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Abstract

The structure of a bifunctional 5,10-methylene-tetrahydrofolate dehydrog@yatehydrolase fronEscherichia coli

has been determined at 2.5 A 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 polyy-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 N5 N1°-methylene-THF dehydrogenase and cyclohydrolase
the coenzyme folic acidBlakeley, 1969; Benkovic & Bullard, activities are generally found on a single, bifunctional enzyme
1973; MacKenzie, 1984A variety of human pathologies, includ- (deh/cyc) in bacteria and in most mitochondria. Many eukaryotes
ing conditions such as spina bifida and hyperhomocysteinemia, ar@lso encode a longer, cytosolic polypeptide chain containing an
related to metabolic or dietary folate deficienci@endich & But- N-terminal delicyc domain(with molecular mass similar to their
terworth, 1996; Jacobsen, 199&ingle carbon units in the oxi- bacterial and mitochondrial homologigsind a C-terminal do-
dation states of formate and formyl-, methenyl-, and methylenemain of mass 60 to 70 kDa exhibiting 10-formyl-THF synthetase
tetrahydrofolate(THF) are interconverted by a series of three (syn activity (MacKenzie, 198}t The bacterial enzymes and cy-
enzyme functionalities: 10-formyl THF synthetase, 5,10-methenyltosolic enzymes of eukaryotes are predominantly NADP depen-
THF cyclohydrolase, and 5,10-methylene-THF dehydrogenaseéent, whereas most mitochondrial enzymes and monofunctional
(Fig. 1). The dehydrogenase and cyclohydrolase activities reversdehydrogenases use NAD. These enzymes bind a single folate
ibly catalyze the oxidation of RN1°%-methylene-THF to R,N1°- substrate(Pelletier & MacKenzie, 1995and a single NADP co-
methenyl-THF and the hydrolysis of N!°-methenyl-THF to  enzyme(Allaire et al., 1998 per subunit.
N1%-formyl-THF. Many of these folate-single carbon adducts can A number of studies, interpreted together, suggest an efficient
be used by the cell as the source of biosynthetic carb&MNN- reaction mechanism for détyc in which the enzyme binds the
methylene-THF is a substrate for thymidylate synthetase, whildolate substrate, interacting with several residues of its poly-
NO-formyl-THF is a formyl group donor in purine and formyl- glutamyl tail, and then allows the pterin ring system sufficient
methionine-tRNA syntheses. 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
Reprint requests to: Barry L. Stoddard, Division of Basic Sciences, Fre(jt is converted to formyl-THRCohen & MacKenzie, 1978; Wasser-
Hutchinson Cancer Research Center, A3-023, 1100 Fairview Avenue, Nortfan et al., 1983; Hum & MacKenzie, 1991; Pelletier & MacKen-
Seattle, Washington 98109; e-mail: bstoddar@fred.fhcrc.org. zie, 1995. Several chemical studies indicate that the deh and cyc
e T e oot oo Clue st are i close prodiy and might overkguhich
?rll(;seégyclohyd’rolase do’mains; NADP, nico{inamide aé/enine dinucle)(/)tidtglg?g; Dru.mmor?d et aI.,' 1983, Appllrlg & Rame\_N'tZ’ 198Ki-
phosphate; PGF, poly-glutamyl-tetrahydrofolate; syn, 10-formyl tetra- Netic studies using porcine datyc indicate that while the enzyme
hydrofolate synthetase; THF, tetrahydrofolate. does not exhibit a marked specificity for polyglutamylated THF
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Fig. 1. Conversion of 5,10-methylene-THF, 5,10-methenyl-THF, 10-formyl-THF, and free foriatdehydrogenase2) cyclo-
hydrolase, and3) synthetase activities, respectively.

