley, 1969; Benkovic & Bullard,
1973; MacKenzie, 1984!. A variety of human pathologies, includ-
ing conditions such as spina bifida and hyperhomocysteinemia, are
related to metabolic or dietary folate deficiencies~Bendich & But-
terworth, 1996; Jacobsen, 1998!. Single carbon units in the oxi-
dation states of formate and formyl-, methenyl-, and methylene-
tetrahydrofolate~THF! are interconverted by a series of three
enzyme functionalities: 10-formyl THF synthetase, 5,10-methenyl-
THF cyclohydrolase, and 5,10-methylene-THF dehydrogenase
~Fig. 1!. The dehydrogenase and cyclohydrolase activities revers-
ibly catalyze the oxidation of N5,N10-methylene-THF to N5,N10-
methenyl-THF and the hydrolysis of N5,N10-methenyl-THF to
N10-formyl-THF. Many of these folate-single carbon adducts can
be used by the cell as the source of biosynthetic carbon. N5,N10-
methylene-THF is a substrate for thymidylate synthetase, while
N10-formyl-THF is a formyl group donor in purine and formyl-
methionine-tRNA syntheses.

N5,N10-methylene-THF dehydrogenase and cyclohydrolase
activities are generally found on a single, bifunctional enzyme
~deh0cyc! in bacteria and in most mitochondria. Many eukaryotes
also encode a longer, cytosolic polypeptide chain containing an
N-terminal deh0cyc domain~with molecular mass similar to their
bacterial and mitochondrial homologues!, and a C-terminal do-
main of mass 60 to 70 kDa exhibiting 10-formyl-THF synthetase
~syn! activity ~MacKenzie, 1984!. The bacterial enzymes and cy-
tosolic enzymes of eukaryotes are predominantly NADP depen-
dent, whereas most mitochondrial enzymes and monofunctional
dehydrogenases use NAD. These enzymes bind a single folate
substrate~Pelletier & MacKenzie, 1995! and a single NADP co-
enzyme~Allaire et al., 1998! per subunit.

A number of studies, interpreted together, suggest an efficient
reaction mechanism for deh0cyc in which the enzyme binds the
folate substrate, interacting with several residues of its poly-
glutamyl tail, and then allows the pterin ring system sufficient
flexibility to move directly between two separate active sites. The
methenyl-THF product of the dehydrogenase reaction displays sig-
nificant kinetic “channeling” to the cyclohydrolase active site, where
it is converted to formyl-THF~Cohen & MacKenzie, 1978; Wasser-
man et al., 1983; Hum & MacKenzie, 1991; Pelletier & MacKen-
zie, 1995!. Several chemical studies indicate that the deh and cyc
active sites are in close proximity and might overlap~Schirch,
1978; Drummond et al., 1983; Appling & Rabinowitz, 1985!. Ki-
netic studies using porcine deh0cyc indicate that while the enzyme
does not exhibit a marked specificity for polyglutamylated THF
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~as estimated by the effect of polyglutamylation on folateKm!, the
enzyme velocity increases as the length of the folate polyglutamyl
tail is increased, peaking at CH2-H4PteGlu6 ~Green et al., 1988!.

The deh0cyc enzyme fromEscherichia coliis a dimer com-
posed of two identical 31 kDa subunits of 288 residues each~D’Ari
& Rabinowitz, 1991!. The structure of the homologous human
deh0cyc domains~hDC301! from the trifunctional synthase en-
zyme was recently determined in complex with NADP~Allaire
et al., 1998!. On the basis of this structure, the NADP-binding
domain of the enzyme was identified, and a group of conserved
residues was implicated in dehydrogenase activity. The cyclohydro-
lase active site was not unambiguously assigned. In the work re-
ported here, the structure of the bifunctional, bacterial deh0cyc
apo-enzyme is reported. This structure allows, by direct examina-
tion of structural homology, further characterization of residues
that might be important for enzyme activity. Analysis of the sur-
face of the enzyme provides a possible model for the binding and
dynamics of poly-g-glutamyl-THF. Comparison of the active site
structures for human and bacterial deh0cyc indicates local struc-

tural differences that may be useful for future development of
microbe-specific enzyme inhibitors.

