Biochemistry2000, 39, 6325-6335 6325

Structures of Three Inhibitor Complexes Provide Insight into the Reaction
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ABSTRACT. Enzymes involved in tetrahydrofolate metabolism are of particular pharmaceutical interest, as
their function is crucial for amino acid and DNA biosynthesis. The crystal structure of the human cytosolic
methylenetetrahydrofolate dehydrogenase/cyclohydrolase (DC301) domain of a trifunctional enzyme has
been determined previously with a bound NADP cofactor. While the substrate binding site was identified
to be localized in a deep and rather hydrophobic cleft at the interface between two protein domains, the
unambiguous assignment of catalytic residues was not possible. We succeeded in determining the crystal
structures of three ternary DC301/NADP/inhibitor complexes. Investigation of these structures followed
by site-directed mutagenesis studies allowed identification of the amino acids involved in catalysis by
both enzyme activities. The inhibitors bind close to Lys56 and Tyr52, residues of a strictly conserved
motif for active sites in dehydrogenases. While Lys56 is in a good position for chemical interaction with
the substrate analogue, Tyr52 was found stacking against the inhibitors’ aromatic rings and hence seems
to be more important for proper positioning of the ligand than for catalysis. Also, Ser49 and/or Cys147
were found to possibly act as an activator for water in the cyclohydrolase step. These and the other
residues (GIn100 and Asp125), with which contacts are made, are strictly conserved in THF dehydrogenases.
On the basis of structural and mutagenesis data, we propose a reaction mechanism for both activities, the
dehydrogenase and the cyclohydrolase.

Tetrahydrofolate (THF)plays a crucial role as a molecule  10-formyl-THF synthetase (S2). Therefore, these enzymes
for the production and utilization of monocarbon units in represent potential pharmaceutical targets for the manipula-
various oxidation states. THF derivatives participate in a tion of cell growth and development and hence cancer
variety of biosyntheses, including methionine, glycine, serine, prevention or treatment.
purine bases, and thymidylated)( Therefore, it is not The crystal structure of DC301, the human cytosolic DC
surprising that several enzymes exist to link and subsequentlydomain of the trifunctional enzyme, has been determined
modify these one-carbon units on the THF molecules. Thesepreviously to 1.5 A resolution3), and the structure of the
enzymes play a vital role for the production and also the Escherichia colienzyme was published recentd) (DC301
degradation of some amino acids and nucleotides, as wellwas cocrystallized with NADP, which is used as a cofactor
as the maintenance of the required levels of methyl-, in the dehydrogenase step. NADP binds to the C-terminal
methylene-, formyl- and unsubstituted THF. domain, which shows the typical Rossmann féjdbserved

In higher organisms, the activities involved in the modi- in the SCAD protein family). The position of the cofactor’s
fication of the monocarbon that can be transferred as anicotinamide ring in a large, rather hydrophobic cleft and in
methylene, methenyl, or formyl group are linked together the vicinity of the Y—X—X—X—K motif strictly conserved
to form a trifunctional enzyme consisting of methylene-THF in this family (6, 7) indicated the likely location of the active
dehydrogenase (D), methenyl-THF cyclohydrolase (C), and site. Nevertheless, an unambiguous assignment of the roles
of residues involved in catalysis could not be made.

* Corresponding author. Telephone: (514)496 6321. Fax: (514)-  Various structures of dehydrogenase complexes with either

496 5143. E-mail: mirek.cygler@bri.nrc.ca. NAD or NADP cofactors have been determin&d-(2), and
zmgn% rﬁ\?s;?‘tg?h Council of Canada. some of them have also been cocrystallized with a substrate
I Lilly Research Laboratories. analogue 13—15). However, no information on the enzyme

1 Abbreviations: THF, tetrahydrofolate; DC, dehydrogenase/cyclo- cofactor complex exists for the family represented by human
hydrolase; calcd, calculated; NADP, nicotinamide adenine dinucleotide bifunctional DC301 enzyme. The details of the reaction

phosphate; MOPS, N¢morpholino)propanesulfonic acid; SCAD, ; inh ;
short-chain alcohol dehydrogenase; PEG, poly(ethylene glycol); DMSO, mechanism, which includes channelidg)between the two

dimethyl sulfoxide; PMSF, phenylmethanesulfonyl fluoride; BSA, Cata'Vti_C activities (D and C, Figure 1), remain to be
bovine serum albumin. determined.
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Ficure 1: Pathways in THF metabolism showing the function of
the methylene-THF dehydrogenase (D), cyclohydrolase (C) DC301,
and 10-formyl-THF synthetase, the third activity of the full-length
protein DCS. Only the reactive part of the THF molecule is shown.

To elucidate the reaction mechanisms for each of the two
enzymatic activities, we undertook crystallographic studies
of ternary complexes of DC301, NADP, and several folate
analogue inhibitors, some of which are already in clinical
trials (17—19). Three of the inhibitors were successfully
cocrystallized with the enzyme and NADP. These crystal
structures provided insight that allowed us not only to
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Ficure 2: Four inhibitors used are shown with THF as a reference.
Atoms belonging to the reactive part are numbered. Inhibitor

identify the catalytic residues but also to propose a plausible Ly289739 did not bind to DC301 under our crystallization

reaction mechanism for both reaction steps.