(as estimated by the effect of polyglutamylation on foldtg, the  tural differences that may be useful for future development of
enzyme velocity increases as the length of the folate polyglutamymmicrobe-specific enzyme inhibitors.
tail is increased, peaking at GHH,PteGly (Green et al., 1988
The delicyc enzyme fromEscherichia coliis a dimer com-
posed of two identical 31 kDa subunits of 288 residues ¢BGAri
& Rabinowitz, 199). The structure of the homologous human
dehycyc domains(hDC30J) from the trifunctional synthase en-
zyme was recently determined in complex with NADRIaire The bifunctionakE. coli5,10-methylene-tetrahydrofolate dehydrog-
et al.,, 1998. On the basis of this structure, the NADP-binding enasgcyclohydrolasédehy/cyc) contains 288 residues and is active
domain of the enzyme was identified, and a group of conserveds homodimer. The enzyme is globular and has overall dimensions
residues was implicated in dehydrogenase activity. The cyclohydro35 X 40 X 55 A (Fig. 2). Each monomer can be divided into two
lase active site was not unambiguously assigned. In the work redistinct domains with typicak /B-folds, connected by two long
ported here, the structure of the bifunctional, bacterial/dgb helices and a loop-helix-loop motif. The smaller N-terminal do-
apo-enzyme is reported. This structure allows, by direct examinamain consists of a three-strand@dheet flanked on either side by
tion of structural homology, further characterization of residuesfour helices and resembles the first domain of the D-ribose-binding
that might be important for enzyme activity. Analysis of the sur- protein (Protein Data BanKPDB) code 2DR) as previously de-
face of the enzyme provides a possible model for the binding andcribed for the human enzyme. The second and larger domain
dynamics of polyy-glutamyl-THF. Comparison of the active site consists of a six-strandgdisheet and forms a typical dinucleotide-
structures for human and bacterial deyc indicates local struc-  binding domain fold. The three-dimensional structure of the bac-

Results

Topology and overall structure

Fig. 2. Stereoview of the bacterial L enzyme dimer. The NADP binding site is located in the cleft between enzyme domains as
described in the text. Figures 2-5 prepared with MOLSCRI{Rf&ulis, 199].
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terial apo-enzyme is very similar to that of the 301-residue humarcases, superposition of individual enzyme domains provides closer
delycyc domain(hDC3023, from the trifunctional human THF agreement than the superposition of entire enzyme subunits. This
synthetaséAllaire et al., 1998, except that the extend@dhairpin analysis clearly indicates that the peptide linkers between enzyme
(residues 239-253 in hDC3Pis shortened by six residues. The domains are hinge points that facilitate global dynamic flexibility.
angle and separation between enzyme domains display intermedrhe large RMSI(1.403 A between the two NCS-related subunits
ate values compared to the two independent subunits of hDC30bf the NADP-bound hDC301 enzyme is attributed to differences in
as described in the next section. local crystal contacts and the visible flexibility of the enzyme even
Similar to many known folate-utilizing enzymes, delgc from when complexed with NADP. In comparison, the two domains of
E. coli forms an active dimer. The current crystal form containsthe bacterial enzyme display a separation and intervening cleft
one monomer per asymmetric unit, and the two identical subunitsimensions midway between those observed for the A and B sub-
of the enzyme are related to each other by a crystallographic dyadnits of the hDC301Fig. 3). This is consistent with the assump-
axis. Approximately 1,500 Aaccessible surface per monomer is tion that the molecule is flexible and suggests that the active site
buried upon dimerization, accounting ferl1% of the total sur- cleft of the dehydrogenase and cyclohydrolase may exhibit similar
face of a monomer. The majority of the dimer interface contactshermal motion and flexibility in the presence and absence of
(~960 A%) occur between helix 7 ang-strandf in the large  bound NADP cofactor. A question that remains to be answered is
NADP-binding domain of the two subunits. Upon dimerization, whether the binding of folate, or formation of a ternary complex,
the centralB-sheets in the large domain of the two enzyme sub-will induce a more substantial domain closure as part of the en-
units associate through the formation of an antiparg@lstrand  zyme’s catalytic mechanism. Such a result has been previously
pair, thereby forming a continuous 12-strafiesheet. Cys132 of described for thymidylate synthaéklatthews et al., 1990; Mont-
helix 5 is positioned for the formation of a disulfide linkage with fort et al., 1990; Kamb et al., 1992
its symmetry mate, Cys132f helix 5'. The stability of the dimer In the structure of hDC301-NADP complex, the NADP mol-
is ensured by a number of salt bridges and hydrogen bonds, as wedtule was shown to bind to the C-terminal ledge of the central
as the covalent disulfide linkage between Cys132 and.18@st  B-sheet in the large domain with the diphosphate linkage strad-
notably, Glu112 of one subunit forms a H-bond with Tyr126d dling the ridge betweep-strands. Since the large domain of the
a salt bridge with Arg130of the other subunit. In the human E. colideh/cyc apo-enzyme superimposes closely over that of the
enzyme, this disulfide bridge is not present, and a similar dimehDC301-NADP complexRMSD < 1.0 A), it is reasonable to
interface is stabilized by a series of polar interactions between sidassume that the bacterial delyc would bind its NADP cofactor at
chains. the same location with minimal conformational rearrangement.
Alignment of the sequence and structure of the two enzymes showed
that 13 of the 20 residues withi4 A of thebound NADP in the
Structural comparison with human déyc enzyme domains human DC301-NADP complex are conserved in the bacterial en-

