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ABSTRACT. Structural data from two independent crystal forifg,2:2; andP2;) of the folate (FA) binary
complex and from the ternary complex with the oxidized coenzyme, NAD&#hd recombinant
Pneumocystis carinilihydrofolate reductase (pcDHFR) refined to an average of 2.15 A resolution, show
the first evidence of ligand-induced conformational changes in the structure of pcDHFR. These data are
also compared with the crystal structure of the ternary complex of methotrexate (MTX) with NADPH
and pcDHFR in the monoclinic lattice with data to 2.5 A resolution. Comparison of the data for the FA
binary complex of pcDHFR with those for the ternary structures reveals significant differences, with a
>7 A movement of the loop region near residue 23 that results in a new “flap-open” position for the
binary complex, and a “closed” position in the ternary complexes, similar to that reportEddberichia

coli (ec) DHFR complexes. In the orthorhombic lattice for the binary FA pcDHFR complex, there is also
an unwinding of a short helical region near residue 47 that places hydrophobic residues Phe-46 and Phe-
49 toward the outer surface, a conformation that is stabilized by intermolecular packing contacts. The
pyrophosphate moiety of NADPIn the ternary folate pcDHFR complexes shows significant differences

in conformation compared with that observed in the MANADPH—pcDHFR ternary complex.
Additionally, comparison of the conformations among these four pcDHFR structures reveals evidence for
subdomain movement that correlates with cofactor binding states. The larger binding site access in the
new “flap-open” loop 23 conformation of the binary FA complex is consistent with the rapid release of
cofactor from the product complex during catalysis as well as the more rapid release of substrate product
from the binary complex as a result of the weaker contacts of the closed loop 23 conformation, compared
to ecDHFR.

Pneumocystis carinii(pc)t is an opportunistic fungal in contrast to the multiple component pathways indicated
pathogen that is responsible for significant mortality among for either human or bacterial DHFR. These results further
immunocompromised patients such as those with AIDS (  suggest that in some aspects, the kinetics of pcDHFR more
2). Although current treatment has been with antifolate closely resemble those of the human (h) DHFR than of the
inhibitors of dihydrofolate reductase (DHFR), antifolates such bacterial enzyme. For example, tkg for folate binding to
as trimethoprim have only moderate selectivity for the pcDHFR is more than 26 times that of ecDHFR, but is only
inhibition of pcDHFR @). Thus, there is still a need to design 12 times that of hDHFR. However, th&, for folate pcDHFR
compounds with greater selectivity and affinity for p)cDHFR is 54 times that of hDHFR, but only 12.5 times that of
compared to those of the human enzyme. ecDHFR ¢, 5). Another feature important to catalysis is the

Transient-state kinetic data for pcDHFR reveal that there overall charge of DHFR at neutral pH. Itisl1 for pcDHFR,
is a rapid hydride transfer to the folate substrate and a rapidO for h(DHFR, and-4 for ecDHFR. These differences could
dissociation of NADP from the product complex, and after affect the electrostatic potential gradient at the active site
NADPH binding, rapid dissociation of tetrahydrofola#.( (5). Thus, understanding the mechanism of catalysis and
These data indicate a single, preferred pathway for catalysis kinetics of substrate cofactor binding is important to the

design of pcDHFR selective antifolates.
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mobility in the Met-20 loop (residues t&0) involved in Crystallization of what turned out to be the pcDHFR
binding the nicotinamide ring of NADP These data folate (FA) binary complex was carried out by adding 10
suggested a model for the binding of 7,8-dihydrofolate in uL of protein, 3uL of MES/KCI buffer, and 7uL of 50%
the Michaelis complex and for the transition-state complex (w/v) PEG 2000 in 50 mM MES (pH 6.0) and 100 mM KClI
(6, 8), as well as a mechanism for cooperativity in binding and placing the mixture in 0.7 mm X-ray capillaries for
between substrate and coenzyre?). Further analysis of  equilibration on a thermal gradient device. Samples of
this series of ecDHFR structures showed subdomain rotationpcDHFR were also incubated with NADPalong with
and mobility of thep-aminobenzoylglutamate cleft with  different hydrophobic pcDHFR inhibitors and incubated
substrate binding that is important for catalysi€)( overnight at £C. The protein was washed to remove excess
To date, no similar loop and subdomain movements have inhibitor and cofactor and concentrated to 9.8 mg/mL. These
been observed in eukaryotic DHFR structures. For the first Samples were set up with 40% (w/v) PEG 2000 with 50 mM
time, current studies of pcDHFR complexes with folate and MES and 10QuM KCI buffer (pH 6.0) and placed on the
NADP* reveal structural evidence for ligand-induced con- thermal gradient device. Crysta}Is grew primarily in the mid
formational changes in nonbacterial DHFR. These data for fange of the temperature gradient.
pcDHFR indicate a mechanism for subdomain rotation and Data collection was carried out at room temperature on
loop folding for release of NADP similar to that found in the best crystals available for all samples to 2.0 A resolution
ecDHFR. using a Rigaku RaxislIc Imaging plate system with a rotating
To investigate the structural basis for the mechanism of @node source. Diffraction data showed the presence of two
pcDHFR catalysis, we focused on the folate binary and crystal forms for the folate complexes: a monoclinic lattice
folate—NADP* ternary complexes with pcDHFR and com- for the ternary complexes and an orthorhombic lattice for
pared the latter with the binding of methotrexate and the binary complex as illustrated in Table 1. Crystals of the
NADPH. We report the crystal structures of the pcDHFR MTX complex are also monoclinic. This is the first report
binary complex with folate, two ternary complexes with Of @ pPcDHFR complex in an orthorhombic space group, as
folate and NADP, and a ternary complex with methotrexate Previous pcDHFR complexes have been reported only in the

