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ABSTRACT: Type Il dihydrofolate reductase (DHFR) is a plasmid-encoded enzyme that confers resistance
to bacterial DHFR-targeted antifolate drugs. It forms a symmetric homotetramer with a central pore which
functions as the active site. Its unusual structure, which results in a promiscuous binding surface that
accommodates either the dihydrofolate (DHF) substrate or the NADPH cofactor, has constituted a significant
limitation to efforts to understand its substrate specificity and reaction mechanism. We describe here the
first structure of a ternary R67 DHFRHF-NADP* catalytic complex, resolved to 1.26 A. This structure
provides the first clear picture of how this enzyme, which lacks the active site carboxyl residue that is
ubiquitous in Type | DHFRs, is able to function. In the catalytic complex, the polar backbone atoms of
two symmetry-related 168 residues provide recognition motifs that interact with the carboxamide on the
nicotinamide ring, and the N304 amide function on the pteridine ring. This set of interactions orients
the aromatic rings of substrate and cofactor in a relative endo geometry in which the reactive centers are
held in close proximity. Additionally, a central, hydrogen-bonded network consisting of two pairs of
Y69-Q67-Q67-Y69' residues provides an unusually tight interface, which appears to serve as a “molecular
clamp” holding the substrates in place in an orientation conducive to hydride transfer. In addition to
providing the first clear insight regarding how this extremely unusual enzyme is able to function, the
structure of the ternary complex provides general insights into how a mutationally challenged enzyme,
i.e., an enzyme whose evolution is restricted to four-residues-at-a-time active site mutations, overcomes
this fundamental limitation.

Antifolate drug therapy plays a critical role in the treatment substrate and cofactor binding sites and thus can form DHFR
of pathogenic and neoplastic diseases. The evolution of a(DHF), and DHFR(NADPH), complexes as well as the
plasmid-encoded, Type Il dihydrofolate reductase (DHFR) active DHFRDHF-NADPH ternary complex9). Coopera-
provides one mechanism for bacterial evasion of drugs suchtive binding leads to a strong preference for the productive,
as trimethoprim that target the bacterial dihydrofolate re- catalytic complex. It has been unclear how an enzyme with-
ductase enzymel{-4). Type Il DHFR is an extremely  out specific substrate and cofactor binding sites is neverthe-
unusual enzyme that exhibits no apparent structural orless able to catalyze a stereospecific hydride transfer reaction.
evolutionary relationship with the type | (chromosomal) A recent study by Alonso et al1Q) used a docking approach
enzyme. It is one of the smallest enzymes known to self- (AutoDock and FlexX) to model the ternary complex.
assemble into an active quaternary structure, forming aBecause of the large pore volume, numerous conformers
homotetramer consisting of four 78-residue peptides orga-were found. To sort through these alternate possibilities, they
nized into a toroidal structure with a central porg).( performed a comparative scoring analysis as well as molec-
Structural studies indicate that both the substréjeafd ular dynamics simulations. Ultimately, multiple binding
cofactor 6—8) bind in this central pore, which functions as modes for the ligands in R67 DHFR were proposed.
the active site. While a shared active site between protomers This type of active site structure also creates substantial
is not surprising, the presence of only one active site per evolutionary and mutational challenges to the enzyme. Since
multimer is quite novel. This single active site pore is each mutation will alter four active site residues at a time,
characterized by 222 symmetry, which presents fundamentalmost of the evolutionary pressure that would normally
problems for binding different ligands, as well as for enzyme optimize enzyme function is compromised by the need to
catalysis. In particular, R67 DHFR lacks separately defined balance the effects of substitutions at all four symmetry-
related sites. For example, a residue substitution on one
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The catalytic mechanism of R67 DHFR must also must equipped with Osmic VariMax HF mirrors and a Saturn 92
differ significantly from that of the extensively studied area detector.
chromosomal DHFRs, since the type Il enzyme lacks an  Structure Determination and Refinemefihe starting
active site acidic residue which appears to facilitate hydride model for the apoenzyme model was derived from the
transfer from NADPH by elevating thekp of bound DHF previously determined isomorphous structure, PDB code
(12—15) or by promoting enolization of the pteridine N3 1VIE (5), with the D, center of symmetry shifted to the
O4 in order to facilitate N5 protonatiori ). origin. The model was initially refined including all non-