The topology ofE. coli dey/cyc strongly resembles that of human ZYMe- To compare the str_uctural differencgs in the vicinity of the
DC301. This is not surprising, considering the high sequence iderADP cofactor, the coordinates of NADP in the human hDC301

tity between the two enzymes>44% identity. However, it is complex were transformed into the bacterial coordinates, using as

interesting that the superposition between taet@ce of the bac- & transformation matrix the rotation and translation operators de-
terial enzyme and either of the hDC301 subunits gives smallefived from superposition of the large domains in the two structures.

root-mean-square deviatiofRMSD) values than when the two The residues of. coli dehy/cyc within 4 A of the transformed
noncrystallographic symmetryNCS) related monomers of the NADP cofactor, before and after molecular dynamics minimization

hDC301 dimer are superimposed on one anotfiable 3. For all of the modeled NADP, were compared with corresponding re;i-
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 resid(ésy173
Table 1. Structural superpositions and RMS differences between . ; I .
subunits and domains of E. coli dédyc and D'C bifunctional and Serl19Y involved in the binding of NADP in the hDC301

domain of human THF synthetase/() 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 Alal67 in the bacterial en-

Number of equivalent RMSD

Superposition Ca positions R) zyme, while Ser197, which also makes a hydrogen bond with the
2'-phosphate, is changed to Arg191. Because the Arg173 side chain
E. coli deh/cyc to hDC301-A 28098.2%° 1.19 of hDC301 and the Arg191 side chain of bacterial (st are
Small (N-termina) domain 86(100% 0.86 positioned similarly, it is probable that they make similar contacts
. f;?ié%gﬂ??;ggﬂ 120758 017257 to the 2-phosphate group in the NADP-enzyme complex. In the
Small (N-termina) domain 86 Py simulated bacterial dgleyc-NADP complex, Asn233 is within 4 A

of the hydroxyl group of the nicotinamide ribose but not its coun-

Large (C-termina) domain 101 0.71 ’

hDC-A to hDC301-B 28597% 1.40 terpart(Asn239 in hDC301.
Small (N-termina) domain 90 0.28
Large (C-termina) domain 110 0.271

Putative methylene-tetrahydrofolate binding site

aNumbers in parentheses denote percentage with respect to the numblé}netIC studies suggest that interaction of the pgigiutamy! tail

of Ca positions inE. coli. Delycyc, or in the case of superposition between Of the methylene-tetrahydrofolate molecule with the enzyme pro-
the A and B subunits of hDC301, refers to the number in subunit A. vides binding energy and affinity for the substrate, while allowing
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Fig. 3. Superposition of the two crystallographically independent subunits of the hum@ndiner (light subunit$ and the single
independent subunit of the bacterial enzyfdarker subunjt The enzyme monomers were aligned on their small domains. The point
of maximum dynamic flexibility is localized to the interdomain cleft.