and NADPH. monoclinic space grouR2; (14—17).
Structure Determination and Refinememhe structures
EXPERIMENTAL PROCEDURES of all pcDHFR complexes were solved by molecular replace-

ment methods with the program X-PLORS] used to orient

Crystallization and X-ray Data CollectiorRecombinant ~ the enzyme in th®2,2,2, lattice based on the coordinates
pcDHFR was cloned, isolated, and purified as previously ©f the pcDHFR from the MTX ternary structurel).
described 11). Although the enzyme preparation contained Refinement was continued using Fhe restrained Ieast—_squares
no protein contaminants, the sample was yellow in color. Program PROLSQ 19, 27) (modified by G. D. Smith,
As noted previously4), DHFR samples can contain a folate- Hauptman-Woodward Medical Research Institute, Inc.) in
like substance that is tightly bound to the enzyme and can combination with the model-building program CHAIRQ).
be removed only with extensive isoelectric focusing or All calculations were carried out on a Silicon Graphics
chromatofocusing chromatography. Although these samples/mpact R1000 workstation. The initial (2| — [Fc[) exp
were washed several times with buffer in the presence of % Maps, where, is the observed ané. the calculated
NADPH, the ratio of absorbance at 280 nm to that at 320 Structure factors, respectively, based on the protein model
nm was not greater than 20. The structure solution later ONly and ac is the calculated phase, resulted in electron
revealed residual folate binding in these pcDHFR crystals. density corresponding to both the inhibitor MTX, substrate
Incubation of these samples prior to crystallization revealed FA, and the cofactor, NADPH or NADR as well as a good
that hydrophobic, more weakly bound inhibitors were not fit of the protein to its density. In the case of the FA binary
able to displace the endogenous folate, whereas tight bindingStructure, the flexible regions near encompassing loops 23

inhibitors were able to displace the residual folate from the @nd 47 were rebuilt on the basis of omit maps from
same preparation of pcDHFR. refinements in X-PLOR using simulated annealing protocols.

Prior to crystallization screens, the protein was washed in  Further restrained refinement was continued for the ternary
a centricon-10 concentrator three times with 50 mM MES Ccomplexes, including the cofactor and inhibitor. The aromatic
buffer at pH 6.0 in 100 mM KCI buffer and concentrated to fings of folate and NADPH were constrained to be planar.
14.3 mg/mL. A novel thermal gradient technique was used Between least-squares minimizations, the structures were
to carry out the crystallization screens with pcDHFR. For manually adjusted to fit the difference electron density and
this method, we used micropipet or 0.7 mm X-ray capillary Verified by a series of omit maps calculated from the current
tubes for crystallization. The solubilized protein is first placed Model with deleted fragments. Electron densities for residues
in an Eppendorf microcentrifuge tube in which the crystal- 1—4 of the binary FA pcDHFR complex could not be
lizing buffer, and any additives, have been added. The tubeinterpreted, and no coordinates for these residues are
contents are centrifuged at high speed to mix and pull the feported.
solution to the bottom of the tube. Capillary action is used  The final refinement statistics are summarized in Table
to fill the micropipet or capillary which is then sealed using 1. The Ramachandran conformational parameters from the
either heat, high-vacuum grease, or Cha-Seal clay. The batcHast cycle of refinement for all structures generated by
experiments were positioned on the thermal gradient screenPROCHECK 21) show that all structures have acceptable
ing between 8.6 and 303C and allowed to equilibratel, conformations as defined by PROCHECK criteria based on
13, 26). statistics from the Protein Data Bank. The range of most
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Table 1: Crystal Properties and Refinement Statistics for pcDHFR Complexes