Results

Topology and overall structure

The bifunctionalE. coli5,10-methylene-tetrahydrofolate dehydrog-
enase0cyclohydrolase~deh0cyc! contains 288 residues and is active
as homodimer. The enzyme is globular and has overall dimensions
353 403 55 Å ~Fig. 2!. Each monomer can be divided into two
distinct domains with typicala0b-folds, connected by two long
helices and a loop-helix-loop motif. The smaller N-terminal do-
main consists of a three-strandedb-sheet flanked on either side by
four helices and resembles the first domain of the D-ribose-binding
protein ~Protein Data Bank~PDB! code 2DRI! as previously de-
scribed for the human enzyme. The second and larger domain
consists of a six-strandedb-sheet and forms a typical dinucleotide-
binding domain fold. The three-dimensional structure of the bac-

Fig. 1. Conversion of 5,10-methylene-THF, 5,10-methenyl-THF, 10-formyl-THF, and free formate~1! dehydrogenase,~2! cyclo-
hydrolase, and~3! synthetase activities, respectively.

Fig. 2. Stereoview of the bacterial D0C enzyme dimer. The NADP binding site is located in the cleft between enzyme domains as
described in the text. Figures 2–5 prepared with MOLSCRIPT~Kraulis, 1991!.
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terial apo-enzyme is very similar to that of the 301-residue human
deh0cyc domain~hDC301!, from the trifunctional human THF
synthetase~Allaire et al., 1998!, except that the extendedb-hairpin
~residues 239–253 in hDC301! is shortened by six residues. The
angle and separation between enzyme domains display intermedi-
ate values compared to the two independent subunits of hDC301,
as described in the next section.

Similar to many known folate-utilizing enzymes, deh0cyc from
E. coli forms an active dimer. The current crystal form contains
one monomer per asymmetric unit, and the two identical subunits
of the enzyme are related to each other by a crystallographic dyad
axis. Approximately 1,500 Å2 accessible surface per monomer is
buried upon dimerization, accounting for;11% of the total sur-
face of a monomer. The majority of the dimer interface contacts
~;960 Å2! occur between helix 7 andb-strand f in the large
NADP-binding domain of the two subunits. Upon dimerization,
the centralb-sheets in the large domain of the two enzyme sub-
units associate through the formation of an antiparallelb-strand
pair, thereby forming a continuous 12-strandb-sheet. Cys132 of
helix 5 is positioned for the formation of a disulfide linkage with
its symmetry mate, Cys1329 of helix 59. The stability of the dimer
is ensured by a number of salt bridges and hydrogen bonds, as well
as the covalent disulfide linkage between Cys132 and 1329. Most
notably, Glu112 of one subunit forms a H-bond with Tyr1269 and
a salt bridge with Arg1309 of the other subunit. In the human
enzyme, this disulfide bridge is not present, and a similar dimer
interface is stabilized by a series of polar interactions between side
chains.

Structural comparison with human deh0cyc enzyme domains

The topology ofE. coli deh0cyc strongly resembles that of human
DC301. This is not surprising, considering the high sequence iden-
tity between the two enzymes~.44% identity!. However, it is
interesting that the superposition between the Ca trace of the bac-
terial enzyme and either of the hDC301 subunits gives smaller
root-mean-square deviation~RMSD! values than when the two
noncrystallographic symmetry~NCS! related monomers of the
hDC301 dimer are superimposed on one another~Table 1!. For all

