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ABSTRACT. Structural data for two independent crystal forms (monocli@i;,, and orthorhombid?2:2;2;)

of the ternary complex of the potent antitumor agent PT5RB-(B-amino-4-deoxypteroylNo-
hemiphthaloyle-ornithine], reduced nicotinamide adenine dinucleotide phosphate (NADPH), and
recombinant human dihydrofolate reductase (hDHFR) reveals multiple binding orientations for the
hemiphthaloyl group of the inhibitor. Analysis of these data shows that PT523 binds with its pteridine
ring in the same orientation observed for methotrexate (MTX) analogues. However, in each structure,
the hemiphthaloyl ring occupies three alternate conformations. IiCghiattice, the phthaloyl moiety

binds in two extended conformations, A and C, with each conformer having°dliB6f the o-carboxylate

group, and a third, lower occupancy conformer B, with the phthaloyl group folded within contact of the
active-site pocket. In the orthorhombic lattice, PT523 also has three conformers for the phthaloyl group;
however, these differ from those observed in the monoclinic lattice. Two major conformers, A and C,
are displaced on either side of the extended position observed iG2Hattice, one near the folded B
conformer of theC2 lattice and the other extended. These conformers form tighter intermolecular contacts
than those in th€2 lattice. Conformer B is folded back away from the active site in a unique position.
There are also significant differences in the conformation of the adeninese moiety of NADPH in

both complexes that differ from that observed for other inhibitdADPH—hDHFR ternary complexes.
These data suggest that the added intermolecular contacts made by the hemiphthaloyl group of PT523
contribute to its tighter binding to hDHFR than MTX, which does not extend as far from the active site
and cannot make these contacts. These crystallographic observations of multiple conformations for the
hemiphthaloyl group are in general agreement with solution NMR data for the binding of PT523 to hDHFR
[Johnson et al. (1997Biochemistry36, 4399-4411], which show that the hemiphthaloyl group may
adopt more than one conformation. However, the crystallographic data reveal more discretely occupied
positions than can be interpreted from the solution data. These results suggest that crystal packing
interactions may influence their stability.

Numerous analogues of folate substrates of human dihy-relationships among novel compounds that inhibit hDHFR
drofolate reductase (hDHFR), an enzyme required for the reveal that analogues which modify theglutamate moiety
synthesis of purines and pyrimidines, have been synthesizedf classical antifolates have the potential to act as dual-
and tested as DHFR inhibitors and antitumor agehts3j. function antifolates as they will also inhibit the enzyme
The ability of theL-glutamate side chain in classical DHFR folylpolyglutamate synthetase, responsible for polyglutama-
inhibitors such as methotrexate (MTX) to form polyglutamate tion of folates in cells §—8).
conjugates of the-carboxy group is a critical determinant | the course of a systematic exploration of the structure
of both their potency and therapeutic selectivily. (In an  activity relationships in antifolates, the potent antitumor
effort to enhance the selectivity and reduce the toxicity of compound PT523N¢-(4-amino-4-deoxypteroyIN’-hemi-
these compounds, in particular MTX, still the most widely - phthaloyl+ -ornithine), a nonpolyglutamatable analogue of
used antitumor agend), compounds that inhibit other folate-  \Tx was synthesizedd) and studied 10—12) (Figure 1).
dependent enzymes have been studied. Strueagvity  pT523 was more toxic than MTX against both MTX-resistant
and -sensitive cells and was recently reported to bind 15-

t Supported in part by GM-51670 (V.C.), CA-25394 (A.R.), CA- fold more tightly than methotrexate to recombinant hDHFR
31922, CA-21765, and American Lebanese Syrian Associated Charities(13). Further characterization of its properties revealed that

(R'*Lé%'())}dinates for both structures have been deposited with the the length of the chain between the carboxamide and the
: ition of the aromatic carboxylate group were critical to
Brookhaven Protein Data Bank (codes 10HJ and 10HK). posi . .
*To whom correspondence should be addressed: email cody@ the solubility for uptake and transport and for increased
hV\gi.buffan.edu. _ _ hydrophobicity of the compound. A major objective in the
. E‘g‘r‘]‘gf?;g'evrv‘é‘gvggﬂn“é'teiﬂfeagﬁgS::rr\fgré”f/fggggél'gcéhool development of PT523 and related compounds has been to
oSt. Jude Children’s Hospital. ' bypass polyglutamation while retaining potent activity against