MTX —NADPH FA—NADP* (1) FA—NADP* (2) FA
lattice (A) 37.425, 43.556, 61.659 37.506, 43.115, 61.255 37.305, 43.145, 61.141 38.048, 61.510, 85.665
f=94.89 B =94.77 B =94.77
space group P2; P2; P2; P212:2;
resolution range (A) 8025 8.0-1.9 8.0-2.2 8.0-2.0
no. of reflections used 5821 12871 8596 11837
(20)
R factor (%) 17.3 20.0 19.8
no. of protein and 1728 1761 1761
heteroatoms
no. of water molecules 48 51 77
B factor (protein 18.99 28.41 23.78 22.28
average) (&)
targeto root-mean-square deviation
distances (A) monoclinic monoclinic (1) monoclinic (2) orthorhombic
bonds (0.020) 0.014 0.020 0.015 0.019
angles (0.040) 0.047 0.053 0.048 0.048
planar 4 (0.050) 0.049 0.056 0.050 0.051
nonbonded distances
single torsion (0.500) 0.207 0.205 0.211 0.208
planar groups (0.02) 0.012 0.015 0.014 0.015
chiral volume (0.15) 0.160 0.215 0.192 0.192
multiple torsion (0.50) 0.263 0.277 0.280 0.258
hydrogen bonds (0.50) 0.246 0.281 0.290 0.220
torsion angles (deg)
planar (3.0) 2.2 25 2.1 2.4
taggered (15.0) 211 211 225 19.9
orthonormal (20.0) 24.9 20.3 25.4 19.5

favored conformations for all structures was between 86 and
90%. Coordinates for these structures have been deposited

with the Protein Data Bank (file name 1cd2).

RESULTS

Overall Structure The structures of the three pcDHFR
FA complexes are compared with that of pcDHFRTX —
NADPH (Figure 1). The two FA NADP ternary structures
are similar to each other with the exception of the backbone
conformation between residues 83 and 90, and are more
similar to the MTX complex than to the folate binary
complex of pcDHFR which has regions that differ signifi-

cantly in backbone conformation.

The major conformational differences between the pcDH-
FR FA binary complex and the others are movement of loop
23 (residues 1929) which has a maximum displacement
of 7.3 A from the folate NADP ternary complexes, and
6.7 A from the MTX NADPH complex with pcDHFR
(Figure 2), and loop 47 (residues-450) (Figure 1). These
data further show that the region between residues 151 and
154 within the G loop of pcDHFR moves in concert with
the conformation of loop 23. As highlighted in Figure 2,
there are three distinct positions for loop 23 among these

Ficure 1: Ternary structures of pcDHFR complexes illustrating
ligand-induced conformational differences in the binding substrate,

structures with the binary FA structure having a new “flap- inhibitor, and cofactora-Carbon trace of pcDHFR for the FA
open” conformation and a “closed” conformation over the binary complex (yellow), for the FANADP* ternary complex

nicotinamide-ribose of the cofactor in the three ternary

complexes.

On the basis of the analysis of more than 40 ecDHFR

(cyan), and for the MTXNADPH ternary complex (red). The

largest conformational differences are noted near loops 23 and 47.

Note the movement of loop 23 in a “flap-open” and “closed”
position over the nicotinamideribose of the cofactor. Also note

crystal structures, three distinct conformational states havethe unwinding of the short helical turn at loop 47. The figure was

been identified for the flexible Met-20 loop (residues—10

24): open, closed, and occluded, which are characterized
by their secondary structure, interactions with NADPH, and thermodynamic equilibrium between the “closed” and “oc-

hydrogen bonding patternsl@. The mechanism of the

made with the program SETORY).

cluded” conformation that blocks cofactor binding and shifts

flexible loop movement in ecDHFR has been considered ain favor of the “closed” conformation by binding of the
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FIGURe 2: Stereo comparison of loop 23 (Gly-20-Arg-21-Ser-22-Asn-23-Ser-24-Leu-25-Pro-26-Trp-27) conformations in the pcDHFR FA
binary complex (thick line), the two FA NADPternary complexes (thin lines), and the MTX NADPH ternary complex (dashed line).

nicotinamide-ribose of NADPH, and with stabilization of
the loop conformation by van der Waals contacts. This
binding is further stabilized by interactions with the substrate.