EXPERIMENTAL PROCEDURES

Crystallization of Protein-Inhibitor Complexes.The
protein DC301 was kept in a solution containing 50 mM
potassium phosphate buffer at pH 7.3, 1 mM benzamidine,
20% glycerol, 35 mNp-mercaptoethanol, and 7 mM NADP
at a concentration of 1220 mg/mL. This solution was
diluted 1:1 with 10 mM potassium phosphate buffer, pH 6.8,
prior to crystallization, and LL of g-mercaptoethanol was
added per 25@L of final solution.

The inhibitors used in this study were provided by Eli Lilly
and are shown in Figure 2. Complexes with inhibitors were
obtained by cocrystallization at different protein/inhibitor
ratios. The compounds Ly345899, Ly249543, Ly374571, and

conditions despite its lou;. Figure drawn with ChemWindows,
version 5.0 (SoftShell Int. Ltd.).

crystals and appear to be more fragile. For data collection,
the crystals were mounted in a nylon fiber loop and shock
frozen in liquid nitrogen or in the cold stream of nitrogen
gas (Oxford Cryosystem, set at 100 K) either immediately
or after a brief soak in heavy mineral oil.

Data Collection and ProcessingData collection for
complexes with Ly249543, Ly289739, and Ly374571 was
carried out at 100 K on a Quantum-4 CCD detector at the
beamline X8C, NSLS, BNL, Upton, NY. The wavelength
was 1.00022 A, the crystal to detector distance was 175 mm,
and the oscillation range was 077er frame with exposure
times of 30-50 s. Dezingering was applied for longer
exposure times. Data for the Ly345899 complex were

Ly289739 (molecular mass between 423 and 471 g/mol) ascollected with an oscillation range of 2.&nd a crystal-to-

shown in Figure 217—19) were solids and were dissolved
in 10 mM KH,PO,, pH 6.8, containing LL of f-mercapto-
ethanol/125:L. This solution was then used as a diluent for
the protein to give approximate protein/inhibitor ratios of
1:100 for Ly249543 and Ly289739 or 1:10 for Ly345899
and Ly374571.

Crystals were obtained by hanging drop vapor diffusion
at 20°C at conditions similar to that of the native enzyme
(20). The precipitant contained 25% (w/v) PEG 3350, 0.2
M ammonium acetate, 5% glycerol, and 0.1 M sodium
citrate, pH 5.2. Drops contained & of protein solution
and 4ulL of reservoir solution. Native crystals were used as

detector distance of 140 mm on an RAXIS-II C detector
mounted on a RU-300 rotating anode generator. Data
reduction was carried out with programs DENZO and
SCALEPACK (22), and reflection files were converted into
CNS format with the program “sca2cns” of the CCP4
package 23).

Crystals of DC301 complexes form platelets with dimen-
sions 0.3x 0.3 x 0.05 mm and belong to the space group
P2,2,2, with cell constanta = 67.7,b = 135.9,c = 61.6
A and two molecules in the asymmetric unit. The complexes
diffracted to a maximum resolution of 222.2 A as
compared to the native crystals that diffracted to a resolution

the initial macroseeds. This process initiated nucleation, andof 1.5 A. A summary of the statistics for the datasets used

the new crystals were transferred into new inhibitor-
containing drops for their final growth. When the inhibitors

for structure refinement is given in Table 1.
Structure RefinemenRefinement was carried out with

are present, the crystals grow to smaller size than native CNS version 0.524). The native protein structure without
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Table 1: Data Collection Statistics for the Datasets Collected on the Inhibitor Complexes

inhibitor reflections total reflections unique resolution (A)  Reym I/o(l) completeness (%) redundancy
Ly345899 185 463 15688 10.0 >4 97.1 6
Ly249543 175474 29512 4.4 >4 99.3 4
Ly374571 238 477 29628 4.4 >5 99.8 5
Ly289739 256 517 33662 4.9 >5 99.0 45
aIn all cases except Ly289739, the inhibitor was actually bound.
Table 2: Refinement Statistics for the Three Compléxes
Ly345899 Ly249543 Ly374571
resolution range (A) 82.7 15-2.2 15-2.2
no. of reflections (total) 15194 28962 26 225
no. of atoms (total, non-H) 4638 4722 4753
of which protein (A+ B) 4391 4398 4398
water 110 195 218
NADP (A + B) 96 96 96
inhibitor 34 32 31
other heteroatoms 4
individual B factors refined no yes yes
bulk solvent correction yes yes yes
average B factor overall not refined 24.6 245
of which protein not refined 24.2 23.6
water not refined 28.2 29.0
NADP not refined 41.0 50.7
inhibitor not refined 11.3 24.3
other heteroatoms 47.3
R 20.7 22.7 22.6
Riree (10% of data) 23.1 26.4 26.7

an the refinement process, no noncrystallographic restraints autoffs on the data were applied.

