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ABSTRACT. The crystal structure dEscherichia colidihydrofolate reductase (ecDHFR, EC 1.5.1.3) as a
binary complex with folinic acid (5-formyl-5,6,7,8-tetrahydrofolate; also called leucovorin or citrovorum
factor) has been solved in two space groups;, and P6s, with, respectively, two molecules and one
molecule per asymmetric unit. The crystal structures have been refined Rfastor of 14.2% at
resolutions of 2.0 and 1.9 A. TH®6; structure is isomorphous with several previously reported ecDHFR
binary complexes [Bolin, J. T., Filman, D. J., Matthews, D. A., Hamlin, R. C., & Kraut, J. (19282ipl.

Chem 257, 13650-13662; Reyes, V. M., Sawaya, M. R., Brown, K. A., & Kraut, J. (19B&)chemistry

34, 2710-2723]; enzyme and ligand conformations are very similar taPheb,10-dideazatetrahydrofolate
complex. While the two enzyme subdomains of B structure are nearly in the closed conformation,
exemplified by the methotrexate6; binary complex, in thé?6s structure they are in an intermediate
conformation, halfway between the closed and the fully open conformation of the apoenzyme [Bystroff,
C., Oatley, S. J., & Kraut, J. (1998)jochemistry 293263-3277]. Thus crystal packing strongly influences
this aspect of the enzyme structure. In contrast toRestructure, in which the Met-20 loop (residues
9—23) is turned away from the substrate binding pocket, inR&gestructure the Met-20 loop blocks the
pocket and protrudes into the cofactor binding site. In this resped®@h&ructure is unique. Additionally,
positioning of a C&" ion (a component of the crystallization medium) is different in the two crystal
packings: in theP6; structure it lies at the boundary between the two molecules of the asymmetric unit,
while in P6s it coordinates two water molecules, the hydroxyl group of an ethanol molecule, and the
backbone carbonyl oxygens of Glu-17, Asn-18, and Met-20. The @a thus stabilizes a single turn

of 310 helix (residues 1618 in the Met-20 loop), a second unique feature of Bee crystal structure.

The disposition of the N5-formyl group in these structures indicates formation, at least half of the time,
of an intramolecular hydrogen bond between the formyl oxygen and O4 of the tetrahydropterin ring.
This observation is consistent with the existence of an-eketo equilibrium in which the enolic tautomer

is favored when a hydrogen-bond acceptor is present between O4 and N5. Such would be the case
whenever a water molecule occupies that site as part of a hypothetical proton-relay mechanism. Two
arginine side chains, Arg-52 in the6s structure and Arg-44 in molecule A of tHe6, structure, are
turned away drastically from the ligang-&minobenzoyl)glutamic acid moiety as compared with previously
reported DHFR binary complex structures. As in the ecDHidReazatetrahydrofolate complex, in both

the P6; and P65 structures a water molecule bridges pteridine O4 and Trp-2D(With ideal geometry

for hydrogen bonding, perhaps contributing to the slow release of 5,6,7,8-tetrahydrofolate from the-enzyme
product complex. When either ti®6; or theP6s structures are superimposed with the NADPH holoenzyme
[Sawaya, M. R. (1994) Ph.D. Dissertation, University of California, San Diego], we find that the distances
between the nicotinamide C4 and pteridine C6 and C7 are very short, 2.1 and 1.7 AP& ttese and

2.0 and 1.4 A in thé6s case, perhaps in part explaining the more rapid release of tetrahydrofolate from
the enzyme-product complex when NADPH is bound.

Dihydrofolate reductase (DHFRgatalyzes the reduction  metabolism of proliferating cells because it is required for
of 7.8-dihydrofolate to 5,6,7,8-tetrahydrofolate (THF) by the the maintenance of an adequate level of fully reduced folate,
coenzyme NADPH. DHFR plays a vital role in the whichisinturn essential to one-carbon metabolism. Several