In addition to presenting fundamental problems in enzyme solvent protons with CNS 1.118) and force-field restraints
biochemistry, structural analysis of the Type Il DHFR ternary derived from AMBER98 19). Ligand restraint parameters
complex poses some unique problems. The 4-fold symmetricwere derived from similar Iigands from CNS, with additional
central pore contains asymmetrically bound ligands, which parameters derived from small-molecule statistics of the
are presented as a 4-fold superposition of partially occupied Cambridge structure database0). Final refinement was
atom positions. The symmetry-related ligands overlap ex- done with REFMACS5 using anisotropic temperature factors
tensively with each other, which makes deconvolution of the (21). The quality of the final structures was assessed using
single asymmetric structure extremely problematic. To our the programs ProchecR2) and Molprobity @3). Structural
knowledge, this is the first example of deconvolution of data has been deposited with the protein data bank (Table
overlapping densities describing two different ligands bound 1)-

to a promiscuous binding surface. . . RESULTS AND DISCUSSION
The present study presents the first crystallographic data

for a ternary type Il DHFRDHF-NADP* Comp|ex_ In X-ray Crystallographylnitial studies focused on the R67
addition to confirming the relative endo orientation of the DHFR-folateNADP* ternary complex, in order to avoid
nicotinamide and pteridine ring systems deduced on the basigPotential redox chemistry (see Figure 1 for atom labels).
of interligand Overhauser effect (ILOE) studie®),(the =~ However, occupancy of folate in the active site was
results explain how the enzyme is able to use structurally €xtremely low, as judged on the basis of electron density as
similar binding sites to accommodate both NAD&hd DHF, well as the absence of yellow coloring. This likely results
exploiting subtle similarities between the two different from the poor solubility of folate in high concentrations of
molecules. The structure of the ternary complex demonstrates2-methyl-2,4-pentanediol (MPD). Crystals were successfully
the critical significance of backbone interactions as a meanstransferred to different stabilizing solutions, but these
for resolving the mutational challenge noted above. The €ncountered similar folate solubility problems. Precipitants
structure also demonstrates the importance of a central, /S0 appear to interfere with binding. Indeed, the structure
hydrogen-bonded network formed from two pairs of Y69- determined in the presence of folate was found to be nearly
Q67-Q67-Y69 residues that sandwich the substrates tightly identical to that subsequently determined using only NADP

in place, facilitating catalysis. For this reason, ternary complex formation was then evalu-
ated using various folate analogues. Of the folate and related
METHODS analogues tested, dihydrofolate proved to be the most useful,

] » ) and it was immediately apparent from the yellow color of

Recombinant R67 DHFR was purified as previously the crystal that a higher level of occupancy of the DHF
described 17). The 16 N-terminal residues were removed pinging site was obtained. This probably results from the
using chymotrypsin, yielding a fully active protein composed fact that DHF is the preferred substrate and is also more
of 62-residue peptided7). DHF and NADP were obtained  gg|yple than folate in the MPD-containing medium.
from Sigma and used without additional purification. The inherentD, symmetry of the type Il dihydrofolate