dynamic motion and kinetic channeling of the reactive methenyl-Discussion
pterin ring system between dehydrogenase and cyclohydrolase ac-
tive sites(Cohen & MacKenzie, 1978; Wasserman et al., 1983;The structure reported here allows direct comparison of a free-
Green et al., 1988; Hum & MacKenzie, 1991; Pelletier & Mac- standing bifunctional enzym@lehy/cyc) from a prokaryotic source
Kenzie, 1995. Inspection of the surface of the. coli dph/cyc  with the homologous enzyme domains liberated from a human
revealed that there are two significant regions of positive-chargedrifunctional synthase enzyme. Previously published results have
residues, one at each end of the cleft between thet{@odomains  provided mixed indications as to whether the C-terminal 10-
of dehycyc. To model the binding of poly-glutamyl-methylene-  formyl synthetase(syn) domain is necessary for full or even
tetrahydrofolate in the active site cleft, the coordinates of thepartial activity of the deficyc domains in the trifunctional syn-
E. colidph/cyc with the modeled NADP was used as a receptor forthase enzymes. Studies of the dejyc domains from the trifunc-
the calculation of a molecular surface, using the DMS program ofiional yeast synthase enzyme indicated that the presence of the
MIDAS (Ferrin et al., 1988 From that molecular surface, a clus- syn domain was an absolute requirement for dehydrogenase ac-
ter of spheres was generated and used for docking of the folatgvity, and that chimaeric fusions of détyc with other C-terminal
substrate into a box representing the active site cleft, using DOCKjene products displayed restored dehydrogenase actSing
4.0 (Meng et al., 1992; Oshiro & Kuntz, 1995 & Rabinowitz, 1995. A second study, however, compared the
The 10 most stable docked solutions for the pplglutamyl- kinetic properties of the d¢layc domains from the human tri-
5'-10'-methylene-tetrahydrofolate, based on contact score onlyfunctional synthase with the same domains from the human mi-
were generated and each inspected in O. As expected, the folatechondrial NAD-dependent bifunctional enzyme and the NADP-
substrate is able to fit in the active site cleft in two orientations,dependent bifunctional enzyme fradRiotobacterium phosphoreum.
with the poly-Glu tail pointing toward or away from the monomer- These studies indicated that while the ratios of kcgat)/
monomer interface. A cluster of several solutions in this list all kcat(deh vary widely, the deh activity is measurable and signif-
have the pterin ring pointing toward the dehydrogenase active siteant for each enzyme and that all channel methenyl-THF to the
and the polyy-glutamyl tail pointed toward the exterior of the cyc active site with equal efficiencyPawelek & MacKenzie,
enzyme, where it interacts with a group of conserved basic resi1998. There is very little difference between the structures of
dues. Molecular dynamics simulations of this docked ternary comthe E. coli delycyc and the expressed human domains from the
plex, using initially rigid-body minimization followed by dynamic trifunctional synthase enzyme, supporting the concept that the
simulation with temperature coupling, rapidly converged with min-deh/cyc domains are fully separable and functionally indepen-
imal rearrangement and gave a distance between the methyledent from the synthetase domain. In this structure, the C-terminal
carbon and the C4 carbon of the nicotinamide~ef A. Such a  end of the bacterial enzyme is located on the opposite side of
model appears attractive both on the basis of the conservation d¢fie enzyme monomer from the dehydrogenase active site; how-
residues proposed to bind the glutamyl substrate tail and on thever, it is considerably closer to the active site within the oppo-
basis of the modeled proximity between the nicotinamide and pterisite subunit. It is straightforward to envision that a large enzyme
rings of the cofactors. It appears that up to four glutamyl residueslomain (syn is over 500 residues in sjzevould interact with
can be accommodated along this region of the enzyme surfacsfructural elements of the détyc active site. Additionally, the
with reasonable electrostatic contacts to conserved basic residugssidues of the finak-helix leading to the C-terminus of the
Figures 4 and 5 show details, respectively, of the proposed bindingrotein are very well conserved across the known synthase and
site of the THF polyy-glutamyl-tail and of the proposed ternary delycyc THF enzymes and may play an important role in pro-
complex with PGF and NADP. tein folding and dynamics; truncation of the delic domains
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Fig. 4. Stereoview of the proposed conserved binding site for the tetrahydrojegiteéamyl tail. The side chains of the bacterial basic
residues are shown with light bonds and the human enzyme side chains with darker bonds.