® Abstract published ildvance ACS Abstractdlovember 1, 1997. hDHFR (4—16). Although PT523 binds to DHFR nearly
S0006-2960(97)01711-X CCC: $14.00 © 1997 American Chemical Society
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Ficure 1: Schematic diagram of DHFR inhibitors PT523, MTX,
and MTXT.

stoichiometrically, like MTX, its potency as a cell growth
inhibitor is substantially greater as it is £Q00-fold more
potent than MTX against most cell lin@svitro (9, 12, 16).
However, the greaten vitro potency relative to MTX cannot

be explained simply on the basis of tighter binding to
hDHFR. Further modification of PT523 by changing the
length of the methylene linker and the position of the
aromatic carboxylate revealed that PT523 was the optimized
analogue, as these others had reduced effectivetgs (

To investigate the structural basis for the inhibition strength
of PT523, multinuclear NMR techniques were used to study
binary and ternary complexes of PT523 and NADPH with
human DHFR {3). These data reveal that the binary
complex has two distinct conformations in solution that
convert to a single bound state on addition of NADPH.
Concurrent with these solution studies, the crystal structure
of hDHFR ternary complexes with PT523 was also inves-
tigated. The results of two independent crystal structure
determinations of ternary complexes of PT523, NADPH, and
hDHFR are reported here.

EXPERIMENTAL PROCEDURES

Crystallization and X-ray Data Collection Wild-type
recombinant human DHFR was cloned, isolated, and purified
as previously describedl?). The protein was incubated
overnight at 4°C in a molar excess of NADPH followed by
the inhibitor, PT523, which was synthesized as previously
described ). Hanging drop vapor diffusion experiments
were carried out at 28C with various crystallization screens.
Two types of crystals were finally obtained over a period of
several months of unsuccessful trials. Monoclinic crystals
were grown from 40% PEG 4000, 0.2 M sodium acetate,
and 0.1 M Tris-HCI, pH 7.0, in the wells and.& of protein
solution mixed with 3uL of well solution in the droplet.
Orthorhombic crystals were grown from Hampton Research
Screen Il, number 23 (Hampton Research, Riverside, CA),
which contained 10% dioxane, 0.1 M MES, pH 6.5, and 1.6
M ammonium sulfate in the reservoir.
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Table 1: Crystal Properties and Refinement Statistics for
PT523-NADPH—hDHFR Complexes
lattice type
monoclinic orthorhombic

lattice constants (A) 65.82, 40.35, 75.1536.90, 64.19,

f=109.74 69.95
space group Cc2 P2:2:2;
resolution range (A) 8025 8.0-2.5
reflections used 5976 5293
R factor (%) 19.9 19.8
protein atoms 1592 1592
water molecules 10 18
B factor (protein average) @ 16.86 19.41

root mean square deviation

targetc  monoclinic  orthorhombic

distances (A)

bonds 0.020 0.018 0.019

angles 0.040 0.062 0.063

planar -4 0.050 0.057 0.066
nonbonded distances (A)

single torsion 0.500 0.251 0.257

planar groups 0.020 0.013 0.014

chiral volume 0.150 0.220 0.221
multiple torsion 0.500 0.313 0.362
possible hydrogen bonds 0.500 0.359 0.362
torsion angles (deg)

planar 5.0 2.6 2.4

staggered 15.0 23.3 25.9

orthonormal 15.0 19.6 23.8

¢ = 75.15 A with = 109.74, and an orthorhombic lattice,
space groupr2:2;:2;, with cell parameters = 36.90,b =
69.19, ancc = 69.95 A. This is the first report of hDHFR
complexes in these space groups, as previous hDHFR
complexes have been reported only in the rhombohedral
space groupR3 (17—21), or the triclinic P1 lattice @2).
Diffraction data were collected on the best crystals available
to a maximum of 2.5 A resolution. Crystal lattice properties
and data collection statistics are listed in Table 1.

Structure Determination and Refinemerithe structures
of both ternary complexes of PT523, NADPH, and hDHFR
were solved by molecular replacement methods with the
program X-PLOR 23) used to orient the enzyme in ti@2
andP2,2,2, lattices based on the coordinates of the hDHFR
from the methotrexatg-tetrazole (MTXT) ternary structure
(18). Refinement was continued using the restrained least-
squares program PROLSQ4); modified by G. D. Smith,
HWI) in combination with the model-building program
CHAIN (25). All calculations were carried out on a Silicon
Graphics Impact R1000 workstation. The initialg —
|Fc))exp ia. maps, wherd=, are the observed arig; the
calculated structure factors based on the protein model only
anda. is the calculated phase, resulted in electron density
corresponding to both the inhibitor PT523 and the reduced
cofactor, NADPH, as well as a good fit of the protein to its
density.