inhibitors of DHFR are clinically useful drugs; examples are

t Supported by NIH grant CA 17374 to J.K. methotrexate (MTX), trimethoprim, and pyrimethamine.
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058 P C13—C12 o Table 1: E. coli DHFR-Folinic Acid Complex Crystals:
04 CsA - o1 Crystallographic Data Collection and Refinement Statistics
| ‘ N10—C14 C11—C—NH—CA—CT,
c4 N5 / A\ / | AN space group P6, P65
SN N 02 R
HN3 C4A Cc6—C9 C15—C16 cB no. of molecules per asymmetric unit 2 1
| | a, b(A) 92.6 96.9
c2 C8A c7 caG c(A 73.1 35.0
NA2/ §N1/ \Ne/ | Rs(ymg 5.8 6.8
PN Bragg resolution (A) 2.0 1.9
OE1 OF2 unique reflections 25677 15022
Ficure 1: Molecular structure and atomic numbering for folinic average data reduno!)ancy 6.6 7.7
acid; in ddTHF, N5 and N10 are replaced with C5 and C10, ~ data completeness (%) 100.0 9.1
respectively, and the 5-formyl group is not present. The molecule, gnalde-factﬁr, (A)gj ation (A 1‘8202 1‘8202
just like folate, is composed of three segments: the pterin ring (all bond e”%t rmsd eviation Ej ) 30 30
atoms to the left of C9), the pABA moiety (from N10 to=D), ond angle rms deviation (deg) ' '
thermal parameter correlation 9A 5.0 5.0

and the glutamate residue (NH and all atoms to the left of it). The ~
pABA and glutamate moieties together make up grarhinoben- 3 Reym = Ykni(Zill — Ll/Sili). P Rfactor = Y nalFo — Fel/S i Fo
zoyl)glutamate “tail”.

DHFR catalysis, our laboratory has carried out numerous
studies on the crystal structures of variously liganded
complexes of DHFR fronEscherichia coli(Bolin et al.,
1982; Bystroff et al., 1990; Bystroff & Kraut, 1991; Reyes
et al., 1995),Lactobacillus casei(Filman et al., 1982),

Schircks Laboratories (Jona, Switzerland) with a purity of
99%; it is supplied as a 1:1 mixture oRmS and &G oS
diastereoisomers. It is known that the natural diastereoiso-
mer, 6aS binds to ecDHFR with 10 000-fold higher

bacterial R67 plasmid (Matthews et al., 1986), human affinity than the &®,aS form (Birdsall et al., 1981). The

Davi t al.. 1990), and chicken I McTi t al., E€nzyme was dialyzed against 0.1 M Tris-HQI, pH 7.0 and
(193\é|)es e a ). and chicken liver (McTigue et a incubated with a 3-fold molar excess of folinic acid &t@

with minimal light exposure for at least 12 h. The complex
with folinic acid. This structure is of mechanistic interest W8S then concentrated to a_bout 35 mg/mL using aCer_wtrlcon-
mainly for two reasons. First, folinic acid is a close analog 10 protein concentrator (Amicon). Crystals of ecDHfeRnic

of the reaction product, THF, differing only by the presence 2cid were grown at £C as follows: 6.25L of 0.5 M
of a formyl group at N5 of the tetrahydropterin ring (Figure --histidine, pH= 6.8, and 6.2%L of 0.5 M calcium acetate
1). Long-standing structural questions concerning the DHFR Were added to 5@l of concentrated folinic ackDHFR
mechanism relate to THF release: why is this the rate- complex in an Eppendorf tub(_a, and the mixture was stirred
limiting step under steady-state conditions at physiological thoroughly. Drops of approximately &L were set up on
pH and why does binding of the next NADPH molecule siliconized cover slips and placed in vapor contact with a
accelerate THF release (Fierke et al., 1987)? Unfortunately éServoir solution containing 1&5% ethanol in 1.0 M Tris-
DHFR complexes with THF itself cannot be conveniently HCI buffer, pH 7.0, at #C. Crystals of good quality and
studied because THF is easily oxidized by air (Feeney et Size appeared in-23 weeks. As the crystals grew it was
al., 1981). Unlike THF, however, folinic acid is stable in apparent that each drop contained crystals of two different
air under neutral or mildly alkaline conditions (Blakley, gross morphologies, hexagonal bipyramids and hexagonal
1969). prisms. The hexagonal bipyramidal crystals, with dimen-
The second reason for interest in the structure of the folinic sions 0.5x 0.3 x 0.3 mm, belong to space groli; and
acid complex is that its formyl group at N5 may serve as a are isomorphous with a previously observed crystal form
probe of the surrounding neighborhood. In an earlier model (Bolin et al., 1982), while the hexagonal prisms, with
for N5 protonation proposed by this laboratory (Bystroff et dimensions 0.2 0.2 x 1.0 mm, belong to space gro&gs,
al., 1990; Brown & Kraut, 1992), a double proton relay was a new one for ecDHFR crystals. After mounting in glass
suggested. It invokes the pteridine O4 as an intermediatecapillaries with a drop of mother liquor, x-ray data were
proton carrier, requiring an assumption, however, that O4 collected at £C using a multiwire area detector (Xuong et
be enolized, at least transiently. Since the N5-formyl group al., 1985). The unit cell parameters of both & andP6s
of bound folinic acid should be near O4 and able to rotate crystals and data collection statistics are shown in Table 1.
freely, it may interact with O4 and, depending on the latter's Data are 100% complete for both crystal types;RHfactors
tautomeric state, form a hydrogen bond with it. In fact, as reported are based essentially on all data (all reflections
described below, this is precisely what occurs in a large between 20.0 and 1.9 A). There are two molecules per
fraction of the DHFR molecules within the crystals. asymmetric unit in theéP6; crystal and one molecule per
Finally, although unrelated to enzyme mechanistic ques- asymmetric unit in thé®6s crystal.
tions, it is of general interest to note that folinic acid has
been used clinically (Bertino, 1977) as an antidote to MTX p
when the latter is administered in otherwise fatal doses
(“leucovorin recue”).