NADP or water was used as the starting model for rigid body residual density in thd=,—F; maps. Refinement of the
refinement. The resolution ranges were—252 A for inhibitor complexes converged with tiefactors of less than
inhibitors Ly249543 and Ly374571 and-2.7 A for inhibitor 0.22 Riee < 0.26) (Table 2). The coordinates have been
Ly345899. All reflections were included in the refinement. deposited in the Protein Data Bank of Brookhaven (PDB),
To monitor the progress of the refinement, 10% of the data access codes 1dia, 1dib, and 1dig.
were set aside for cross-validation usiRgee (25). Site-Directed Mutagenesiall mutations were performed
After rigid body refinement and a first round of positional using in vitro overlap-extension PCR with Vent DNA
refinement, two NADP molecules and several water mole- polymerase as described by the manufacturer (New England
cules were inserted manually into the electron densiy-(2 Biolabs). Amplification of DNA fragments using the first
F. andF,—F. maps) using version 6.2.1 of the program O two sets of primers was performed in 10 mM KCI, 20 mM
(26). After several rounds of refinement, adding more solvent Tris-HCI (pH 8.8 at 25°C), 10 mM (NH,);SOy, 3 mM
molecules and applying bulk solvent correction, electron MgSQ,, 0.1% Triton-X100, and 0.1 mg/mL BSA, using 10
density near one of the molecules of the noncrystallographic ng of plasmid DNA, 125mol of each dNTP, 50 pmol of
dimer was sufficiently clear to add the inhibitor (with the each primer, and 1 unit of Vent polymerase in a final volume
exception of Ly289739; no inhibitor was found). There was of 50 uL. The samples were overlaid with 5. of light
no evidence for the presence of an inhibitor in the second mineral oil and subjected to 30 cycles of PCR: denaturation,
molecule. In all cases except Ly345899, in which the 30 s at 94°C; annealing, 30 s at 5TC; and extension, 30 s
resolution was insufficient, individual B factors were refined. at 72 °C using a Progene (Techne) PCR machine. The
Because of the structural differences between the two products of the first PCR reactions were analyzed by
monomers, noncrystallographic symmetry restraints were notelectrophoresis on 1.6% agarose gels, and the bands of
applied. Topology and parameter files for the inhibitors and appropriate size were excised and purified using Gene-Clean
NADP were setup using the existing libraries as templates. (BIO/CAN Scientific) according to the manufacturer's
The manipulation of maps and coordinate files was done with specifications. One microliter of each of the overlapping
programs MAPMAN 27) and MOLEMAN (28), respec- fragments was mixed and subjected to PCR using the external
tively. primers under the same conditions, except that the annealing
The occupancies for NADP and the inhibitor molecules cycle was at 55C.
had to be adjusted to values less than 14).(Several values Following mutagenesis, a fragment containing the intro-
were selected for the refinement, and the behavior of the B duced mutation was excised by appropriate restriction digest
factors was monitored. The occupancy was consideredand was used to replace the corresponding fragment in the
correct when the factors refined to values similar to the oneswild-type expression plasmid. The entire fragment was
for atoms in close vicinity, which might lead to some sequenced to confirm the integrity of each mutant.
underestimation of the actual occupancy. Further criteria were Enzyme Expression and Purificatioihe expression
the behavior ofR and Ry as well as the appearance of plasmid pBKe-DC301 (Histagged at the C-terminus)
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encoding wild-type dehydrogenase/cyclohydrolase, as well A). NADP is present in both molecules, A and B. The protein
as all site-directed mutants, was used to transf&rncoli itself shows no significant structural change when compared
BL21(DE23). Enzyme expression was obtained by induction to the crystal structure of the native enzyme complexed only
of log-phase cultures with 0.4 mM IPTG as described with NADP. A loop of 10 amino acids close to the inhibitor
previously @9). The bacterial cultures were centrifuged at binding site in molecule A cannot be found in the electron
10 000 rpm (Sorvall RC5C, GSA rotor) for 10 min, and the density, as is also the case in the native DC301 structure. In
cell pellets (1.5 g) were frozen at80 °C. Frozen cells were  molecule B, this loop is well-ordered due to contacts with
resuspended in 3 vol of sonication buffer (0.1 M potassium symmetry-related molecules in the crystal. No conformational
phosphate, pH 7.3, 35 mM-mercaptoethanol, 1 mM  changes were observed for amino acid side chains directly
benzamidine, and 1 mM PMSF) and disrupted by sonication involved in NADP or inhibitor binding. Cys147 is an
using six 15-s intervals separated by 1 min cooling in ice. exception, as it is observed in two alternative conformations
After the addition of glycerol to 20% vl/v, the extract was for its Cs—C, bond in the Ly249543 and Ly374571
centrifuged at 16509 (Sorvall ss-34 rotor) for 30 min. One-  structures.
tenth volume of 10% protamine sulfate was added to the Both NADP and especially the inhibitor molecules appear
supernatant solution, which was stirred on ice for 30 min to have partial occupancies in the crystal structure, with
and then centrifuged again for 30 min. values ranging from 0.25 to 0.40, thus implying only weak
The supernatant solution was adjusted to 0.3 M NaCl and protein—inhibitor interaction. Despite their relatively weak
5 mM imidazole (pH 7.8). To 6.5 mL of this solution was electron density, the orientation could always clearly be seen
added 2 mL of a 50% slurry of Ni-NTA resin that had been (Figure 3). The active site clefts in the two monomers A
equilibrated with buffer A (0.1 M potassium phosphate, pH and B are of different widths as shown in Figure 4. The
7.8, 35 mMp-mercaptoethanol, 1 mM benzamidine, 1 mM inhibitors bind only to the molecule with the narrower cleft
PMSF, 5 mM imidazole, and 20% glycerol). Afté h of (molecule A). Since the enzyme and the inhibitors were
gentle mixing of the solution on an orbital shaker, the slurry cocrystallized, this differential binding may be due to the
was packed into a column (0.8 4 cm) and washed with  intrinsic asymmetry of the dimers in solution rather than to
10 column vol each of buffer A containing 10 mM imidazole crystal packing forces. The asymmetry within the dimer
and buffer A containing 15 mM imidazole. The enzyme was €Xists not only in this crystal form. Recently, we have solved
eluted (0.2 mL/min) with buffer A containing 25 mM the structure of the native protein in a monoclinic space group
imidazole. Fractions containing enzyme activity were de- (20) and found that the two molecules in the asymmetric
tected using standard activity assay conditions. All purifica- Unit also show different widths of their active site clefts.