Further restrained refinement was continued for the ternary
complexes, including the cofactor and inhibitor, which was
modeled on that of MTX in which the hemiphthaloyl group

Data collection was carried out on the best crystals was generated using the builder function of Syb6)(
available using a Rigaku Raxisllc Imaging plate system with (Figure 1). NADPH was taken from the wild-type ternary
a rotating anode source. Diffraction data showed the structure {8). The aromatic rings of PT523 and NADPH
presence of two crystal forms: a monoclinic lattice, space were constrained to be planar. Between least-squares
groupC2 with cell parameters af = 65.82,b = 40.35, and minimizations, the structures were manually adjusted to fit



Crystal Structure of DHFRNADPH—PT523 Complex Biochemistry, Vol. 36, No. 45, 19973899

FIGURE 2: a-Carbon trace of hDHFR colored by temperature factor for hDHPR523-NADPH ternary complex in th€2;2,2; lattice.
The highest thermal motions are colored white and the lowest are colored blue. Also labeled are the surface loop regions.

difference electron density and verified by a series of omit Table 2: PT523 Phthaloyl Group Intermolecular Contacts

maps calculated from the current model with deleted frag- C2 lattice P2,2:2; lattice
ments. disorder distance distance
In both structures, electron density for the hemiphthaloyl 54 contact A contact (A)

group was poor. When the electron density was fit by a A O4L-ND2 Asn64 52 O4E-0 Arg28 29

model for one conformer, either extended or folded, the 042-+-NE Arg-28 49 O42-NEArg-28 3.7
thermal parameters became larger, indicating less occupancy, 042--NE Arg-32 35
while at the same time the residual density for the alternative 033--041 2.9
ring positions remained positive and did not behave as B  041:--NE Arg-28 48 042-NzLys-63 2.8
solvent. Ultimately, three conformers of the benzoyl ring C:--C Pro-26 42  ©-CPro-26 4.2
were modeled to the residual density in a series of disordered C---C Phe-31 35 €-CPhe3l 3.5
e ) C-+-C pABA 3.7 GC-CpABA 4.3
positions that were then not refined. The presence of such C++-C Pro-61 42  &-C Pro-61 44
disordered models was suggested on the basis of solution C  O41-NE Arg-32 30 O41-NEGIn-35 3.0
NMR studies which were on-going during these crystal- 041+NH,Arg-32 42 042-OEGIn-35 2.8
lographic refinementsl@). 042---N31 (intra) 2.4  042:NzLys-68 4.1
The final refinement statistics are summarized in Table 042--NE2GIn-35 4.6  033-041 2.9

1. The Ramachandran conformational parameters from the

last cycle of refinement for both structures generated by ) ) S

PROCHECK R7), shows that between 84% and 87% of the complexes. There is alscces peptide linkage between Arg-
residues in both structures have the most favored conforma-85 and Pro-66 and between Gly-116 and Gly-117, as
tion and none are in disallowed regions. Coordinates for ©bserved in other human DHFR complexés, (19).

both structures have been deposited with the Brookhaven Inhibitor Binding The binding orientation of the pteridine

Protein Data Bank. ring of PT523 in both structures is similar to that observed
for MTXT. The carboxylate oxygens of Glu-30 protonate
RESULTS the pteridine ring of PT523, forming hydrogen bonds by OE2

Overall Structure The structures of the two hDHFR and OE1 to N(1) and the 2-amino group. In addition, the

PT523-NADPH ternary complexes were compared with that carboxylate oxygens of the glutamate form hydrogen bonds
of hDHFR-MTXT —NADPH (18). Analysis of the diffrac- to a conserved Thr-136 and to wat&B(19). There is also
tion data showed that both structures are ternary complexesVell-ordered electron density of PT523 and NADPH.