Another major conformational change occurs at loop 47
(residues 4550) of the FA binary structure (Figure 1). This
is the first observation of such a large conformational change

These data show that the closed and occluded conformationsn the DHFR tertiary structure. Alignment of the sequences

occupy the extremes of movement with intermediate char-
acteristics for the open conformatiohdj.

In the pcDHFR structures reported here, a similar “closed”
loop conformation (residues 129) is observed in the three
ternary pcDHFR complexes, similar to that characterized for
ecDHFR (@0). This loop conformation is stabilized by a
series of hydrogen bonds between Arg-21, Ser-22, and Ser
24, and the O2 hydroxyl of the nicotinamideébose which
forms a hydrogen bond contact with the backbone N of Ser-
24. Additionally, in the FA NADP ternary pcDHFR
complexes, the carbonyl of Arg-21 interacts with a structural
water that is not observed in the MTX NADPH pcDHFR
ternary complex. Similar to the “closed” loop conformation
in ecDHFR, hydrogen bond interactions with Gly-20, Ser-
22, and Asp-153 of the +G loop are also maintained.

The main characteristic of the open loop conformation in
ecDHFR is a shift in the positions of residues 18 and 19
away from the nicotinamideribose ring, thus opening the
cofactor binding pocket. However, there is no evidence for

for pc- and ecDHFR reveals that there is no corresponding
loop in the bacterial structure as pcDHFR has a 17-residue
insertion compared to the bacterial DHFR sequence. In the
MTX and FA ternary pcDHFR complexes, this region forms

a short helical turn which has unwound in the binary FA
pcDHFR complex. The unexpected consequence of this
change is exposure of Phe-46 and Phe-49 to the enzyme
surface, and placing Asp-48 away from the surface, as
compared to their conformations in the other ternary pcDHFR
complexes. This change also results in a redistribution of
the surface charges as illustrated in the electrostatic potential
representation in Figure 3. The electron density in this region
of the binary complex is well-defined, and thermal param-
eters for this region are similar to those in adjacent secondary
elements, validating the stability of this feature.

Ligand or Inhibitor Binding In the case of the three
oxidized cofactor structures, no exogenous folate was added
to the crystallization media, although in the two monoclinic
crystals, incubation with hydrophobic inhibitors was carried
out. Therefore, the density for a folate-like molecule was

such a shift in these pcDHFR ternary complexes. Since the neynected. As illustrated (Figure 4), there was no ambiguity

backbone conformation of loop 23 for MPNADPH
pcDHFR is similar to those of the FANADP' pcDHFR

in the interpretation of this density as fitting a molecule of
folate, unlike that observed for the naphthftiropyrimidine

complexes (Figure 1), the primary difference between thesepcDHFR complex 17). However, much higher resolution
loop structures is translational and does not reflect an opengata are needed to precisely identify any stereochemical

loop conformation.

The occluded conformation described for the ecDHFR
complexes blocks the nicotinamide binding pocket by 180
rotation aboutV of residue lle-14 that also disrupts hydrogen
bonding with the FG loop of ecDHFR 10). There is no
evidence of such a conformation in these pcDHFR com-
plexes. In fact, the conformation for loop 23 in the binary
FA pcDHFR complex represents a distinctly new “flap-open”
conformation that has not been observed for any of the
ecDHFR complexes and is characterized by & A shift
away from the closed position. Despite the large conforma-
tional change in loop 23 for the binary complex, hydrogen
bond contacts with the+G loop through residue Asp-153

modifications to the ligand. Therefore, this density is assumed
to be a folate-like structure.

Although no protein contamination was indicated by
polyacrylamide gel electrophoresis, the pcDHFR enzyme
samples had a yellowish color and an absorbance atypical
for a protein without chromophores. These phenomena have
been observed by others, and it has been surmised that this
contaminant is most likely a degradation product of dihy-
drofolate that is tightly bound to the enzymé).(Further-
more, it is likely this contaminant represents a small
proportion of the total sample. However, upon crystallization
in the presence of weakly binding inhibitors, such as the more
hydrophobic analogues studied here, the complex with the

are maintained and highlight the concerted nature of thesecontaminant is apparently more stable and predominates

interactions.

nucleation.
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FicURE 3: GRASP electrostatic potential surface for the pcDHHA binary complex (left) and the pcDHFRFA—NADP™ ternary complex
(right) highlighting the effect of conformational changes in loop 47 on the electrostatic potential s@$pd&/ite is neutral, blue positive,
and red negative.