from trifunctional synthase enzymes may dramatically affect the8-sheet in a typicak /B-fold for a dinucleotide with each mono-
structure and function of the resulting protein construct. nucleotide binding to half of the extended/8 fold and the di-

The dinucleotides NAD and NADP are broadly distributed co- phosphate linkage wedged between the boundary of the two three-
factors for oxidation-reduction processes. They serve as electrostranded half domain@hlsson et al., 1974
carriers through hydride transfer for a number of important met- It has been shown in the structure of many dehydrogenase en-
abolic pathways, including glycolysis, tricarboxylic acid cycle, zymes, and recently in hDC301, that the dinucleotide is anchored
fatty acid synthesis, and sterol synthesis. NADP and NAD medito the enzyme proper through multiple interactions with the
ated electron transfer also play important roles in the reversibl@’-phosphate and’ Jydroxyl oxygens of the adenosine ribo&®,
interconversion of single carbon units when carried by folate cothe oxygen of the diphosphate backbone, é8)dhe amide group
factors. The structural basis of dinucleotide mediated hydride transsf the nicotine base. All residues in hDC301, except Arg173 and
fer has been most extensively studied in the NAD dependen$erl74, involved in the binding of NADP are conserved. In hDC301,
dehydrogenases and aldolases, and in the NADP dependent dihthe 3-phosphate group is anchored to the enzyme through multiple
drofolate reductase. A clear picture emerges from the crystal strudiydrogen bonds to the guanidinium nitrogens NE and NH2 of
ture of a large number of nucleotide dependent enzymes. It showArg173. In the bacterial enzyme, this residue is replaced by Ala167.
that in spite of low sequence homology among some of the studietlowever, a second amino acid substitution, Ser197 to Arg191,
enzymes, the structural features that are responsible for the bindimgstores theE. coli enzyme’s potential to bind the'-phosphate
of the nucleotide remain topologically the same; a six-strandedjroup. In the structure of hDC301 complexed with NADP, the

Fig. 5. Stereo view of the modeled ternary complex ¢f@ NADP, and methylene-THF. The NADP cofactor is the ligand to the lower
right, associated with thg-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.