with NADPH present along with PT523, which binds with The most interesting feature of these two crystal structures
its pteridine ring in the same orientation observed for MTXT is the observation of multiple conformers for the hemiph-
(18). Least-squares superposition of 159 backbone atomsthaloyl group of PT523. As illustrated (Table 2; Figures
(Profit program, G. D. Smith, HWI Library) showed that 3—5), @ wide range of intermolecular contacts are accessible
the average root mean square deviation in these backbond0 the hemiphthaloyl group. In th€2 lattice (Figure 4),
positions between th€2 and theP2,2,2; complexes was  the principal hemiphthaloyl conformers (A and C, Table 2)
0.43 A, while between th&® hDHFR-NADPH—MTXT are extended, in a manner similar to MTXT, but the structure
complex and theC2 complex it was 0.30 A, and between is disordered by the ability of the phthaloyl ring to undergo
the R3 and theP2,2;2; complexes it was 0.37 A. These @180 flip. There are few direct contacts of the carboxylate
data show that the C2 structure is more similar to that of the to the enzyme for these conformers. However, the carboxy-
MTXT complex, while the orthorhombic structure shows late group makes a hydrogen-bond contact to atom NE of
more regions that differ in backbone conformation. There Arg-32 and could make contacts to Arg-28 and Arg-32
are a number of regions among these structures where theémines via intervening water molecules (not observed in the
backbone positions differ significantly from one another (i.e., €lectron density maps at this resolution). There is also an
~0.90 A). As highlighted in Figure 2 for the orthorhombic intramolecular contact between the phthaloyl amide nitrogen
structure, the regions of largest differences encompass theand theo-carboxylate group in conformer C.

flexible loop regions between residues 39 and 48, 60 and A third, lower occupancy conformer (B) in which the
65, 93 and 110, and 147 and 159 of the two PT523 phthaloyl group is folded back within contact of the active-
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contacts with Glu-35. In this conformation, the carboxamide
oxygen (O33) makes a close contact to the amide of Asn-

The folded conformer (B) occupies the same hydrophobic
pocket observed for conformer B in tiR lattice and makes
similar contacts to Pro-26, Pro-61, Phe-31 and the pABA
ring of PT523 itself. One of the carboxylate oxygens makes
a close contact to Lys-63, not observed in @ lattice.

NADPH Binding Although NADPH is bound in an
extended conformation, similar to other cofactor complexes
(18, 19, 28—30), there is considerable variation in the
conformation of the adeniregibose and the pyrophosphate
moieties (Table 3). The conformation of the nicotinamide
ribose moiety in both PT523 complexes is similar to that
observed for NADPH in the MTXT complex. However, in
the P2,2,2; lattice there is significant deviation in the
conformation of the adeninaibose moiety. As illustrated
(Table 3), the torsion angle about the pyrophosphate bridge
(O7—P,—08—C11) is extended compared to tlgauche
Ficure 3: Close-up view of the three conformers for the hemi- .Conformatlon pbservgd n th’.éZ structure and that of M.TXT
phthaloyl group in PT523 for the2 (A, white; B, gold: C, yellow) in the R3 lattice. Diffraction data also show that in the
andP2,2:2; (A, violet; B, cyan; C, light blue) lattices. The tetrazole P2;2;2; structure the geometry of the adenine pyrophosphate
ring of MTXT is colored green. Diagram was made with the group (O8-C11—-C12-C13) has adopted gaucheconfor-
program SETORZ2). mation compared to the extended conformation of Gi2e
andR3 structures.

The carboxamide group of the nicotinamide ring, which
is synto the nicotinamide ring N, makes a series of strong

site pocket can also be interpreted on the basis of electron
density maps. In this position the phthaloyl ring occupies a

hydrophobic pocket making contacts with Phe-31, Pro-26, hvdr :

. . ogen bonds to the conserved residues Ala-9 and lle-16
Pro-61, and the-aminobenzoyl (pABA) ring of PT523. The inthaFR. In addition, there are a series of nonbonded
carboxylate ring also makes hydrophobic contacts with Pro- ~_1...5 contacts involving the nicotinamide ring carbons

128 of a symmetry-related molecule. and three neighboring oxygens of residues Leu-7, lle-16, and
There are also multiple conformers for the hemiphthaloyl Val-115, which lie approximately in the plane of the
group of PT523 in the orthorhombic lattice, but these differ nicotinamide ring. These features are conserved in all ternary

from those observed in the monoclinic lattice (Figure 5). Two complexes 18, 28).