Ficure 4: Stereoview of the fit of folate to the difference electron dendiy F., 30) calculated from an omit map from the XPLOR
refinement.

The binding orientation of the pteridine ring of FA in these nicotinamide ribose, and Ser-64 in the folate NACIBrnary
structures is similar to that observed in hDHFR FA binary pcDHFR complexes. The interactions with water have been
complexes??2, 23). The overall pattern of ligand interactions suggested to help stabilize a transition-state geometry
with the acidic function in the DHFR active site is preserved between the substrate and cofact@y. (
as shown by the hydrogen bonds of the conserved residues A further consequence of the reorientation of the pteridine
(Thr-144 and Trp-27, and structural waters) (Figure 5). The ring is the loss of hydrogen bond interactions involving the
major change that results from the reorientation of the 4-amino group (Figure 5) with conserved residues lle-10,
pteridine ring of folate and methotrexate involves the shift Leu-123, and Tyr-129. There are no hydrogen bonds with
in hydrogen bonding partners with Glu-32. In the folate these residues formed by FA. In addition, in the FA ternary
complexes, the carboxylate oxygens OE2 and OE1 of Glu- pcDHFR complexes, the 4-O hydrogen bonds with the
32 interact with N(3) and the 2-amino group, whereas in structural water that is part of the hydrogen bonding network
MTX, the carboxylate oxygens interact with the 2-amino involving Glu-32 and Trp-27 (Figure 5). In the MTX
group and N(1) (Figure 5). In addition, the carboxylate pcDHFR complex, this structural water interacts with the
oxygens of the glutamate in both complexes form hydrogen pteridine N8.
bonds with a conserved Thr-144 and with a conserved Trp- NADP* Binding Although NADP" is bound in an
27, as well as with the conserved structural watéds 15). extended conformation, similar to other cofactor complexes
In these FA-NADP"™ pcDHFR structures, there is no (14, 15), there is variation in the conformation of the
evidence of a structural water molecule near N5 of the folate nicotinamide-ribose and the pyrophosphate moieties (i.e.,
molecule whose presence was postulated to play a role in6, andyn; Table 2). The conformations of the nicotinamitle
catalysis for the bacterial DHFR enzynt (0). However, ribose moiety in the two FA complexes are similar to that
there is a structural water molecule mediating a hydrogen observed for NADPH in the MTX complex with the
bond network between the N10 of the folate, the O1 of the exception of the C9C10-04—Pn bond which is trans in
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T144 3 Azia4 \@2 | with the cofactor NADP. Note that the cis conformation for Gly-

111 N 124 and Gly-125 permits the N of Gly-125 to insert itself between
the pyrophosphate oxygens (015 and O16). This feature is
conserved in all DHFR structures.

. W27
a b The carboxamide group of the nicotinamide ring, which

FiGURe 5: Hydrogen bond geometry involving the pteridine ring IS Syn to the nicotinamide ring N, makes a series of strong
for (a) folate and (b) MTX in the pcDHFR active site. This network hydrogen bonds with conserved residues Ala-12 and lle-19
of hydrogen bond interactions with two structural waters and i, pcDHFR. In addition, there are a series of nonbonded

invariant residues Thr-144, Glu-32, and Trp-27 are characteristic ~_"| | . . o I
of all folate complexes reported to date. In addition to preserving C—H---O contacts involving the nicotinamide ring carbons

the hydrogen bond network observed for the folates, the 4-amino @nd three neighboring oxygens of residues Leu-9, lle-19, and
group of MTX interacts with invariant residues lle-10, Tyr-129, Leu-123 which lie approximately in the plane of the