We now report the crystal structure of ecDHFR complexed

Structure RefinementCrystallographic refinement of the

6, structure was carried out as described by Reyes et al.

(1995) for other binary ecDHFR complexes in the same space

group.

MATERIALS AND METHODS Since ecDHFR has not previously been crystallizelegg
Crystallization Recombinant ecDHFR was isolated and it was necessary to apply the molecular replacement method

purified as previously described (Smith & Calvo, 1980, to determine its structure. We used XPLOR, version 3.1

1982). The concentration and purity of enzyme was (Bringer, 1992), which includes the cross-rotation function,

determined by its absorbances at 260 and 280 nm. Folinictranslation search program, and the generalized molecular

acid, in the form of its calcium salt, was obtained from replacement technique based on Patterson correlation (PC)
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FIGURE 2: FqpdP6; folinic acid) — Fq,{ddTHF) electron density map at-4ontour level showing strong positive electron density corresponding
to the 5-formyl group of the ligand, folinic acid, near the pteridine ring (foreground). The ligand model shown is that of ddTHF. The

residual positive density near the model's pABA ring is likely due
rings of ddTHF and folinic acid (see text).

refinement. The search model was molecule A of the
ecDHFRdihydrobiopterin complex (Reyes et al., manuscript
to be submitted), with the ligand omitted. Reflections

to the small dihedral angular separation between the respective pABA

In the P65 structure the presence of the formyl group was
confirmed by inspection of arFops—Fcac “Omit map”
calculated with~c,c obtained after removing the formyl group

between 15.0 and 4.0 A were included in the rotation search,and further refining to minimize residual bias. A strong

with a maximum Patterson vector of 45 A. PC refinement

positive peak next to the pteridine N5 was interpreted as the

was carried out using the highest peaks of the rotation formyl group. However, it was noticed after further refine-
function, after which the translation search was performed ment that there always remained a persistent residual positive

in the x andy directions using reflections between 8.0 and
3.5 A. Since the position of the unit-cell origin along the
z-axis is arbitrary irP6s, we chose a molecular position such
that all atomicz coordinates are positive. This procedure
yielded anR-factor of 44.0%. We then performed rigid-
body refinement, which lowered the R-factor to 39.4%. To
further improve the model, we also ran the simulated
annealing program in XPLOR, which brought tRefactor
down to 31.5%. All subsequent steps followed standard
procedures for the XPLOR crystallographic refinement
package. Finally, the folinic acid ligand was modeled into
positive density in thé&,s—Fcac map and further refinement

electron density very close to the formyl oxygen, much too
close to be interpreted as a water molecule. When the formyl
oxygen was moved into the residual density, however, new
positive density appeared where that atom had originally
been; and repeated switching of the oxygen position followed
by refinement always produced the same result, namely,
residual adjacent positive density. It thus became obvious
that there must be an appreciable degree of discrete disorder
in the ligand. An expanded coordinate set was therefore
introduced to represent the ligand, consisting of two partially
occupied folinic acid molecules with their formyl groups in
the two alternative orientations. They were assigned oc-

was carried out using the TNT Refinement Program Package,cupancies of 0.8 and 0.2, respectively, based on their relative

version 4-C (Oregon State Board of Higher Education, 1991),
including all reflections between 20.0 and 1.9 A. This
procedure dropped the-factor from 26.9% to 18.7%.