tions were monitored by SDSPAGE on 10% polyacryl- Inhibitor and Cofactor BindingThe inhibitors (Figure 2)
amide gels, and protein was measured by a Bradford assaypind in a cleft situated between the N- and the C-terminal
using BSA as the standard. domains of DC301. The fragment of the inhibitor corre-

Dehydrogenase Assa§he assay mixture contained 25 SPonding to the reactive part in methylene-THF is sand-
mM MOPS (pH 7.3), 2 mM potassium phosphate (pH 7.3), chhed between the_n|<_:0t|nan_1|d_e ring of NADP and the S|_de
36 mM -mercaptoethanol, 2.5 mM formaldehyde, 200 chain of Tyr52 and is in proximity to the Lys56 side chain
THF, and 40Q:M NADP for standard conditions. For kinetic ~ (Figure 5). The position with respect to the NADP is always
characterization in which the concentration of one substrate SUCh that the nicotinamide reactive carbdrli€s underneath
was varied, assays were performed at°8with 2.5 mL  the atoms corresponding to°r N of methylene-THF.
assay mixtures by withdrawing 0.5-mL aliquots and adding Contacts with the protein are mainly through interaction _W|t_h
them to 0.5 mL of 0.36 M HCI at 0-, 10-, 20-, and 30-s backbone oxygens and nitrogens, suggesting that the binding
intervals. After 10 min, methenyltetrahydrofolate was de- Site is preformed and rigid. Side chains interacting with the
termined by absorbance at 350 nm. Initial rates were |nh|b|tor.are GIn100, Tyr52, and Ly556 (all |nh|b|tors.,). and
determined from plots of methenyl-THF versus time. In all ASP125 in the case of Ly345899 (Figure 5). The position of
cases, a maximum of 10% of the limiting substrate was the_ NADP molecule changes only slightly, but the nicotin-
converted to product. For routine assays under saturation with@mide part of the cofactor bound to monomer A shows some
both substrates, the standard fixed point assay was @gpd ( disorder with an inhibitor present.

Cyclohydrolase Actity. Cyclohydrolase activity was Th? only chemically active group in proximity to th?
determined at 30C by following the initial rates of loss of reactive center of .the methenyl-THF molecule (or its
methenyltetrahydrofolate at 355 nm on a recording spectro- analogue) is the-amino group of LVS56- Tyr52 and Lys56
photometer for 20 s and correcting for the nonenzymatic &€ part of the TyrX —X—X—Lys motif strictly conserved
conversion of methenyltetrahydrofolate to 10-formyltetra- |n_dehydrogenases/cyclohydrolases of the SCAD ff?‘m"y
hydrofolate. Assay buffer contained 25 mM MOPS (pH 7.3), (Figure 6) and are therefore the most probable candidates

; for catalytic residues. In the complexes, Tyr52 participates
2 mM potassium phosphate, and 36 nkmercaptoethanol. only in hydrophobic stacking interaction with the inhibitor

RESULTS AND DISCUSSION molecule and is unlikely to play a direct role in the enzymatic
reaction. Nevertheless, the contacts provided by Tyr52 are
General Structural Feature®C molecules form dimers,  important for correct positioning of the substrate. Tyr52 does
and there is one such dimer in the asymmetric unit in the not interact with the Lys56 side chain, in contrast to other
crystal. Despite reasonable inhibition constants, the inhibitors dehydrogenase®( 14). In the 3x-203-hydroxysteroid de-
appeared to bind to the enzyme with less than full occupancyhydrogenase, the active site lysine amino group might adjust
or are partially disordered. Most interestingly, they bound the K, of the tyrosine OH group so that its proton can easily
to only one molecule of the dimer (referred to as molecule be transferred to the substrag 80. In the DC301 molecule,
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Ficure 3: Electron density for inhibitors Ly249543 (a) and Ly345899(lweighted #,—F,, contoured at 0.4 for the inhibitor and 1o
for the protein and NADP) in similar orientation. Different orientation of the pteridine moiety in the two structures can clearly be seen.
Figure produced in program O.