cases, superposition of individual enzyme domains provides closer
agreement than the superposition of entire enzyme subunits. This
analysis clearly indicates that the peptide linkers between enzyme
domains are hinge points that facilitate global dynamic flexibility.
The large RMSD~1.403 Å! between the two NCS-related subunits
of the NADP-bound hDC301 enzyme is attributed to differences in
local crystal contacts and the visible flexibility of the enzyme even
when complexed with NADP. In comparison, the two domains of
the bacterial enzyme display a separation and intervening cleft
dimensions midway between those observed for the A and B sub-
units of the hDC301~Fig. 3!. This is consistent with the assump-
tion that the molecule is flexible and suggests that the active site
cleft of the dehydrogenase and cyclohydrolase may exhibit similar
thermal motion and flexibility in the presence and absence of
bound NADP cofactor. A question that remains to be answered is
whether the binding of folate, or formation of a ternary complex,
will induce a more substantial domain closure as part of the en-
zyme’s catalytic mechanism. Such a result has been previously
described for thymidylate synthase~Matthews et al., 1990; Mont-
fort et al., 1990; Kamb et al., 1992!.

In the structure of hDC301-NADP complex, the NADP mol-
ecule was shown to bind to the C-terminal ledge of the central
b-sheet in the large domain with the diphosphate linkage strad-
dling the ridge betweenb-strands. Since the large domain of the
E. coli deh0cyc apo-enzyme superimposes closely over that of the
hDC301-NADP complex~RMSD , 1.0 Å!, it is reasonable to
assume that the bacterial deh0cyc would bind its NADP cofactor at
the same location with minimal conformational rearrangement.
Alignment of the sequence and structure of the two enzymes showed
that 13 of the 20 residues within 4 Å of thebound NADP in the
human DC301-NADP complex are conserved in the bacterial en-
zyme. To compare the structural differences in the vicinity of the
NADP cofactor, the coordinates of NADP in the human hDC301
complex were transformed into the bacterial coordinates, using as
a transformation matrix the rotation and translation operators de-
rived from superposition of the large domains in the two structures.
The residues ofE. coli deh0cyc within 4 Å of the transformed
NADP cofactor, before and after molecular dynamics minimization
of the modeled NADP, were compared with corresponding resi-
dues from the structure of the human enzyme complex. Inspection
of the environment around NADP in the two structures showed
that there are close similarities between the binding sites for the
NADP molecules in the two enzymes. All but two residues~Arg173
and Ser197! involved in the binding of NADP in the hDC301
complex are conserved both sequentially and structurally. Arg173
in hDC301, which makes three hydrogen bonds with the adenosine-
2-phosphate of NADP, is changed to Ala167 in the bacterial en-
zyme, while Ser197, which also makes a hydrogen bond with the
29-phosphate, is changed to Arg191. Because the Arg173 side chain
of hDC301 and the Arg191 side chain of bacterial deh0cyc are
positioned similarly, it is probable that they make similar contacts
to the 29-phosphate group in the NADP-enzyme complex. In the
simulated bacterial deh0cyc-NADP complex, Asn233 is within 4 Å
of the hydroxyl group of the nicotinamide ribose but not its coun-
terpart~Asn239! in hDC301.

Putative methylene-tetrahydrofolate binding site

Kinetic studies suggest that interaction of the poly-g-glutamyl tail
of the methylene-tetrahydrofolate molecule with the enzyme pro-
vides binding energy and affinity for the substrate, while allowing

Table 1. Structural superpositions and RMS differences between
subunits and domains of E. coli deh0cyc and D0C bifunctional
domain of human THF synthetase (D0C)

Superposition
Number of equivalent

Ca positions
RMSD

~Å!