Crystallization and Data CollectionCrystals were ob-  reductase, which simplifies crystallographic analysis of the
tained using the hanging drop vapor diffusion technique at uncomplexed enzyme, results in a significant analytical
4 °C by mixing 2uL of protein solution at a concentration  problem for the ternary complex due to the presence of 4-fold
of about 15 mg/mL in 50 mM phosphate buffer, 1 mM  overlapping, symmetry-related ligand binding sites (Figure
EDTA, pH 8.0, with 2uL of the reservoir solution consisting  2). The ternary DHFFDHF-NADP* complex is derived
of 50% 2-methyl-2,4-pentanediol (MPD), 100 mM Tris at from four symmetry-related substrate arrangements, each
pH 8.0. Of the conditions screened, MPD appeared to be anhaving 25% occupancy. Interpretation of the density requires
absolute requirement for crystallization. Crystals grew to a 4-fold deconvolution, in which the individual ligand
about 0.1x 0.8 mm in 3-4 days. The crystals belong to  conformations initially are unknown. Although we antici-

the space groupt22, witha = b ~ 67.8 A andc ~ 52.2  pated the need for exhaustive ligand conformational searches
A with one 62 amino-acid subunit per asymmetric unit in order to determine a reasonable model for the ligand
(Vm=1.97 A2 A.M.U.7* and 40% solvent content). positions, we were able to obtain interpretable electron den-

The ternary DHFRDHF-NADP* complex was prepared  sity corresponding to the nicotinamide and pteridine portions
by soaking a crystal in saturateedtl mM) DHF, 10 mM of the molecules from high-resolution diffraction data, and
NADP*, 55% MPD, 10% ethylene glycol, 100 mM Tris at  parallel modes of ring moiety binding that results in additive
pH 8.0, degassed with nitrogen. The binary complex was electron density, simplifying the identification of the ring
prepared by soaking a crystal in 20 mM NADB0% MPD, structures. The positions of bound NADEBNd the pteridine
100 mM Tris at pH 8.0. For data collection, crystals were ring of DHF were ultimately determined with a high level
frozen by submersion in liquid nitrogen and placed on the of confidence (Figure 3); however, as in the initially reported
goniometer in a stream of nitrogen gas-at80 °C. Data folate complex %), we were not able to identify electron
were collected using a Rigaku 007HF X-ray generator density for thep-aminobenzoyl glutamate tail.
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Table 1: Data Collection and Refinement Statistics
PDB accession code ternary 2RK1 binary 2RK2 apo 2RH2
Data Collectiof
space group 14,22 14,22 14,22
cell dimensions
a,b,c (A) 67.8,67.8,52.2 67.5,67.5,52.1 67.81, 67.81,51.97
o, 3, v (deg) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
resolution (A) 1.26 (1.331.26) 1.90 (1.971.90) 0.96 (0.99-0.96)
Riergé (%) 7.2 (49.9) 11.5(21.9) 10.0(65.7)
/oy 14.1 (3.0) 13.0 (4.5) 27.1(3.6)
completeness (%) 99.6 (96.5) 97.8 (83.7) 96.8 (91.1)
redundancy 12.4 (5.4) 6.4 (4.0) 16.3 (6.7)
no. reflections 15838 (1096) 4883 (396) 32858 (3331)
Refinemertt
resolution (A) 1.26 (1.291.26) 1.90(1.9331.90) 0.96 (0.99-0.96)
Ryork® (%) 12.4 (30.6) 14.1 (18.7) 10.4 (23.3)
ree” (%0) 15.2 (37.6) 20.0 (34.2) 11.7 (24.8)
number of atoms
protein 1034 530 1082
ligand 61 48 0
solvent 146 114 161
average B-factors
protein 12.4 13.2 8.6
ligand 13.7 11.3 -
solvent 32.0 34.3 23.6
rms deviations
bond lengths (A) 0.016 0.023 0.016
bond angles (deg) 2.12 2.30 1.65

2 Each data set was obtained from a single cry$tealues in parentheses represent statistics from the highest resolutiorf hédictor values
according to standard equatiodsAll statistics include hydrogens, where present (no hydrogens are present in the binary complex). Counts include
all partial-occupancy sites. B-factor averages are weighted by occuga®alrent includes MPD molecules.
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Ficure 1. Structure and numbering of the dihydrofolate and NADOands present in the R67 DHFBHF-NADP™ ternary crystal
structure.