L 4 8 4 substrate binding cleft
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Ficure 4: Ribbon representation [generated with MOLSCRIB&)J of the two molecules in the noncrystallographic dimer. Loop missing
in molecule A is disordered. NADP binding domain is blue, catalytic domain is red, and hinge region is green. Inhibitors bound only to
molecule A, with the narrower binding cleft.
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Ficure 5: Environment of the bound Ly345899 inhibitor. Contacts between the protein and the substrate analogue are made mainly through
backbone nitrogens and oxygens as well as hydrophobic stacking. Lys56 is positioned very well for chemical interaction.

DC_human_c M P ——— ===~ =~ — e m e e e e e — AEILNGEKEISAQIRARLENQVTQLK 28
DC_rat_c @D = = = = = = == = = = e e AGILNGKVVSAQIRNRLKTQVTOMQ 28
DC_ecoli_c L= = = = = = = = e o AKIIDGKTIAQOVRSEVAQKVQARI 27
DC_human_m msalaarllgpahscslrlrpfhlaavrne-------—-=----—=--=-=———-- AVVISGRKLAQQIKQEVRQEVEEWV 55
DC_dros_m matvmgptppgtgvmwpaiwrtsskaigirgsvgfefstrkisgkpgkevt isnmAQIIDGKATAQEVRTQLAHELKGME 80
DC_mouse_m masvsllsalavrllrpthgchprlgpfhlaavrne------------------- AVVISGRKLAQQIKQEVQQEVEEWV 61
DC_human_c eqvpg fTPRLAILQVGNRDDSNLY INVKLKAAEEIGIKAThikLPRTTTESEVMKY ITSLNEDSTVHGFLVQLPLdsens 108
DC_rat_c eqvpg fTPGLAILQVGDRDDSNLY INVKLKAAQEIGIKAThikLPRTSTESEVLKYVISLNEDATVHGFIVQLPLdsens 108
DC_ecoli_c aaglr-APGLAVVLVGSNPASQIYVASKRKACEEVGFVSRsydLPETTSEAELLELIDTLNADNTIDGILVQLPL--pag 104
DC_human_m asgnk-RPHLSVILVGENPASHSYVLNKTRAAAVVGINSEt imKPASISEEELLNLINKLNNDDNVDGLLVQLPL--peh 132
DC_dros_m aagyp-KPHLTAVIVGEDPASEKYVANKMVACREVGISSEtKrLPASTTQEELLQLIADLNKDPQVTGILVQLPV--peh 157
DC_mouse_m asgnk-RPHLSVILVGDNPASHSYVLNKTRAAAEVGINSEL ivKPASVSEEELLNSIRKLNNDENVDGLLVQLPL--peh 138
DC_human_c inteevinaiapekdvdgltsiNAGRLARgd1lndcFIPCTPKGCLELIKETGVPIAGRHAVVVGRSKIVGAPMHDLLLWN 188
DC_rat_c inteavinaiapekdvdgltsiNAGKLARgdlkdcFIPCTPKGCLELIKETGVQIAGRHAVVVGRSKIVGAPMHEDLLLWN 188
DC_ecoli_c idnvkvlerihpdkdvdg fhpyNVGRLCQrapr--LRPCTPRGIVTLLERYNIDTFGLNAVVIGASNIVGRPMSMELLLA 182
DC_human_m iderricnavspdkdvdg fhviNVGRMCLAqQy s - -MLPATPWGVWEI IKRTGI PTLGKNVVVAGRSKNVGMPIAMLLHTD 210
DC__drOS__m inerticnavdvdkdvdgfnevNIGRTALdmea-~NIPATPLGVKRLLEHMKIETLGRNAVVVGRSKNVSLPMAILLHAD 235
DC_mouse_m iderkvcnavspdkdvdg fhviNVGRMCLAqys--MLPATPWGVWEI IKRTGIPTLGEKNVVVAGRSENVGMPIAMLLHTD 216
DC_human_c  ----=--—-- NATVTTCHSKTAHLDEEVNKGDILVVATCOPEMVKGEWIKPGAIVIDCGINYVPDDKkpngrKVVGDVAY 258
DC_rat_c¢ W =-=====—=—- NATVTTCHS KTADLDKE’VNKGDILWATG_QPEMVKGEWI KPGAVVIDCGINYVPDDTkpngrKVVGDVAY 258
DC_ecoli_c W ========== GCTTTVTHRFTENLRHHVENADLL IVAVGKPGF I PGDWIKEGAIVIDVGINRLENGK -~ -~~~ VVGDVVF 246
DC_human_m GAHERPGGDATVTISHRYTPREQLKKHTILADIVISAAGIEPNLITADMIKEGAAVIDVGINRVHDPVEt akp-KLVGDVDF 289
DC dros m GKYATKAMDATVTICHRYTPPKELARHCRQADIIVVAVGKPGLITKDMVKPGACVIDVGINRIKDEStgqf-KLVGDVDF 314
Dc:mou sé"_m GAHERPGGDATVTISHRYTPKEQLKKHTILADIVISAAGIPNLITADMIKEGAAVIDVGINRVQDPVtakp-KLVGDVDF 295
DC_human_c DEAKERASFITPVPGGVGPMTVAMLMQSTVESAKRFLEK fkpgkwmig-——----- 306
DC_rat_c DEAKEKASFITPVPGGVGPMTVAMLMOSTVESAQRFLKk fkpgkwt ig-—----- 306
DC_ecoli_c EDAAKRASYITPVPGGVGPMTVATLIENTLQACVEYHDpgde-=-=-=—=-—====-- 288
DC_human_m EGVRQKAGYITPVPGGVGPMTVAMLMKNTIIAAKKVLRleerevlkskelgvatn 344
DC_CerS__m EEVRQVAGHITPVPGGVGPMTVAMLMHNTLKAARKQFDArkss---=--=====-- 357
DC_mouse_m EGVKKKAGYITPVPGGVGPMTVAMLMKNTIIAAKKVLRpeelevikskgrgvatn 350