E. coli deh0cyc to hDC301-A 280~98.2%!a 1.19
Small ~N-terminal! domain 86~100%! 0.86
Large ~C-terminal! domain 105 0.75

E. coli deh0cyc to hDC301-B 278 1.27
Small ~N-terminal! domain 86 0.92
Large ~C-terminal! domain 101 0.71

hDC-A to hDC301-B 285~97%! 1.40
Small ~N-terminal! domain 90 0.28
Large ~C-terminal! domain 110 0.271

aNumbers in parentheses denote percentage with respect to the number
of Ca positions inE. coli. Deh0cyc, or in the case of superposition between
the A and B subunits of hDC301, refers to the number in subunit A.
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dynamic motion and kinetic channeling of the reactive methenyl-
pterin ring system between dehydrogenase and cyclohydrolase ac-
tive sites~Cohen & MacKenzie, 1978; Wasserman et al., 1983;
Green et al., 1988; Hum & MacKenzie, 1991; Pelletier & Mac-
Kenzie, 1995!. Inspection of the surface of theE. coli dph0cyc
revealed that there are two significant regions of positive-charged
residues, one at each end of the cleft between the twoa0b domains
of deh0cyc. To model the binding of poly-g-glutamyl-methylene-
tetrahydrofolate in the active site cleft, the coordinates of the
E. coli dph0cyc with the modeled NADP was used as a receptor for
the calculation of a molecular surface, using the DMS program of
MIDAS ~Ferrin et al., 1988!. From that molecular surface, a clus-
ter of spheres was generated and used for docking of the folate
substrate into a box representing the active site cleft, using DOCK
4.0 ~Meng et al., 1992; Oshiro & Kuntz, 1995!.

The 10 most stable docked solutions for the poly-g-glutamyl-
59-109-methylene-tetrahydrofolate, based on contact score only,
were generated and each inspected in O. As expected, the folate
substrate is able to fit in the active site cleft in two orientations,
with the poly-g-Glu tail pointing toward or away from the monomer-
monomer interface. A cluster of several solutions in this list all
have the pterin ring pointing toward the dehydrogenase active site
and the poly-g-glutamyl tail pointed toward the exterior of the
enzyme, where it interacts with a group of conserved basic resi-
dues. Molecular dynamics simulations of this docked ternary com-
plex, using initially rigid-body minimization followed by dynamic
simulation with temperature coupling, rapidly converged with min-
imal rearrangement and gave a distance between the methylene
carbon and the C4 carbon of the nicotinamide of;4 Å. Such a
model appears attractive both on the basis of the conservation of
residues proposed to bind the glutamyl substrate tail and on the
basis of the modeled proximity between the nicotinamide and pterin
rings of the cofactors. It appears that up to four glutamyl residues
can be accommodated along this region of the enzyme surface,
with reasonable electrostatic contacts to conserved basic residues.
Figures 4 and 5 show details, respectively, of the proposed binding
site of the THF poly-g-glutamyl-tail and of the proposed ternary
complex with PGF and NADP.

Discussion

The structure reported here allows direct comparison of a free-
standing bifunctional enzyme~deh0cyc! from a prokaryotic source
with the homologous enzyme domains liberated from a human
trifunctional synthase enzyme. Previously published results have
provided mixed indications as to whether the C-terminal 10-
formyl synthetase~syn! domain is necessary for full or even
partial activity of the deh0cyc domains in the trifunctional syn-
thase enzymes. Studies of the deh0cyc domains from the trifunc-
tional yeast synthase enzyme indicated that the presence of the
syn domain was an absolute requirement for dehydrogenase ac-
tivity, and that chimaeric fusions of deh0cyc with other C-terminal
gene products displayed restored dehydrogenase activity~Song
& Rabinowitz, 1995!. A second study, however, compared the
kinetic properties of the deh0cyc domains from the human tri-
functional synthase with the same domains from the human mi-
tochondrial NAD-dependent bifunctional enzyme and the NADP-
dependent bifunctional enzyme fromPhotobacterium phosphoreum.
These studies indicated that while the ratios of kcat~cyc!0
kcat~deh! vary widely, the deh activity is measurable and signif-
icant for each enzyme and that all channel methenyl-THF to the
cyc active site with equal efficiency~Pawelek & MacKenzie,
1998!. There is very little difference between the structures of
the E. coli deh0cyc and the expressed human domains from the
trifunctional synthase enzyme, supporting the concept that the
deh0cyc domains are fully separable and functionally indepen-
dent from the synthetase domain. In this structure, the C-terminal
end of the bacterial enzyme is located on the opposite side of
the enzyme monomer from the dehydrogenase active site; how-
ever, it is considerably closer to the active site within the oppo-
site subunit. It is straightforward to envision that a large enzyme
domain ~syn is over 500 residues in size! would interact with
structural elements of the deh0cyc active site. Additionally, the
residues of the finala-helix leading to the C-terminus of the
protein are very well conserved across the known synthase and
deh0cyc THF enzymes and may play an important role in pro-
tein folding and dynamics; truncation of the deh0cyc domains