In the P6, structure, visual analysis of the conformation
of the ligand indicated that it is exclusively the expected
6S,aS diastereoisomer. The presence of a 5-formyl group
was verified by inspection of a difference Fourier calculated
with coefficients Fopd P6; folinic acid) — Fop{ddTHF)] and
phases from the refined 2.0-A structure of the ecDHIERHF

electron densities. Further refinement resulted in two
coordinate sets representing folinic acid in very similar
positions and conformations except that their formyl groups
are related by a rotation of approximately 220The
coordinate set with higher occupancy has its formyl oxygen
turned toward, and close to, pteridine O4. The probable
significance of this observation is addressed in the Results
and Discussion section below.

TNT refinement of both structures, including the formyl

complex (Reyes et al., 1995). The expected positive peakgroup, with iterative cycles of model rebuilding and least-

(40) of correct shape and size is clearly evident near N5 of
the pteridine ring (Figure 2).

squares minimization was carried to convergence. Water
molecules were modeled into positive difference density
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peaks that were greater thaw,4within 2.3-3.3 A of a so were deleted. The unusually high temperature factors of
hydrogen-bonding partner, and with reasonable hydrogen-these atoms may be ascribed to the fact that the terminal
bonding geometry. Those with refin@ifactors> 100 A2 glutamate moiety of folinic acid, like that of folate, is directed
were omitted. A total of 427 water molecules have been toward the external solvent and does not interact with the
included in theP6; structure, and 211 in thé6s structure. backbone or any side-chain groups.

Atoms not visible in electron denSity maps and therefore General Comparisons among Structure¥he overall
deleted from the final structure of th6; folinic acid conformations of both molecules A and B in tB6; folinic
structure are the same as those deleted from the MTX gcid complex as compared with the isomorphBésdd THF
complex (Bolin et al., 1982), but with two additional atoms complex (Reyes et al., 1995) are essentially identical. That
deleted, namely, the ligande® and G2 in molecule B. In s to say, although the conformation of the Met-20 loop

the P65 structure, all side-chain atoms are visible excepLN  (residues 9-23) differs substantially between molecules A
of Arg-12 and @ and G:1 of GIn-146, which have therefore  and B, all molecules A in the varioug6; structures look

been deleted. For both t6, andP6s ecDHFRfolinic acid alike, as do molecules B. Similarly, the ligand tetrahydro-
structures the mean Uncertalnty in atomic pOSItlonS is 0.2 A pteridine rings all have the same conformation and can be

as calculated by the method of Luzzati (1952) Superimposed (Figure 3)
Final R-factors and other refinement statistics are listed | the P6s folinic acid complex, however, the situation is
in Table 1. Coordinates of the preseR6, and P6s somewhat different. Although once again the overall protein

Brookhaven Protein Data Bank; their PDB IDCODES are «completely closed” over the active-site cavity, unlike any

1JOL and 1JOM, respectively. other ecDHFR structures seen so far (see Figure 3; confor-
Structural ComparisonsThe refined ecDHFRolinic acid mations of the Met-20 loop will be further discussed below).
structures were compared pairwise with all other ecDHFR Moreover, when the bound tetrahydropterin ring of folinic
complexes. Small differences in relative rotations of the acid in theP6s complex is compared with that of tHe6;
major and minor subdomains (residues3lf and 89-159 ddTHF complex, it is evident that although they are quite
and residues 3888, respectively) were quantified by least-  similar, notably with regard to the ring pucker at C6 and
squares superimpositions of backbe@nearbon atoms inthe  C7, their pteridine rings are not strictly coincident (Figure
separate subdomains using both OVERLAY (TNT package) 4).
and INSIGHT Il (version 2.2.0, Biosym Technologies, San  Rejatie Positions of SubdomaingcDHFR is composed
Diego, CA). Relative subdomain rotations were further of yyo subdomains, a major subdomain and a smaller
characterized with respept to wh|c_h are more open and Wh'Chadenosine-binding subdomain. The major subdomain is
more closed by use of distance difference plots such as tharsequentially discontinuous, consisting of residue$a and
employed by Bystroff and Kraut (1991). 110-159, while the minor subdomain consists of residues
39-109 [Bystroff & Kraut, 1991; revised by M. R. Sawaya
RESULTS AND DISCUSSION (1994)]. In the 35 ecDHFR crystal structures in 9 different
Temperature Factors and Local DisorderThe P6s crystal packings so far determined, the relative positions of
structure has appreciably lower B-factors than either moleculeth® two subdomains has been observed to vary slightly,
of the P6, structure. The average atomic B-factor in the resulting ina more “open” or a more “closed” conformation.
P6, structure is 26.7 A(average over molecules A and B), These are exemplified by the apoenzyme, in space group
while it is 18.7 & in the P6s complex. The folinic acid in ~ P3121 (Bystroff et al., 1990), which may be regarded as fully
theP6; complex has an average B-factor of 20 5(Average ~ OPen, and the MTX binary complex, in space groef
over molecules A and B), while this value is 11.8iA the ~ (Bolin et al., 1982), which may be regarded as fully closed.
P6s complex. Although it is conceivable that only the water The open conformation is characterized by widening of the
molecules and side-chain atoms are more disordered in the€longated crevice between the& andaC helices (residues
P6, structure than in the6s structure, this is evidently not ~ 24—35 and 44-50, respectively, with @2 of Leu-28 in the
the case: if onlyx carbons are taken into consideration, the @B helix and G/1 of lle-50 in theaC helix making the
average B-values still are 18.% Aor the P6, complex but  closest mutual approach) by about 1.9 A, as well as
only 11.1 A for the P65 complex. These results suggest enlargement of th_e adenosine binding pocket, relative to the
that the enzyme molecules are less mobile in B closed conformation.
structure, even though they are slightly less tightly packed, Comparing both molecules of tif6; folinic acid complex
occupying about 5% greater volume per molecule. Perhapswith those of theP6; MTX complex, it is found that the