and Leu-125. nicotinamide ring. These features are conserved in ternary
complexes from most species of DHFR (4, 15).
Table 2: Cofactor Conformation in pcDHFR Ternary Complexes lllustrated in Figure 6 are the enzyme contacts with the
with FA and MTX®* cofactor, NADP or NADPH. There is a cis peptide linkage
1ol between Arg-67 and Pro-68 and Gly-124 and Gly-125, as
0\p/ observed in other pcDHFR complexe¥4( 15). The cis
N0 Ho!  %on . HO 1053 012 conformation of the invariant glycines permits interaction
— I‘Z—ﬁ\/“ ‘|’ ] ‘,’ . \Iﬁ\ with the pyrophosphate oxygens that are positioned at the
NN °“|’N‘°—”'A—° o SR end of central helix C. The largest change involves the ribose
3 05 ols 14 >:§; conformation of the nicotinamideribose ring (Table 2). In
”\3\\4/ NH, the folate pcDHFR complexes, the ribose O1 hydroxyl
N interacts with a structural water, not present in the MTX
NADPH or MTXin FA(L)in FA(2)in complex because of the N10-methyl substituent, and the
NADP* torsion angle P2, P2, P2, ribose O2 hydroxyl interacts with the hydroxyl of Ser-64 of
i C5-N1-C6—C7 128.2 119.3 114.9 the closed loop. The overall interactions for the cofactor with
&n C8-C9-C10-04  —-168.3 —1784 —1675 pcDHFR in the ternary complexes are similar. Hydrogen
On 22&03?34—5’; 122-; 123; 1§Z-g bond contacts with NADPH are tighter in the MTX NADPH
52 O4—P,—O7—P, 1059 589 397  ternary complex.
®a Pi—O7-P,~08 118.6 176.4 -170.1 In the folate binary complex, the side chain of residues
v 87__58&:8?;%112 __1;;-2 __13;-2 __1222 Arg-82, Lys-96, and Asn-127 changes conformation to fill
E: 08-C11-C12-C13 —170.9 164.6 1673 the space occupied by the phosphate of the adenosbase
Ya Cl4-C15-N2—-C20 —-122.7 —114.8 —116.9 of FA NADP* pcDHFR ternary complexes.

0 C15-C14-010-P2  163.4 162.8 164.6 Packing InteractionsThe unwinding of the short helical
2 Subscript n denotes torsion angles for nicotinamide nucleoside; turn involving residues 4550 of the pcDHFR ternary
subscript a denotes torsion angles for adenine nucleoside. Values argnhihitor or substrate complexes, placing the hydrophobic
in degrees. residues (Phe-46 and Phe-49) toward the protein surface, is
stabilized by packing interactions present in the orthorhombic
the MTX ternary pcDHFR complex, and #sgauche inthe  |attice for the binary FA pcDHFR complex. As illustrated
folate complexes (Table 2). The geometry about the pyro- (Figure 7), in this packing arrangement, Lys-73 from a
phosphate bridge shows the greatest variation. Also, torsionsymmetry-related enzyme forms a series of tight hydrogen
angleg, is +gauche for MTX and trans for the FA binary  bonds with the backbone carbonyl oxygens of both Phe-46
complex (Table 2). Furthermore, differences in the loop 23 and Phe-49 (Table 3). In this conformation, the phenyl rings
conformation for the MTX-NADPH ternary pcDHFR of residues 46 and 49 interact with the methylene carbons
complex are related to differences in the nicotinamideose of residues Glu-63 and Ser-24 whereas Asp-47 hydrogen
conformation and that observed for the FNADP* ternary bonds to a water, and Glu-50 forms a series of hydrogen
complexes. These changes place the MTX loop 23 betweenbond interactions with the backbone atoms of Ser-114 and
the extremes observed for the folate structures (Figure 2).Asn-116.
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Ficure 7: Stereodiagram of the packing interactions involving loop 47 for the binary FA (green) pcDHFR complex in spade2geRip

Note that in this case, the amine from Lys-73 (cyan) of a symmetry-related molecule inserts itself in a pocket made by the unwound helical
turn between residues 46 and 49 (violet). The Lys-73 amine forms close contacts with the backbone carbonyl oxygens of Phe-46 and
Phe-49, as well as a contact with Glu-50. This stabilization results from the unwinding of the helical turn usually observed in this region
in the monoclinic lattice.

“closed” conformations of the pcDHFR ternary complexes
are similar to those observed for many ecDHFR structures.
Since little variation in the loop conformation was

Table 3: Hydrogen Bond Interactions of Loop 47 in pcDHFR

Monoclinic Lattice with Loop 47 in a
Short Helical Turn Conformation

Phe-46 O-+N Ser-48 Phe-49 N-N Ser-48 observed within a series of isomorphous ecDHFR structures,
Ser-48 Ogr-O Pro-44 Glu-50 OE#+Nz Lys-3F regardless of ligated stat&@), it was suggested that crystal
Orthorhombic Lattice with Loop 47 in an lattice contacts at one or more of the flexible loop regions
Extended Conformation (M20, F—G, or G—H loops) shifted the equilibrium in favor
Phe-46 O-*Nz Lys-73 Ser-48 Og*NH1 Arg-7G* of a particular conformation. However, in the case of the
Phe-49 0Nz Lys-73' Asp-47 OD%-N GIn-67 orthorhombic lattice for the FA binary pcDHFR complex,
Glu-50 OE2:-Nz Lys-73 Asp-47 OD2--Wat -
: : there are no crystal contacts that cause the conformational
@ Refers to a symmetry-related molecule in the crystal lattice. changes observed in loop 23, whereas the unwinding of the