Fig. 3. Superposition of the two crystallographically independent subunits of the human D0C dimer ~light subunits! and the single
independent subunit of the bacterial enzyme~darker subunit!. The enzyme monomers were aligned on their small domains. The point
of maximum dynamic flexibility is localized to the interdomain cleft.
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from trifunctional synthase enzymes may dramatically affect the
structure and function of the resulting protein construct.

The dinucleotides NAD and NADP are broadly distributed co-
factors for oxidation-reduction processes. They serve as electron
carriers through hydride transfer for a number of important met-
abolic pathways, including glycolysis, tricarboxylic acid cycle,
fatty acid synthesis, and sterol synthesis. NADP and NAD medi-
ated electron transfer also play important roles in the reversible
interconversion of single carbon units when carried by folate co-
factors. The structural basis of dinucleotide mediated hydride trans-
fer has been most extensively studied in the NAD dependent
dehydrogenases and aldolases, and in the NADP dependent dihy-
drofolate reductase. A clear picture emerges from the crystal struc-
ture of a large number of nucleotide dependent enzymes. It shows
that in spite of low sequence homology among some of the studied
enzymes, the structural features that are responsible for the binding
of the nucleotide remain topologically the same; a six-stranded

b-sheet in a typicala0b-fold for a dinucleotide with each mono-
nucleotide binding to half of the extendeda0b fold and the di-
phosphate linkage wedged between the boundary of the two three-
stranded half domains~Ohlsson et al., 1974!.

It has been shown in the structure of many dehydrogenase en-
zymes, and recently in hDC301, that the dinucleotide is anchored
to the enzyme proper through multiple interactions with~1! the
29-phosphate and 39 hydroxyl oxygens of the adenosine ribose,~2!
the oxygen of the diphosphate backbone, and~3! the amide group
of the nicotine base. All residues in hDC301, except Arg173 and
Ser174, involved in the binding of NADP are conserved. In hDC301,
the 39-phosphate group is anchored to the enzyme through multiple
hydrogen bonds to the guanidinium nitrogens NE and NH2 of
Arg173. In the bacterial enzyme, this residue is replaced by Ala167.
However, a second amino acid substitution, Ser197 to Arg191,
restores theE. coli enzyme’s potential to bind the 29-phosphate
group. In the structure of hDC301 complexed with NADP, the

Fig. 4. Stereoview of the proposed conserved binding site for the tetrahydrofolateg-glutamyl tail. The side chains of the bacterial basic
residues are shown with light bonds and the human enzyme side chains with darker bonds.

Fig. 5. Stereo view of the modeled ternary complex of D0C, NADP, and methylene-THF. The NADP cofactor is the ligand to the lower
right, associated with theb-sheet of the Rossman fold domain, while the PGF substrate is the ligand to the upper right. The glutamyl
tail, modeled here with four glutamate residues, points directly up and in the model described in the text makes contacts with the
residues shown in Figure 4.
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pro-S face of the nicotinamide ring is buried against the protein
surface, while the pro-R face is exposed to the solvent, in position
to accept a transferred hydride from the pterin-bound methylene
carbon. This observation is consistent with the observed stereo-
chemistry of the reaction~Green et al., 1986!.