the unique conformation of ecDHFR in tRés structure-with subdomain separation is only about 0.2 A wider in the
its Met-20 loop completely closed over the active-site former. That is to say, the folinic acid complex 6, is
entrance and stabilized by a hitherto unobservetf @ almost fully closed. On the other hand, in tRés folinic
(see belowj-can account for the difference. acid complex the subdomain separation is about 0.9 A wider

In both theP6l andPGS structures thé(FG) |oop (residues than in thePGl MTX CompleX. In other WOI’dS, it is about
117-131; connects thgF strand with theG strand) is the ~ half open. Thus we can conclude (not surprisingly) that
most disordered portion of the molecule, with average crystal packing could have an important effect on the exact
B-factors of about 50 & such an observation is not Molecular conformation.
surprising, as thg(FG) loop is a surface loop. The terminal Does the nature of the ligand also affect the separation
carboxylate oxygens, & and Q2, of the glutamate moiety  between subdomains? When all tR&; complexes are
of folinic acid in the B molecule of th6, structure refined  compared among themselves, the subdomain separation is
to unrealistically high temperature factors 00 A?) and found to vary over a range of about 0.7 A, depending on the
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FiIGure 3: Least-squares superimposedarbon backbone traces of ecDHf®inic acid complexes: (&) thin lind?6; structure, molecule

A; (b) medium line,P6; structure, molecule B; and (c) thick linB6s structure. Their greatly differing Met-20 loop conformations are
readily evident in the central left-hand side of the figure (arrow). The ligand model shown (thin lines) is that for folinic acid in molecule
A of the P6, structure.

folinic acid (P6 5complex) folinic acid (P6 5complex)

Ficure 4: Least-squares superimposed structures of the ecBHHRIF P6; binary complex (thin line) and folinic acill6s binary complex

(thick line). TheoC atoms of the enzyme were used in the least-squares superimposition, but only the bound ligands are shown. The
lateral twist of the pABA ring of folinic acid relative to that of ddTHF is readily apparent. Only the major conformer (80% occupancy)

of folinic acid in theP6s structure is shown; the minor conformer (20% occupancy) is not shown.

ligand. A more complete description and possible mecha- there appears to be a connection between the detailed binding
nistic implications of these observations will be presented geometry of the pABA ring and the degree of openness of
in future reports. For the present, however, we note that the intersubdomain crevice. This issue is dealt with below.
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Conformations of the Met-20 LoopAmong all theP6,
ecDHFR structures, including the folinic acid complex,
molecules A and B differ only in the conformation of their
Met-20 loops (residues-23). If we consider the Met-20

Biochemistry, Vol. 35, No. 22, 1996017

pPABG tail; (b) in molecule A of theP6, structure the Met-
20 loop is partially open, the formyl O and pteridine O4 are
only weakly H-bonded, and Arg-44 swings 4 A away from
the ligand pABA moiety; and (c) in molecule B of tiR6,

loop to resemble a planar lid on the entrance to the substratestructure the Met-20 loop is completely open, the formyl O
binding pocket, then in molecule B the pocket is completely and pteridine O4 araotH-bonded, and neither arginine side
open, i.e., the lid makes an angle of roughly 186th the chain in the enzyme swings away.