major conformers (A and C) are displaced from the extended  The intermolecular contacts between the inhibitor, cofactor,
positions (A and C) observed in tl@2 lattice and, in general,  and enzyme of these two PT523 complexes are similar to
these form closer contacts than in tB2 lattice. Conformer those observed for the MTXT ternary compledd), with

A most closely matches the position of conformer C from the exception of those involving the adenine amino group.
the C2 lattice, while conformer C in the orthorhombic lattice In these two PT523 ternary complexes, the change in
occupies a new position relative to the other complex. Theseconformation of the adenirgibose moiety places the amino
conformers also make close contacts with the enzyme. Asof adenine of the orthorhombic lattice within hydrogen-bond
illustrated (Table 2), the carboxylate oxygens of conformer contact to Glu-123, whereas in the MTXT complex this
A are within hydrogen-bonding contacts with Arg-28 and contact is much longer. There is also a change in conforma-
Arg-32, while the carboxylates of conformer C form close tion of the ribose hydroxyl O1 in the2,2,2; structure, which

.w ey - - e BN
Ficure 4: Stereo diagram ofR — F. electron density map, contoured at, highlighting models for the hemiphthaloyl group for PT523
from C2 lattice hDHFR complex (A, white; B, gold; C, yellow).



Crystal Structure of DHFRNADPH—-PT523 Complex Biochemistry, Vol. 36, No. 45, 19973901

Ficure 5: Stereo diagram ofR2, — F. electron density map, contoured at, highlighting models for the hemiphthaloyl group for PT523
from P2,2,2; lattice hDHFR complex (A, violet; B, cyan; C, blue).

Table 3: NADPH Conformation in hDHFR Ternary Complexes Table 4: Intermolecular Surface Loop Packing Contacts for
with PT523 and MTXT hDHFRe
c2 P212:2; R3
130 011
common contact contact contact
10,75 p12 residue  residue (A) residue  (A) residue  (A)

NH— Ho!  Zou HOY
_ 06 016 Asn-19 --Glu-81 45 --Ser-42 4.2 --Ser-167 13.4
\L TR N A N X e Gly-45 --Glu-81 3.6 --Val-50 4.9 --Ser-167 11.6
_ q Is Ls Q Glu78 +-+Arg-32 53 --lys46 27 --Glu-150 35

Y Pro-103 --Leu-99 3.4 --Asn-126 6.6 --Lys-173 9.3

N{L/ i Asp-145 ---Lys-173 3.4 --Pro-163 4.3 --Lys-178 4.0
N Gly-164 ---Tyr-77 3.9 --Glu-143 3.4 --Lys-108 4.4
h-MTXT,  h-PT523, h-PT523, lle-175 ---Asp-168 7.6 --Asn-29 7.9 --Asn-107 13.7
' Space group space group space group 2 Residues of surface loops correspond to those illustrated in Figure
torsion angle R c2 P2,2,2, ” lau u p p fu In Figu
C5-N1-C6-C7 141 132 138 .
jé: C8—C9—C10-04 —124 ~126 ~114 negatively charged phosphate group. Contacts to Lys-54,
6, C9-C10-04-P, —146 —161 —151 Ser-76, Glu-78, and the backbone of Arg-77 in the human
yn C10-04—P,—0O7 —52 —67 —56 structures anchor the phosphate group into position. The
¢n 04—P,—07—P, 123 108 113 binding of ; .
g of the pyrophosphate bridge region is situated
@a Py—O7-P—08 132 155 133 ! . o
¥a O7T-P,—08-Cl11 _g2 —_83 —174 between the amino ends of helices of the NADPH binding
0. P,—08-C11-C12 —147 —156 —-176 domain and makes close contacts to Gly-116 and Gly-117,
&a 8;34—%111;_%22—%3 1107§ —%‘21 —gg which has ais conformation. The other side of the adenine
Y _ _ _ _ _ S . . . i
. C15-014-010-P2 153 167 102 ggg;?nlg contact with the side chain of Lys-55 of the human