Using the modeled deh0cyc-NADP as receptor, we have docked
and energy-minimized a model of poly-g-glutamyl-THF in the
active site cleft to form a putative enzymatic ternary complex. In
this model, the poly-g-glutamyl-THF~PGF! is bound to each en-
zyme subunit with its pterin head group close to the nicotinamide
ring of NADP and oriented toward the monomer-monomer inter-
face. The residues within 5 Å of themodeled PGF molecule are
highly conserved~80% identity vs. 44% identity overall!. In this
model, the pterin ring rests against a large hydrophobic wall lined
by three residues~Leu99, Phe123, and Ile170! and its 4-hydroxy
group stabilized by D121 and T267. Thep-electron cloud of the
p-amino-benzoyl group contacts Tyr50 and Val268. Additionally,
the negatively charged carboxylates of the poly-g-glutamyl tail are
within H-bond distance to five conserved basic residues~Lys9,
Arg16, Lys 54, Lys56, and Arg234!.

The general location of the dehydrogenase active site in this
bifunctional enzyme appears to be well defined on the basis of the
structures of bacterial and human deh0cyc, the bound position of
NADP, and the conservation of residues near the nicotinamide
ring. However, the position of the enzyme atoms that comprise the
cyclohydrolase active site are less clear. Kinetic data indicate that
the methenyl-THF pterin ring system is channeled between these
active sites. Examination of the structure of hDC301~Allaire et al.,
1998! has led to the hypothesis that a pair of conserved peptide
signatures~Tyr52X3Lys56 and a Ser49-Gln100-Pro102 triplet! are in-
volved in pterin-binding and the hydration reaction. In one possi-
ble reaction mechanism, the conserved tyrosine and0or lysine
residues could participate in proton transfer to the N5-nitrogen of
the pterin ring during the reversible interconversion of methenyl-
THF and formyl-THF. Assuming that all the residues of the
g-glutamyl tail are fixed in a relatively stable bound conformation,
that the amide linkage to the PABA ring displays limited rotational
freedom, and that the remaining rotatable groups of the THF co-
factor allow an unhindered 1808 rotation of the pterin ring, then the
bound carbon substrate is allowed a range of motion of up to 10 Å
from its location in the dehydrogenase active site. Within this
distance lies a pair of conserved residues~Lys54 and Gln98 in the
bacterial enzyme! that correspond to Lys56 and Gln100 of the
hDC301 domains. These residues are complexed with a well-
ordered water molecule, as observed in the structure of the human
domains. The structure therefore appears to be in good agreement
with the hypothesis that the YXXXK and S-Q-P signatures might
constitute an important part of the cyclohydrolase active site. It is
known that the yeast monofunctional dehydrogenase~West et al.,
1993!, which lacks the cyclohydrolase activity, has a threonine
residue substituted for Lys54 or Lys56 in the bacterial and human
enzymes, respectively.

To bring the methenyl carbon into proximity with these groups
would require a rotation of approximately 908 about the N10-C15

bond of the THF cofactor. Such a movement would appear to be
possible in the bound model described here. Interestingly, model-
ing of the types of bond rotations that might position the methenyl
carbon in alternate locations often appear to induce a steric clash
with the bound NADP cofactor. This observation might be consis-
tent with the observation that bound nicotinamide mononucleotide
partially inhibits the cyclohydrolase activity of the enzyme. An

additional possibility for the type of dynamic motion involved in
substrate channeling would be a closure of the N- and C-terminal
domains during turnover, which would bring the proposed cyclo-
hydrolase catalytic residues closer to the dehydrogenase active
site. The crystal structures of the bacterial deh0cyc and the human
DC301 domains support such protein flexibility.