binding pocket entrance (see Figure 3). In molecule A, on  What are the mechanistic implications of these seemingly
the other hand, the pocket is slightly closed, as the lid is correlated structural repositionings? It is possible that the
swung toward it by about 5 In contrst, theP6s folinic above coordinated movements of the Met-20 loop, the Arg-
acid complex has a closed Met-20 loop conformation in 44 and Arg-52 side chains, and the degree of enolization of
which the lid lies flat upon the ligand binding pocket orifice pteridine O4 (as evidenced by the H-bond length between it
(see Figure 3). It appears that the Met-20 loop is able to and the formyl oxygen) are physically linked; however, the
assume a closed conformation in @& structure because  mechanism of such a linkage is unclear. Thus the simplest
it occupies the empty cofactor binding site. In this respect explanation is that intermolecular packing differences be-
the P6s structure is unique among all ecDHFR crystal tween theP6, and P6s structures are responsible for the
structures solved to date. The Met-20 loop is prevented from variability in the Arg-52 and Arg-44 positions, once again
adopting this conformation in thié6, structure because of = emphasizing the great caution which must be exercised when
crystal packing contacts between molecules A and B of the making detailed molecular comparisons across different

asymmetric unit. The details of the movement of the Met-
20 loop and the various structural factors which influence it
will be dealt with in much greater detail in a later publication
(Sawaya et al., manuscript in preparation).

Calcium ion is a component of the medium from which
both theP6; andP6s crystals are grown, and both structures
contain a single calcium ion per asymmetric unit. A6,
the C&" ion is located near thG strand (residues 132
141) and the Met-20 loops of both molecules A and B of
the asymmetric unit. However, i#6s the C&* coordinates
three backbone carbonyl oxygens in the Met-20 loop [Glu-
17(0), Asn-18(0), and Met-20(0)], two water molecules
(Wat-246 and Wat-266), and the hydroxyl group of an

ethanol molecule (eth-174), also a component of the crystal-

lization medium. It is noteworthy that Asn-18 is the
C-terminus of a single turn of;ghelix comprising residues
16—18 of the Met-20 loop. This single helical turn is not

crystal packing geometries.

Geometry of Bound Folinic AcidThe most significant
new information to emerge from the two crystal structures
of the ecDHFRfolinic acid binary complex concerns the N5-
formyl group. Quite clearly its carbonyl oxygen hydrogen-
bonds with O4 in at least half of the molecules (or at least
half of the time). Specifically, in thB6; structure the formyl
oxygen is turned toward O4 in molecule A of the asymmetric
unit, while it is turned away from O4 in molecule B. In the
molecule where the formyl oxygen is turned toward O4, the
distance between the two is 3.4 A, sufficiently short to imply
weak hydrogen bonding. Neither molecule of the asym-
metric unit shows any evidence of disordering of the formyl
group’s orientation (Figure 5). In contrast, however, the
formyl group in theP6s structure apparently can rotate into
two different positions, about 12@part, with occupancies
of roughly 0.8 and 0.2. Accordingly, crystallographic

observed in any other ecDHFR crystal structure. We believe refinement was carried forward with two independent folinic

that interactions between the Taand the Met-20 loop in
the P6s complex help to stabilize the fully closed conforma-
tion of the Met-20 loop in that structure.

Position of the Arg-52 and Arg-44 Side Chaingnex-
pectedly, the Arg-52 side chain in the6s structure is
drastically repositioned relative to its location in tRé;

acid molecules, appropriately weighted, in the binding site.
The final coordinates show that in the predominant binding
geometry the formyl oxygen is also turned toward O4, in
this case with a distance between the two atoms of 2.8 A,
once again indicating the existence of a hydrogen bond. In
the minor binding geometry, the formyl oxygen is turned

structures, where it is turned toward the carbonyl oxygen of away from O4 (see Figure 6). The hydrogen in questibiat

the ligand’s glutamate moiety. Although the Arg-52 side
chains of molecule A and B in tHeg; structures are similarly
positioned, in thd”6s structure it has swung away from the
folinic acid by over 6 A and projects out into the surrounding
medium. Thus the distance from the Arg-5Z &tom to
the glutamate @ atom is approximately 5 A in the ddTHF
and folinic acidP6, complexes (both molecules A and B),
but this distance is almost 11 A in the6s folinic acid
complex.