& subscript n, torsion angles for nic_;oti.namide_nucleoside; subscript Packing Analysis The observation of two independent
3;;33;‘;”@?3'?,5$°Jtﬂ§§2§'§§)f$§$§§’ fg)_tors'on angles are given in crystal structure; for Fhe ternary comp_lex of hDHFR wi_th
NADPH and the inhibitor, PT523, provides an opportunity
) ) _ to compare the influence of packing interactions on the
places it outside the hydrogen bond contact with Ser-59 ¢onformations of surface loops in these structures. Figure
observed in other complexe$7£-20). 2 illustrates the regions of mobility for the orthorhombic
The distance between the adenine amino group and thestrycture in which the highest thermal motion of the backbone
nicotinamide moiety has been used as a measure of theatoms are white and blue the least. T®2 structure has
extension of the cofactor moleculedlj. Thisvalueis 17.0  the lowest overall thermal motion while ti8 structure has
and 16.6 A for the PT52&2 andP2,2:2, PT523 terary  the greatest degree of flexibility. Although there are several
complexes, respectively, and is shorter than that observedregions of conserved thermal motion among these three
in the MTXT complex (18.0 A). structures, some flexible regions in one structure become
Despite these changes in NADPH conformation, the more stable as a result of close intermolecular contacts in
adenine ribose ring adopts a'@hdoconformation and the  different packing environments. Changes in surface contacts
nicotinamide ribose ring adopt a G&8ndoconformation, as  that results from crystal packing differences are shown in
observed in other hDHFR complexes. The bases are bothTable 4, which highlights those residues for the flexible loop
anti (y = £100-135°) with respect to the glycosidic linkage  regions defined in Figure 2 for the orthorhombic lattice. The
in all DHFR structures (Table 3). The adenine ribose 2 regions of highest thermal motion in tHe3 lattice are
phosphate group fits into a pocket surrounded by chargedsurrounded by large open spaces, as indicated by the large
or polar residues. The positively charged Lys-54 in hDHFR contact distances to the neighboring symmetry-related mol-
is involved in potential electrostatic interactions to the ecules. TheC2 lattice has the closest packing contacts as
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Table 5: Closest Intermolecular Contacts (Less Than 3.2 A) for

hDHFR

C2 lattice
intermolecular
contact residues

P2,2,2, lattice
intermolecular
contact residues

R3 lattice
intermolecular
contact residues

Lys-18--Glu-150

Asn-19--Lys-157
Arg-32---Asp-186
Phe-58--Asn-185
Glu-62---Leu-159
Lys-8C--Asn-107

His-87---Lys-108
Ser-90:-Glu-104

GIn-102--GIn-102
Glu-143--Glu-150

Arg-32--GIn-140

Ser-42-Lys-55
Lys-63--Lys-157
Gly-69:-Tyr-156
Arg-77--GIn101
Lys-86--Pro-128/
Asp-186
Glu-81--Asp-141

Ala-86--Pro-160
His-87--Leu-158
GIn-143--Gly-164

Asn-19--Leu-159/
Pro-160
GIn-47--Glu-161
Gly-69--Glu-161
GIn-78--Glu-150
Glu-821--His-130
Pro-83--Glu-154

GIn-84--Glu-154/
Asn-185
Gly-85--GIn-183

Leu-166--Lys-173

Cody et al.

conformational flexibility for the hemiphthaloyl ornithine
side-chain group. These crystallographic studies are also the
first instance of significant differences in the conformation
of the cofactor NADPH adenireribose moiety. The
observation of several disordered conformers for the hemi-
phthaloyl group implies that these conformers are of equal
energy. That each conformer exploits favorable intermo-
lecular interactions with the enzyme suggests that this may
be one of the reasons for the tighter binding than MTX,
which cannot make such intermolecular contacts.

In order to understand the structural interactions that could
result in the lowered binding affinity for them and
p-carboxylate analogues of PT5215|, molecular modeling
experiments were also carried out for these analogues in each
structure of PT523. In each case, the new analogue was
positioned in each of the disordered conformers and its
intermolecular contacts noted.

For example, in theC2 lattice them-carboxylate makes

reflected by the short intermolecular distances present onno unfavorable contacts for either of the two extended

all surfaces. Thé2,2;2; lattice is also closely packed, but
not as tightly as th&2 arrangement.

conformers A and C. However, in the folded conformer B,
one orientation of then-carboxylate ring places the hydro-

The closest intermolecular contacts for hDHFR among the Philic groups too close to the hydrophobic pocket. In the

two PT523 complexes and that of MTXT are listed in Table
5. The packing orientation of DHFR in th@2 lattice is
such that the inhibitor cofactor is aligned head (adenine of
NADPH)-to-tail (phthaloyl ring of inhibitor) along the
crystallographicy axis. In theP2;2,2; lattice, the enzyme
molecules are oriented in such a way that the inhibitor

other orientation, the carboxylate group points toward
hydrophilic groups. In thep-carboxylate PT523 models,
short intermolecular contacts to Pro-128 of a symmetry-
related molecule were noted.