Ficure 6: Alignments of six DC sequences showing the conserved regions of these proteins. Sections interacting with NADP are blue,
sections interacting with the inhibitors are yellow, and the active site residues are orange. Sequences shown are humdn, gali, and
cytosolic DC (human_c, rat_c, ecoli_c) and human, drosophila, and mouse mitochondrial DC (human_m, dros_m, mouse_m). Alignment
generated with MacawWin 2.0.39).

Tyr52 forms H-bonding contacts only with Tyr240, located the disordered loop region. This contact seems to be
on the opposite side of the binding cleft at the beginning of important for the correct positioning of the Tyr52 aromatic
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Ficure 7: (a) Overlay of the three inhibitors as found in the crystal structures when the protein backbones are superimposed. All three

inhibitors bind in the same region, with the same part of the molecule located close to the proposed active site. The pteridine moiety of

Ly345899 is rotated by 180elative to the other two inhibitors. Figure created with MOLSCRIB8)((b) Location of two water molecules

near the catalytic site. Residues involved in binding these water molecules via direct H-bonds to their side chains are shown in green, and

active site residues and residues binding the water molecules indirectly or with their backbone atoms are shown in blue.

Table 3: Inhibition Constants for the Inhibitors, Determined under
Two Different Conditions

structures with bound NAD cofacto8(11). In some cases,
it is proposed that this effect is caused by free exchange
between NAD and NADH present in the solvent. However,

" oo K (uMl))uﬁerJr obedin in the case of DC301, no NADPH was present in the
inhibitor (g/mol) aq buffer 4% DMSO  structure crystallization med'“”?’ anq the qlsorder .Squ.eStS a .S“ght
movement of the nicotinamide moiety and its adjacent ribose
tggiggig gé 0.018 310_'2029 yyeess group due to the interaction with the inhibitor molecule.
Ly374571 431 0.003 ves Kinetic Properties of Mutant Dehydrogenase/Cyclohydro-
Ly289739 423 9.5 313 no lases.Tyrosine and lysine of the conserved FyX—X—

side chain. It is lost in molecule B, where the distance

X—Lys motif have been proposed as catalytic residues for
the dehydrogenasé,(16, 29, 31, 3Rand cyclohydrolase

between the two OH group oxygen atoms is increased to activities @). Substitution by site-directed mutagenesis of

6.4 as compared to 3.8 A in molecule A. The only strong
H-bonding contacts formed by the side chain of Lys56 are
with the GIn100 side chain (distance 2.6 A).

In the Ly345899 complex, the orientation of the pteridine
is flipped by 180 as compared to the two other inhibitors.

Lys56 by GIn, Met, or Glu only moderately affected the
dehydrogenase activity, while substitution by lle, Ser, Thr,
or Ala reduces it substantially, to-8% of wild-type activity
(Table 4). Unexpectedly, the latter group of mutants exhibits
reduced kinetic isotope effects when assayed with deuterated

This may be induced by the compound’s additional carbonyl methylenetetrahydrofolate. All the above substitutions have
group, which allows for H-bonding contacts that are not a much more dramatic effect on the cyclohydrolase and
possible with the other inhibitor molecules (Figure 7). render this function inactive (Table 5).

Possible H-bonding partners in the other compounds The K56R mutant does not follow the pattern just

(Ly249543 and Ly374571) are only provided by the nitro- described. It retains approximately 1% of cyclohydrolase

gens in the position corresponding t68 N THF, while the
nitrogen N is exchanged for an aliphatic carbon (Ly249543).
In addition, the compound Ly374571 has a carbonyl group
in position C that does not exist in the natural substrate.
The possibility for the pteridine moiety to assume two
positions might also explain why the electron density for
the more flexible inhibitors (such as Ly249543 and Ly374571)
is weaker than for the very rigid Ly345899 molecule, even
though kinetic data show that Ly374571 is the inhibitor with
the lowestK; (Table 3). Partial disorder of the nicotinamide
ring of the NADP molecule bound to monomer A that occurs
upon inhibitor binding has also been observed in other

activity but, surprisingly, has the lowest residual dehydro-
genase activity (0.8%) of any of the mutants. Also, it exhibits
a normal kinetic isotope ratio.