Additionally, in molecule A of theP6; folinic acid

which bridges O4 and O5B in molecule A of tHe6,
structure and in the major conformer of tR6s structure-is
notvisible in the electron density map and has to be simply
assumed to exist somewhere between O4 and O5B, forming
a nonplanar, irregular ring system with ligand atoms C5A,
N5, C4A, C4, O5B, and O4 (see Figure 7a).

It should also be noted that in Figure 6 the two ligand
conformers in theP6s structure appear to differ in their
pteridine ring pucker and pABG positioning. It is possible
that hydrogen bonding between pteridine O4 and formyl O5B

complex structure the Arg-44 side chain is turned away by causes the tetrahydropterin ring to assume a somewhat

about 4 A from the pABA moiety as compared to its position
in molecule B or in either molecule A or B of the other
ecDHFRP6; binary complexes.

different geometry as compared to the ring geometry when
the pteridine O4 and formyl O5B do not interact. Such is
also observed on comparing molecules A and B ofRbe

It may be useful at this point to summarize certain features structure: in addition to the differing formyl oxygen orienta-
of the two folinic acid complex structures we have described tions of the folinic acid ligands, they differ as well in their

here: (a) In thé?65 structure the Met-20 loop is completely
closed, the formyl O and pteridine O4 are fully H-bonded
(see below), and Arg-52 swings 11 A away from ligand

tetrahydropterin ring pucker and precise pABG positioning
(Figure 5). These relative movements are similar to,
although significantly less dramatic than, those observed
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folinic acid folinic acid
(P64 complex) (P64 complex)

0O5B 058

FiIcUure 5: Least-squares superimposed structures of the two molecules of the asymmetric unit of the doliti-Rcid P6, binary
complex: thick line, molecule A; thin line, molecule B. The distance of 3.4 A between pteridine 04 and the formyl oxygen O5B in
molecule A, suggesting a marginal H-bond, is indicated.

folinic acid
(P6 5 complex)

folinic acid
(P6 5 complex)

05B 05B

Ficure 6: Two different positions of the bound folinic acid in tR&s complex: thick lines, position 1 with 80% of occupancy; and thin
lines, position 2 with 20% occupancy. In position 1 the distance between pteridine O4 and formyl oxygen O5B of 2.8 A, strongly suggesting
a hydrogen-bonded interaction, is indicated.

between the major and minor ligand conformers in Bige occupied) and minor (20% occupied) ligand conformations
structure (Figure 6), which is perhaps to be expected sincein the P6s structure, it should be kept in mind that
the H-bonding between pteridine O4 and formyl O5B is crystallographic refinement of the coordinates of the minor
stronger in the major conformer in tfR6s structure than in conformer will be much less reliable than the others. Thus
molecule A of theP6, structure. Nevertheless, in assessing we are reluctant to place too much emphasis on the accuracy
this apparent slight difference between the major (80% of the minor conformation.
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(a.) folinic acid the protonation state of Asp-27 and the nature of the N5-
Ho 0 protonation mechanism remain intriguingly obscure.
0 23; S A second curious aspect of the folinic acid geometry
L P 7 4 concerns the angular twist of the bound pABA ring, which
HN j N N N differs appreciably between tH6; and theP6s structures.
)\N N ) )\ j In order to simultaneously compare the three structirés,
H BN NN ecDHFRAdTHF, P6; ecDHFRfolinic acid, and P6s
lactam lactim ecDHFRfolinic acid, we performed least-squares superim-
) positions between each of them and the previously reported
(b.) 7, 8-dihydrofolate M P6; ecDHFRMTX structure, which served as a fixed
o %0 0 reference. Examining the pABA rings in both the A and B
N N &_1\ S ? H R molecules, we note that while those of B8, folinic acid
)\ j ~ N Nj and ddTHF complexes are essentially parallel (although not
HN NN )\N . coincident, as they are separated laterally by about 0.5 A),

HzN H in the P65 folinic acid complex the ring is twisted by 15
lactam lactim about an axis passing through C11 and C14 (Figure 4). The

FIGURE 7: Schematic diagram illustrating the promotion of eno- direction of twist is such that the pABA ring atoms C12 and

lization of pteridine O4 by the formyl oxygen in the case of folinic  C13 in theP6s complex are swung toward theC helix,

acid (panel a) and by a transient water molecule in the case of,, .: ; :