Structure of a bacterial THF cyclohydrolagiehydrogenase 1347

pro-S face of the nicotinamide ring is buried against the proteinadditional possibility for the type of dynamic motion involved in
surface, while the pro-R face is exposed to the solvent, in positiorsubstrate channeling would be a closure of the N- and C-terminal
to accept a transferred hydride from the pterin-bound methylenelomains during turnover, which would bring the proposed cyclo-
carbon. This observation is consistent with the observed sterediydrolase catalytic residues closer to the dehydrogenase active
chemistry of the reactiofGreen et al., 1986 site. The crystal structures of the bacterial dgft and the human
Using the modeled deloyc-NADP as receptor, we have docked DC301 domains support such protein flexibility.
and energy-minimized a model of pojyglutamyl-THF in the
active site cleft to form a putative enzymatic ternary complex. In
this model, the polyy-glutamyl-THF (PGP is bound to each en-
zyme subunit with its pterin head group close to the nicotinamideThe enzyme was purified and crystallized as previously described
ring of NADP and oriented toward the monomer-monomer inter-(Cheung et al., 1997 The crystals were transferred into 25%
face. The residues withi5 A of themodeled PGF molecule are glycerol plus 13% PEG 10000, 100 mM Bis TrigH7.5 for
highly conserved80% identity vs. 44% identity overallin this flash-cooling in liquid nitrogen by sequential transfer in 2% incre-
model, the pterin ring rests against a large hydrophobic wall linednents, allowing the crystals to equilibrate for 3 min at each step.
by three residuesLeu99, Phe123, and llely@nd its 4-hydroxy  The crystals belong to a body centered orthorhombic space group,
group stabilized by D121 and T267. Theelectron cloud of the  with unit cell dimensions:a = 64.52 A, b = 84.95 A, and
p-amino-benzoyl group contacts Tyr50 and Val268. Additionally, c = 146.15 A. Based on systematic absences in the resulting data
the negatively charged carboxylates of the pplgtutamyl tail are  set, the space group was assigned as 1222. The related space
within H-bond distance to five conserved basic residigs9, group 122,22, was excluded by Patterson analysis of heavy metal
Argl6, Lys 54, Lys56, and Arg234 derivatives and by examination of maps after initial multiple iso-
The general location of the dehydrogenase active site in thisnorphous replacemerfMIR) phasing. The unit cell volume is
bifunctional enzyme appears to be well defined on the basis of th8.0 x 10° A3, and the crystal unit cell and diffraction is consistent
structures of bacterial and human detc, the bound position of  with an asymmetric unit consisting of the enzyme monomer, and a
NADP, and the conservation of residues near the nicotinamidepecific volume of 3.2 A/Da.
ring. However, the position of the enzyme atoms that comprise the A native data set was collected to 2.5 A resolution from a single
cyclohydrolase active site are less clear. Kinetic data indicate thatrystal at beamline X12-C at the National Synchrotron Light Source
the methenyl-THF pterin ring system is channeled between thesat Brookhaven National Laboratory, using a MAR-research imag-
active sites. Examination of the structure of hDC3Allaire et al., ing plate detector and an incident X-ray wavelength at 1.1 A. Data
1998 has led to the hypothesis that a pair of conserved peptidevere reduced using the DENZSCALEPACK crystallographic
signatureg Tyrs,X sLyssg and a Sefe-GlnyorProyg, triplet) are in- data reduction packag®twinowski & Minor, 1997. Data statis-
volved in pterin-binding and the hydration reaction. In one possi-tics are shown in Table 2. Three isomorphous heavy atom deriv-
ble reaction mechanism, the conserved tyrosine/andysine ative data setéone di-platinum and two go)dvere used for MIR
residues could participate in proton transfer to thenifrogen of  phase calculations. The crystals were soaked in 1 mM solutions of
the pterin ring during the reversible interconversion of methenyl-gold cyanide(Au(CN),) or PIP (di-u-iodo-bigethylenediaming
THF and formyl-THF. Assuming that all the residues of the diplatinum-nitrate for 1 h prior to data collection. The Pt and one
v-glutamyl tail are fixed in a relatively stable bound conformation, of the Au derivative data sets were collected to 2.8 A resolution at
that the amide linkage to the PABA ring displays limited rotational beamline X12-C as described for the native data set. A second gold
freedom, and that the remaining rotatable groups of the THF codata set was collected t3 A resolution on an RAXIS-Il area
factor allow an unhindered 186otation of the pterin ring, then the detector using a rotating anode X-ray generator. The statistical
bound carbon substrate is allowed a range of motion of up to 10 Aeavy atom refinement and phasing program SHAR&Fortelle
from its location in the dehydrogenase active site. Within thiset al., 1997 was used to calculate and improve the experimental
distance lies a pair of conserved resid(igss54 and GIn98 inthe  phasesd 3 A resolution. The phases were extended to 2.5 A
bacterial enzymethat correspond to Lys56 and GInl100 of the resolution using solvent flattening and real-space density con-
hDC301 domains. These residues are complexed with a wellstraints in program DM(CCP4, 1994; Cowtan, 1994Table 2
ordered water molecule, as observed in the structure of the humasontains relevant phasing statistics. The map was of excellent qual-
domains. The structure therefore appears to be in good agreemeiy showing good connectivity of all secondary structural features
with the hypothesis that the YXXXK and S-Q-P signatures mightand directionality of the peptide bonds in the helices.
constitute an important part of the cyclohydrolase active site. It is
known that the yeast monofunctional dehydrogen&Sest et al.,
1993, which lacks the cyclohydrolase activity, has a threonine
residue substituted for Lys54 or Lys56 in the bacterial and humarThe electron density maps were clear and unambiguous for most
enzymes, respectively. regions of the secondary structure, allowing an initial trace to be
To bring the methenyl carbon into proximity with these groups built for approximately 90% of the protein backbone using the
would require a rotation of approximately 98bout the N°-C15 BONES option of the model building program Qones et al.,
bond of the THF cofactor. Such a movement would appear to bd991; Jones & Kjeldgaard, 1988 he coordinates for the homol-
possible in the bound model described here. Interestingly, modelegous bifunctional domain from the human trifunctional synthe-
ing of the types of bond rotations that might position the methenyltase enzyméAllaire et al., 1998 were superpositioned onto the
carbon in alternate locations often appear to induce a steric clagbrotein backbone model of the bacterial enzyme, and the positions
with the bound NADP cofactor. This observation might be consis-of easily recognizable residug¥ITPVPGG]| in a highly con-
tent with the observation that bound nicotinamide mononucleotideserved peptidg255-269 were used to register the protein se-
partially inhibits the cyclohydrolase activity of the enzyme. An quence onto the model. The side chains were built into the density,