The role of the Tyr52 residue in binding of the inhibitor
rather than in catalysis is also consistent with kinetic
investigation carried out on a Y52F mutant (Tables 4 and
5). The OH group of Tyr52 is not essential as a catalytic
moiety for either activity since the Y52F mutant shows only
minor reduction in dehydrogenase activity and no reduction
in cyclohydrolase activity. The properties of Y52A and Y52S
mutants are also consistent with this view; however, the effect
on activity is more significant, and changes in gvalues
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Table 4: Kinetic Properties of Mutant DC, Showing the Effect on

the Dehydrogenase Activity

Schmidt et al.

The second bound water molecule interacts with Cys147
and Thr148. Cysl147 is strictly conserved in all cytosolic
enzymes of this type, and Thrl48 is strictly conserved

g ghout the sequences of both cytosolic and mitochondrial

mUta_nt acly NADP __ methylene-THF "H/™H enzymes. The cyclohydrolase activity of the C147A/T148A
E5C63|21 (wildtype) 392 :: ii :'gi i(l) 2'22 double mutant is unaffected, downplaying the role of Wat2
KB6E 39  401+10 57105 556 in the reaction. The C147Q mutant, which is expgcted to
K56S 04 21719 25 114 block proper binding of the water molecule, still retains 14%
K56l 11  185+3.7 3.240.1 1.15 activity, suggesting that this specific water molecule is also
K56T 15 22.4+34 1.6+0.8 1.32 not solely involved in the cyclohydrolase reaction.
ﬁggf‘ﬂ éf 1236%:&227'9 ggi (1)"11 %gg Implications for the Reaction Mechanisithe structures
K56Q 108 512+ 84 21406 236 of three inhibitor complexes depicted quite clearly the
SA9A 17 =500 ND 315 interactions between the protein and its substrate. They
S49Q 56 10.3 3.7 215 allowed us to propose a novel assignment of residues
Y52F 0.6 46+ 14 451+ 8.1 ND involved in catalysis and the details of the reaction mecha-
Y52S 02 2903 3.2+20 ND nism (Figure 8).
Y52A 02 17+£04 45+14 ND On the basis of the conservation pattern and the location
C147Q 79 47 8.9 2.29 in the enzyme, we proposed previously that Tyr52 and Lys56
Cl147A, T148A 22 45 13 2.29 constitute the active site for the cyclohydrolase functi@n (
C147Q, S49Q 80 4.0 8.5 3.34

a Mutants with high residual activity are in boldface.

Table 5: Kinetic Properties of Mutant DC, Showing the Effect on

the Cyclohydrolase Activity

specific activity Km methylene-THF

In the crystal structures of the complexes, Tyr52 stacks with
the aromatic rings of the inhibitors and is unlikely to take
part in catalysis. Indeed, replacement of this residue by a
phenylalanine, which lacks the OH group necessary for
chemical action, had practically no effect on the enzymatic
activity.

mutant (units/mg) (uM) Mutations of Lys56 completely inactivated the cyclo-
DC 301 (wildtype) 133 344 19 hydrolase and significantly reduced the dehydrogenase
K56R 16 144 11 activity in a manner dependent on the type of substitution.
K56E ND ND We therefore propose that Lys56 plays a role in both
K56S ND ND reactions and changes its function in the course of channeling
Egng ND ND the substrate from dehydrogenase to cyclohydrolase activity.
K56A ND ND In the dehydrogenase step as depicted in Figure 8, the Lys56
K56M ND ND amino group increases the electron density in the tetra-
K56Q ND ND hydropteridine moiety, thereby assisting the abstraction of a
S49A 128 52t 9 hydride from the methylene group by the nicotinamide
S49Q 25 32 moiety of NADP. In the cyclohydrolase reaction, Lys56
Y52F 160 48+ 16 is proposed to play a role in proton transfer, assisting
:((ggi j’? fgi 35 the conversion of the hydroxymethyl intermediate to 10-
c147 18 936 formyltetrahydrofolate.
C1472, T148A 146 56 In either of the proposed functions, the lysia@mino
C147Q, S49Q 6.7 ND group must be in the neutral state, asNHhe normal K,

aMutants with high residual activity are in boldface.