. ) short helical turn in loop 47 of the binary folate pcDHFR

In the monoclinic lattice for the ternary pcDHFR com-  complex is clearly influenced by intermolecular packing
plexes (Figure 8), the backbone N of Phe-46 forms intramo- jnteractions that stabilize this unexpected conformation. Such
lecular contacts with the backbone carbonyl of Pro-44, the interactions are not possible in ecDHFR as the 17-residue

N of Ser-48, and the carbonyl of Phe-49. Asp-47 interacts deletion in the sequence removes this loop from the ecDHFR
with the backbone N of Phe-49 and Glu-50 which in turn strycture.

makes intermolecular contacts with the amino group of Lys-  aq 3 result of the conformational flexibility observed
31 of a symmetry-related molecule (Table 3). The contacts 5mong these pcDHFR structures, subdomain movements can
are stronger for the MTX NADPH ternary pcDHFR complex pe assessed. In the case of the ecDHFR complexes, the
and weaker for the FA ternary complexes. The phenyl rings enzyme was defined as having two subdomain structures: a
of residues 46 and 49 interact with hydrophobic surfaces feyiple loop and an adenosine binding subdomain that show
provided by Tyr-35, Phe-199, and Pro-186 of a symmetry- (qational and hinge movements between the subdongins (
related molecule (Figure 8). 10). Similarly for pcDHFR structures, there is a shift in the
helical regions that are involved with the pyrophosphate of
DISCUSSION the cofactor. As illustrated (Figure 9), helices B and F show
These crystallographic studies describe structural com-little movement among these binary and ternary pcDHFR
parisons among four pcDHFR complexes and show the first complexes, whereas helix C shows larger shifts. There is a
example of ligand-induced conformational changes in pcDH- maximum shift of 1.1 A in helix C at residue lle-65 between
FR with large movements of the flexible loops encompassing the folate binary and folate NADPternary complex upon
residues 1926 (loop 23) and residues 450 (loop 47) in cofactor binding. This distance is slightly larger at Ser-64
the folate binary pcDHFR complex compared to those of (1.2 A). The shift in helix C by the MTX NADPH ternary
the ternary complexes. Although there is a pattern of flexible complex permits tighter hydrogen bonding interactions with
loop movement from open, closed, and occluded conforma- the pyrophosphate oxygens (Figure 9, @TBhr-61N). There
tions in the bacterial structures, no open or occluded is a 0.78 A movement between the Thr-61 N atoms in the
conformations have been observed in these pcDHFR struc-FA NADP* and MTX NADPH structures. Further shifts are
tures, or for human DHFR complexes. Th& A shift in encountered in the position of FA and MTX in the
loop 23 from the new “flap-open” to the “closed” conforma- aminobenzoyl cleft. For example, in these structures there
tion on cofactor binding in pcDHFR has not been observed is 1.3 A shift of MTX out of the cleft compared to FA in
for any of the bacterial enzyme complexes, although the the binary complex, but only 1.1 A in the FA NADRernary
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Ficure 8: Stereodiagram of the packing interactions involving loop 47 (white) for the ternary FA NABJan) pcDHFR complex in

space grougP2;. Note that in this case, the amine from Lys-31 (yellow) of a symmetry-related molecule interacts with Glu-50. Phe-49
forms hydrophobic interactions with Tyr-35, Phe-199, and Pro-186 of a symmetry-related molecule, while Phe-46 makes hydrophobic
contacts with the side chain methylenes of GIn-68 and Lys-31 of a symmetry-related molecule. These interactions are stabilized by the
helical turn of this loop.

C producing tighter binding to the pyrophosphate of NADPH
which is anchored to a more rigid helix F. These data
suggested that the side chain of the active site Leu-28 in
ecDHFR makes short contacts with substrate positions C6
and C15 during the transition state. In the pcDHFR com-
plexes (Figure 9), these geometries are apparently not as
strained, since there are no unusually close contacts between
lle-33 and these atoms in FA.