Materials and methods

Crystallographic model building and refinement
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Table 2. Data, phasing, and refinement statistics

Diffraction data Native Aul Au2 PIP
Wavelength(A) 1.100 1.542 0.903 1.542
Resolution 2.5 2.8 2.9 2.8
Completenes$%o) 98.6(99.8 90.4(59.9 98.0(99.0 98.4(91.7)
Rmerge 3.3(13.0 5.7(21.8 7.0(39.2 4.1(14.6
Phasing statistics

Number of sites 3 2 2

Phasing power 1.14 1.66 1.03

Overall figure of merit 0.4Qacentrig/0.43 (centrig
Refinement

Reryst/Reree 23.2/29.9

Proteirysolvent atoms 2,7935

Ramachandran distributioi#o) 90.2 core, 9.8 allowed, 0 generous, 0 disallowed

RMS (bond lengths, A 0.006

RMS (bond angles$) 1.27

AverageB (A?) (protein 38.8

allowing space for weak and missing density of exposed glycineBendich A, Butterworth CEJ. 1996. Folic acid and the prevention of birth
residues. defects Ann Rev Nutr 1673-97.

Th del bi dtoi . f . | . Penkovic SJ, Bullard WP. 1973. On the mechanisms of action of folic acid
e model was subjected to iterations of conventional positional” " ¢ tactors Prog Bior Chem 2133-175.

refinement using X-PLOR 3.@8rlinger, 1992and manual model Blakeley R. 1969. Biochemistry of folic acid and related pteridines. In: Bloch K,
rebu”ding followed by torsion ang|e dynamiCS aBdfactor re- ed. Accounts of chemical researcNew York: Wiley and Sons. pp 191—

. .. : 7.
finements. The fre&_—factor(Brunger,_199;Bwas used to monitor Briinger A. 1992X-PLOR version 3.1: A system for X-ray crystallography and
all stages of the refinement. Restrained gr@ifactors were re- NMR New Haven Connecticut: Yale University Press.
fined once theR-factors had dropped to reasonable values. ForBriinger A. 1993. Assessment of phase accuracy by cross validation: THe free
each residue, a single overBlfactor for its main-chain atoms and ___value. Methods and applicationécta Cryst DA%24-36.

. i . Cheung E, D’Ari L, Rabinowitz JC, Dyer DH, Huang J-Y, Stoddard BL. 1997.
a second separate overaifactor for its side-chain atoms were Purification, crystallization, and preliminary X-ray studies of a bifunctional
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