for the lysine side chain is around 10. Thus, an environment
must exist that favors the nonprotonated state for this residue

for the substrates are more pronounced. The slightly elevatedat physiological pH. In the crystal structure, Lys56 is
kinetic isotope ratios for the Y52 mutants suggest that the embedded in a strongly hydrophobic environment that favors
alignment of the bound substrates has been altered in thes¢he nonprotonated form. Of the 11 residues constituting the
enzymes. close environment of Lys56 (Figure 9), eight are hydrophobic
The cyclohydrolase activity, in the forward direction, uses (of the type Leu, lle, Val, or Met, plus Tyr52). In six DC
a water molecule to hydrolyze the methenyl intermediate. protein sequences, four of those are strictly conserved
Residues Ser49 and Cys147 interact with water molecules(Val280, Leu283, Tyr52, and Leu38), and the others are
bound in the vicinity of the active site, termed Watl and highly conserved (Met284, lle40, 1le53, and Leu98). This
Wat2, respectively. These residues were tested for their effectstrongly hydrophobic environment might be of extreme
on cyclohydrolase activity. Watl makes H-bonds not only importance for the reverse cyclohydrolase reaction, in which
to Ser49 but also to the backbone oxygen atom of Leul01.an intermediate sensitive to hydrolysis is being formed. There
The S49A mutant exhibits normal cyclohydrolase activity, are known cases in which a lysine side chain shows an
while the S49Q mutant has only 19% of wild-type activity. unusually low K, and therefore acts as a general base during
Serine to alanine replacement creates a larger void and maycatalysis. In RTEM3-lactamase fronk. coli, the active site
not prevent the binding of a water molecule. Introduction of lysine was found to have strong H-bonding contacts with a
a larger GIn was designed to eliminate this water binding nearby serine and a glutamirgj, as is the case in DC301.
site. A significant residual cyclohydrolase activity of this In addition, proximity to another lysine disfavors protonation
S49Q precludes the notion that this water molecule is utilized of the catalytically active lysine3d), effectively lowering
solely in this enzymatic mechanism. its pK; down to values between 6 and 7. This effect was
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Ficure 8: Proposed reaction mechanism for DC301. Lys56 is proposed to play a key role in both reaction steps and to change its function
from a Lewis base in the dehydrogenase step to an actual proton acceptor/donor in the cyclohydrolase step. This reaction scheme involves
a rotation of the pteridine fragment by 80’ he water molecule in the cyclohydrolase step might come from the solvent or be held nearby

by the base “B”, which could be Ser49, Cys147, or Thr148. Figure drawn withChemWindows 5.0/CorelDraw 7.
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Ficure 9: Environment of the lysine 56 side chain. Most of the
residues surrounding this amino acid are hydrophobic and would
therefore destabilize the protonated form of Lys56. All of these
residues are highly conserved.

also detected earlier in an investigation of mellitdb) and
ribulose-1,5-bisphosphate carboxyla86)( In these cases,
the ionization constants for the active site lysine, located in
a positively charged environment, were considerably shifted.
Lysine can also replace the histidine of a catalytic triad,
which then acts as a general ba8&)(

For Lys56 to play both roles, it would require a change
of orientation of the substrate within the active site cleft.

the mobility of protein domains could allow for such
movements. As inferred from the structure of complexes,
the interactions of the substrate in both possible orientations
with the protein and NADP would be very similar, suggesting
small energy differences between the two orientations.
Molecular dynamics calculations on the methylenetetra-
hydrofolate dehydrogenase/cyclohydrolase fiiantoli (4)
indicated that the pteridine moiety of the substrate might turn
between the two reaction steps. Ly345899, with an additional
contact between the®atom of the pteridine ring analogue
and the Aspl125 side chain, best represents the binding of
methenyl-THF or N°-formyl-THF (the substrate for the
reverse cyclohydrolase reaction), while the two other inhibi-
tors correspond to the methylene-THF substrate. The way
the substrate binds to the protein could be guided by its
chemical properties. The carbonyl group dfffbrmyl-THF

is an excellent H-bonding partner for a lysine side chain,
while the weakly polarized methylene-THF is more likely
to bind with the less negatively charged side of the pteridine
moiety next to the unprotonated lysine.

DehydrogenaseMutations of Lys56 to amino acid side
chains capable of providing a free electron pair (K56M,
K56Q, and K56E) exhibit significantly higher dehydrogenase
activity than those of similar size (K561 and K56T) that
cannot. According to the findings in the crystal structure as
well as the kinetic investigation of the mutants, Lys56 would

This movement would thus represent the transfer betweenhave the role of a nucleophile in the dehydrogenase step.

two catalytic sites (i.e., channeling) and might be a step at
which about half the intermediate is known to be released
from the site. In DC301, the rather wide binding cleft and

As an electron donor, it could carry out a nucleophilic attack
on the aromatic system in the pteridine moiety and, by gener-
ating an excess of electrons in the substrate molecule, assist
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the release of a hydride to the NADP cofactor (Figure 8). cyclohydrolase reactions. Lys56 appears to havi& gtpat

The polarization (or adduct formation) and the hydride is considerably lower than normal and could be a target for

transfer steps are most likely to be concerted. This hydride amino- specific agents. For example, reactive folate ana-

transfer is normally rate-limiting, exhibiting a deuterium logues could be designed to be very efficient covalent

kinetic isotope effect of about 2.9. In mutants lacking the inhibitors of this bifunctional site.

Lewis base side chain at position 56, the kinetic isotope effect

is reduced (Table 4) consistent with lower efficiency of an ACKNOWLEDGMENT
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