Examination of the contacts for time-carboxylate PT523
analogue in th€2,2,2, lattice showed that there are no close

cofactor is aligned head-to-head along the crystallographic intermolecular contacts for the C conformer, but the

y axis. In theR3 lattice observed for the MTXT ternary

carboxylate could form good hydrogen-bonding contacts to

Comp|ex with hDHFR 18)' there are |arge open spaces near LyS'63 and Asn-64 in conformer A. There are no unfavor-
the active-site entrance. Therefore, Arg-32 makes good able contacts for thp-carboxylate group. The B conformer

hydrogen-bond contacts in thé2 and P2,2,2; lattices,
whereas in theR3 lattice it is more flexible as it faces a
large solvent channel. Similarly, the more flexible loop
encompassing Ser-42 in thB3 lattice forms a good
intermolecular contact in thB2,2,2, lattice.

DISCUSSION

Structure-function data for the inhibition of DHFR

results in the same type of interactions observed inGke
lattice while there are no unfavorable contacts for the A
conformer. These modeling studies do not reveal a structural
reason for the loss of inhibitory potency for these analogues,
and one is led to suspect that their lower cytotoxicity may
be due to decreased cellular uptaié)(

A comparison of the solution and solid-state structures of
the ternary complex with PT523 and NADPH shows general
agreement. Analysis of the solution conformation of the

activity have revealed that the novel antifolate PT523, a gntitumor drug PT523 by multinuclear NMR techniques
nonglutamatable classical analogue of MTX, binds 15-fold ingicates that the binary inhibitor complex has two distinct
more tightly to DHFR than MTX 13). Furthermore, this  ¢onformations that are in slow exchand@), The addition
potent antitumor antifolate is 9-fold more potent than MTX 5t NADPH stabilizes the ternary complex in a single bound
against a broad variety of tumor cell lines in cultu®e-(2,  state. The NMR data further indicated that the largest
16). This higher potency appears to be due to a combination chemical shift differences were confined to small regions of
of tighter binding to hDHFR and more efficient cellular  the ternary enzyme structure and that the pteridine and pABA
uptake, both of which may be aided by the greater hydro- rings of PT523, as well as the nicotinamieiébose rings of
phobicity of the hemiphthaloyl ornithine side chain relative  NADPH, occupied well-defined positions in solution, whereas
to the glutamate side chain of classical antifolates. the position of the hemiphthaloyl group was less well-defined
The lowerK; value for PT523 as a DHFR inhibitor is likely  and more than one conformation could exist. The primary
to be a direct result of favorable contacts of the hemiphthaloyl solution conformation of the hemiphthaloyl group most
group that are not present in MTX. The optimization of these closely resembles the folded conformer B in both crystal
contacts by th@-carboxylate substitution pattern of PT523 structures.
is highlighted by the weaker DHFR inhibitory activity of ~ Comparison of the packing in each lattice reveals that, in
the recently describea- andp-carboxylate analogues ). the C2 lattice, Arg-32 makes a close contact to the C-terminal
In addition, themetaand para analogues of PT523 were residue Asp-186 and the molecules are packed around a
shown to have 10- and 240-fold less cytotoxicity than PT523. 2-fold axis in a head-to-tail manner. However, in the
These data suggest that the aromatic carboxylate group playsrthorhombic lattice Arg-32 makes close contacts to Asn-
a role other than merely increasing water solubility. 140 and Asp-141 and the DHFR molecules are packed
The unique features of these diffraction data are the around a 2-fold axis in a head-to-head manner. In the more
observation of two independent crystal lattices and significant frequently observe®3 lattice for hDHFR complexes there
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are large open spaces near the active-site entrance and13. Johnson, J. M., Meiering, E. M., Wright, J. E., Pardo, J.,
between molecules, with residue Arg-32 near the folate

terminus packed around the 3-fold axis. The observation
of several discrete conformers in the crystal structure suggests =

that the crystal packing interactions may influence their
stability relative to the solution NMR data. These differences

in contact surfaces, along with the added intermolecular 16.

binding contacts, may aid in the higher binding affinity for

this antifolate. In summary, these data are the first to define

discrete conformational flexibility of the hemiphthaloyl group

of the potent antitumor agent PT523, as observed in two

independent crystal lattices.
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