In the ecDHFR structure, the van der Waals surfaces for
residues lle-50 and Leu-28 overlap, indicating a more
compact environment for the bacterial enzyné)( How-
ever, in the pcDHFR structures the contacts of hydrophobic
residues lle-65 and lle-33 with the benzoyl ring of FA or
MTX are not as compact and may explain the weaker binding
affinity of FA and MTX for pcDHFR than for ecDHFR
(Figure 9). There is a significant rotation of the benzoyl ring
in MTX compared to those of the FAs. These changes place
FiGURE 9: Comparison of the helices surrounding the cofactor and the ring of MTX closer to that of Ile-33 and to lle-65 in

substrate in pcDHFR complexes (yellow, FA; white and red, FA these structures (3.4 vs 4.3 A and 3.8 vs 4.3 A for residues
NADP+, and cyan, MTX NADPH) As |”UStrated, there is little 33 and 65 respectlvely)

movement in the positions of helices B and F, while the position S )

of helix C is more variable, as observed in the ecDHFR structures ~ Kinetic data for pcDHFR show that in many aspects, the

(10). Also highlighted are hydrophobic active site residues lle-33 pc enzyme shares enzymatic properties with both bacterial
and lle-65. and human enzymes. However, unlike the bacterial and
human enzymes, there is only one preferred pathway for
complex. These distances become more divergent near theatalytic function 4). On the basis of the structural data for
cleft entrance when there is 2.7 A difference in the g-COOH the apo, holo, binary, and ternary ecDHFR, a model
oxygen of FA in the ternary complex (1.37 A for FA and correlating the conformational changes with the multiple
MTX) due to conformational changes in the carboxylate pathways in the catalytic cycle was proposed that revealed
hydrogen bonding interactions. the role of the flexible Met-20 loop of ecDHFR in the
Comparison of the ternary complexes forFNADP* and catalytic cycle. Unlike those for ec- and hDHFR, kinetic data
MTX—NADPH (Figure 10) reveals a possible transition- for pcDHFR point to a single, preferred pathway with a rapid
state geometry for the transfer of a hydride to C6 of FA. In dissociation of NADP from the ternary product complex.
contrast, the reorientation of MTX in the active site compared Furthermore, the dissociation of tetrahydrofolate from its
to that of FA shows a nonproductive enzyme state and thusbinary complex is slower than that of the human enzyme
inhibition of the enzyme mechanism. Bystroff and Kraf)t (  with negligible formation of the apoenzyme at any tirde (
proposed a hypothetical model of the conformational changes5). Structural data for these pcDHFR complexes indicate that
that may be involved in the transition state of ecDHFR. Key the role of the flexible loop 23 is similar to that defined in
elements of this model were the shift in the position of helix the ecDHFR catalytic cycle. Moreover, the larger, “flap-

Hlix F
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Ficure 10: Comparison of the conformation between folate and NARIht) and the MTX and NADPH inhibitor complex (dark). Note
the closest contacts between the C7 of FA and the C2 of the nicotinamide ring (3.10 A) and the N5 of MTX and C2 of the nicotimamide
(3.17 A) are similar, suggesting that these represent nonproductive transition-state geometries.

open” conformation observed for the binary FA complex is REFERENCES

consistent with the rapid release of cofactor as the binding
cavity is more open. Even in the “closed” position, the
contacts with cofactor and substrate are weaker than those
observed for the bacterial enzyme and are conducive for the
rapid dissociation of substrate product from the ternary
complex. Also, the failure to observe an occluded conforma-
tion for the binary FA complex is consistent with kinetic
data showing negligible formation of an apoenzyme state.

To date there has been no observation of similar flexible
loop formation in the human DHFR structures. However,
there are not sufficient data to indicate whether this is due
to the stability of the hDHFR structure or due to the lack of
appropriate crystallization conditions for stabilizing such
conformations. It would be expected that hDHFR experiences
conformational states similar to those of ecDHFR since it
also has multistep catalytic pathways 5).

Overall, these structural results reveal a novel “flap-open”
loop 23 conformation for the FA binary complex with
pcDHFR, as well as the “closed” loop 23 conformation that
was postulated to play a role in the catalytic cycle of
ecDHFR. The analysis of the movements of secondary
elements that make up the subdomains as defined for
ecDHFR 8—10) reveals a similar pattern in that movement
of helix C in the binary complex and correlates well with
the catalytic pathway defined for pcDHFR.

On the basis of these data, a model could be proposed for 14

the apo pcDHFR structure that is similar to the “flap-open”
conformation rather than the occluded conformation of

ecDHFR as this would require fewer conformational changes 1°-

to afford cofactor and ligand binding which is consistent with
the rapid dissociation of the cofactor from the product
complex. The weaker contacts in the “closed” conformation
of pcDHFR compared to those of the bacterial enzyme are
also consistent with faster substrate release. Therefore, these

structural observations are supportive of the single, preferred 17.

reaction path defined for pcDHFR catalysis.
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