DHF (panel b). R represents the pABG moiety in both cases. In W'hlle.atoms C15 and C16. are syvung n Fhe.oppOSIIe
panel a, the freely rotating formyl group is thought to induce direction, toward theaB helix. This ring twist is ac-
enolization of pteridine O4 when the former's oxygen atom lies companied by movement of theB and aC helixes away

proximal to the latter, leading to the formation of an intramolecular from the pABA ring by about 0.3 and 1.5 A, the precise

e o hrs S S erhabs o by e e ofmovement depending on th degree of s, Sice
opening of the Met-20 loop; this water eventually H-bonds to aB Is in Fhe' major subdomain Whlle’.c IS In the minor
pteridine N5 and occupies nearly the same, but probably not subdomain, it appears that the pABA ring twist is correlated

identical, position as the formyl oxygen in folinic acid when the with the large relative subdomain movement observed in the
latter lies proximal to pteridine O4, inducing enolization of O4 in PG structure, mentioned earlier. The functional significance,
a similar way. Previous studies (McTigue et al., 1992; Reyes et it any, of this dynamic coupling is not clear. Such lateral
amlalégl?lSe). have strongly established the existence of such a Watertwisting of the pABA ring has also been observed in a recent
structure of GAR transformylase complexed with a folate-
The foregoing strongly suggests the existence of an derived inhibitor (Klein et al., 1995). It is clear, therefore,
equilibrium between the lactim (enol) and lactam (keto) that the pABA ring of folate or its variants has the ability to
tautomers of the 5-formyltetrahydropteridine rifif not in rotate relatively freely.
solution, then certainly when it is bound to the enzyme Implications for Release of THF from the Enzyme
molecule in the crystal (see Figure 7b). Consequently, sinceProduct Complex We have proposed recently that puckering
the transition state for dihydrofolate reduction must involve of the ecDHFR-bound tetrahydropteridine ring, as seen in
a pteridine ring in a state that is, roughly speaking, sterically the ddTHF complex, brings pteridine O4 closer to Trp-22
and electronically intermediate between dihydro and tet- so that a conserved, bound water molecule now makes a
rahydro, it is reasonable to suppose that a similarketwl stronger H-bonded bridge between the two moieties, thereby
equilibrium might also pertain in the transition state. This contributing to slower release of product as compared with
idea is made still more attractive by the realization that in reactant [see Figure 6 in Reyes et al. (1995)]. With respect
the transition state an alternative hydrogen-bond acceptor,to this particular feature, the geometries of & andP6s
namely, a water molecule, probably occupies the space takerfolinic acid complexes are indistinguishable from one another
up here by the N5-formyl group, bridging O4 and N5. In and very close to that of the ddTHF complex. Thus these
fact, the presence at this position of a potential hydrogen- two new structures lend further support to the proposal of
bond acceptor, be it a formyl oxygen or a water molecule, Reyes et al. (1995).
should favor the enol tautomer. Panels a and b of Figure 7  Additionally, when the NADPH holoenzyme complex
together illustrate the above ideas. (space grou3,21; Sawaya, 1994) and the ddTHF complex
These observations are consistent with an earlier proposalP6;) were superimposed, it was found that the enzyme
for the mechanism of pteridine N5 protonation of DHF by favors an extremely short approach distance of 2.1 A between
ecDHFR [see Figure 6 in Bystroff et al. (1990) and Figure pteridine C6 and nicotinamide C4, or 1.8 A between pteridine
3 in Brown and Kraut (1992)]. That proposal involved C7 and nicotinamide C4 [see Figure 5 in Reyes et al. (1995)].
enolization at O4, at least transiently, promoted by a Applying the same procedure to tR&,; andP6s folinic acid
protonated catalytic-site Asp-27, and the introduction, at least complex structures gives the same result. In the case of the
transiently, of an additional proton-relaying water molecule P6, structure, the approach distances are the same as for the
between O4 and N5. Some degree of credibility has now ddTHF, within 0.1 A, as expected since the latter is
been lent to the latter aspect by the identification of just such isomorphous in the same6, space group. For th€6s
a bound water molecule between O4 and N5 in the crystal complex, however, the approach distances may be even a
structure of the ecDHFfolate binary complex (Reyes et little shorter: the C7 to C4 distance is 1.4 A as compared
al., 1995). However, the roles of Asp-27 and of O4 with 1.8 A for the ddTHF. These findings strengthen our
enolization have been called into question recently by previous conclusions, based on the crystal structure of the
conflicting observations (Blakley et al., 1993; Cheung et al., ecDHFRddTHF P6; binary complex, that acceleration of
1993; Chen et al., 1994; Basran et al., 1995). In our view THF release from the enzymroduct complex by binding
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a new molecule of NADPH is due in part to a sterically

crowded interaction between the product pteridine C7 and

NADPH nicotinamide C4.
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