Materials and methods

The enzyme was purified and crystallized as previously described
~Cheung et al., 1997!. The crystals were transferred into 25%
glycerol plus 13% PEG 10000, 100 mM Bis Tris~pH7.5! for
flash-cooling in liquid nitrogen by sequential transfer in 2% incre-
ments, allowing the crystals to equilibrate for 3 min at each step.
The crystals belong to a body centered orthorhombic space group,
with unit cell dimensions:a 5 64.52 Å, b 5 84.95 Å, and
c 5 146.15 Å. Based on systematic absences in the resulting data
set, the space group was assigned as I222. The related space
group I212121 was excluded by Patterson analysis of heavy metal
derivatives and by examination of maps after initial multiple iso-
morphous replacement~MIR! phasing. The unit cell volume is
8.03 105 Å3, and the crystal unit cell and diffraction is consistent
with an asymmetric unit consisting of the enzyme monomer, and a
specific volume of 3.2 Å30Da.

A native data set was collected to 2.5 Å resolution from a single
crystal at beamline X12-C at the National Synchrotron Light Source
at Brookhaven National Laboratory, using a MAR-research imag-
ing plate detector and an incident X-ray wavelength at 1.1 Å. Data
were reduced using the DENZO0SCALEPACK crystallographic
data reduction package~Otwinowski & Minor, 1997!. Data statis-
tics are shown in Table 2. Three isomorphous heavy atom deriv-
ative data sets~one di-platinum and two gold! were used for MIR
phase calculations. The crystals were soaked in 1 mM solutions of
gold cyanide~Au~CN!2! or PIP~di-m-iodo-bis~ethylenediamine!-
diplatinum-nitrate! for 1 h prior to data collection. The Pt and one
of the Au derivative data sets were collected to 2.8 Å resolution at
beamline X12-C as described for the native data set. A second gold
data set was collected to 3 Å resolution on an RAXIS-II area
detector using a rotating anode X-ray generator. The statistical
heavy atom refinement and phasing program SHARP~LaFortelle
et al., 1997! was used to calculate and improve the experimental
phases to 3 Å resolution. The phases were extended to 2.5 Å
resolution using solvent flattening and real-space density con-
straints in program DM~CCP4, 1994; Cowtan, 1994!, Table 2
contains relevant phasing statistics. The map was of excellent qual-
ity showing good connectivity of all secondary structural features
and directionality of the peptide bonds in the helices.

Crystallographic model building and refinement

The electron density maps were clear and unambiguous for most
regions of the secondary structure, allowing an initial trace to be
built for approximately 90% of the protein backbone using the
BONES option of the model building program O~Jones et al.,
1991; Jones & Kjeldgaard, 1998!. The coordinates for the homol-
ogous bifunctional domain from the human trifunctional synthe-
tase enzyme~Allaire et al., 1998! were superpositioned onto the
protein backbone model of the bacterial enzyme, and the positions
of easily recognizable residues@YITPVPGG# in a highly con-
served peptide~255–269! were used to register the protein se-
quence onto the model. The side chains were built into the density,
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allowing space for weak and missing density of exposed glycine
residues.

The model was subjected to iterations of conventional positional
refinement using X-PLOR 3.8~Brünger, 1992! and manual model
rebuilding followed by torsion angle dynamics andB-factor re-
finements. The freeR-factor ~Brünger, 1993! was used to monitor
all stages of the refinement. Restrained groupB-factors were re-
fined once theR-factors had dropped to reasonable values. For
each residue, a single overallB-factor for its main-chain atoms and
a second separate overallB-factor for its side-chain atoms were
refined. The statistics for the refined model are given in Table 2.
The workingR-factor is 22.7% using data between 50 and 2.56 Å
resolution. The freeR-factor~10% of the data, 1,296 reflections! is
29.8% for the final model using reflections withI0s~I ! . 2. The
stereochemical quality of the model was examined throughout the
refinement using PROCHECK~Laskowski et al., 1993! and OOPS
~Jones et al., 1991; Jones & Kjeldgaard, 1998!. The quality of the
final model was also confirmed by examining side-chain environ-
ments using a profile-fit analysis and found to be within acceptable
ranges.
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