The structures of the apo enzyme and the binary DHFR MPD molecule closest to Tyr55 fits into a hydrophobic
NADP* complexes have been included for comparison with pocket defined primarily by Phe24, Met26, lle42, Trp45, and
the ternary complex. The statistics for the data collection Tyr55. This pocket is located on the outer surface of the
and results from refinement of the three structures are molecule, so that binding interactions would not be predicted
reported in Table 1, and the structures have been depositedo interfere with substrate binding. Also of interest, no MPD
in the protein data bank with accession codes 2RH2 (apo),molecules were observed in the enzyme pore. Alternative
2RK2 (DHFRNADP*), and 2RK1 (DHFRDHF-NADP™). conformations are observed for Trp45 and GIn67. These
The structure of the apo enzyme includes three MPD residues are paired at monomer interfaces, resulting in
molecules, positioned near Gly25, Leu50, and Tyr55. The conformations that are correlated. Both pairs of conforma-
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The Crystallography Problem amide proton of lle68. This interaction substitutes for the
hydrogen bond with the tyrosine, which may then hydrogen

bond with water molecules in the pore. Movement of the
GIn67 side chain into the pore also loosens the packing near

NADP .| APAIDADR Trp38, which then also tilts toward the center of the pore.
_—} Thus, the main conformational response of the enzyme to
DHF ) the presence of substrates is the displacement of some of

the GIn67 side chains from the pore, resulting in the
H-bonded network shown in Figure 4b and in tight packing
of the GIn67 residues against the pteridine and nicotinamide
rings (Figure 4a). This packing, along with expulsion of much
FIGURE 2 The crystallographic problem posed by the DHBRF- of the pore water, stabilizes the hydrogen-bonded network
NADP* ternary complex. A schematic, cross-sectional view of R67  gpown in Figure 4b, which in turn packs more tightly against

DHFR is shown in blue, with the pore shown in gray. The three . .
perpendicular 2-fold axes are indicated in red. On the left, a single the Trp38 residues (Figure 3b). The extended planes formed

pair of ligands is shown, while on the right, the four symmetry DY the two pairs of Y69-Q67-Q6+69' residues tightly
related pairs are indicated. In the crystal, each relative orientation clamp the substrate and cofactor together, promoting the
is expected to have 25% occupancy. reaction. This arrangement is characterized by a fundamental

asymmetry in the structure of the pore, with one tyrosine
tions differ from those reported in the previous structure acting as an H-bond donor, and the paired tyrosine acting
1VIE (5). as an H-bond acceptor (Figure 4b).

In principle, other complexes, such as the DHERHF), Substrate/Cofactor RecognitioBne of the central ques-
can also be present. Further, the use of DHF introduces thetions posed by the symmetric structure of Type || DHFR
possibility of additional chemical conversions, such as the concerns how the enzyme is able to affect a stereospecific
reduction of the NADP by the DHF which will result in  hydride transfer in the absence of specific DHF and NADPH
the production of NADPH, which in turn can reduce DHF  pinding sites. This puzzle is directly addressed by the present
to tetrahydrofolate (THF) as well. Because of the poor solu- structure, which demonstrates that the enzyme recognizes a
bility and presumed low concentration of folate in the 50% suptle structural analogy between the nicotinamide and
MPD solution, folate-containing complexes are very unlikely pteridine ring systems. Specifically, the enzyme interacts with
to be significant. In addition, the other possible ternary the nicotinamide ring and with a substructure of the pteridine
complexes have substantially lower affinity for the enzyme ring system in an identical fashion, treating the pteridine N-3
active site, compared with the ternary DHERIF-NADP* and O-4 atoms as an analogue of the nicotinamide carboxa-
complex Q). Substantial occupancy of the active site by mide group (Figure 3a,b and Figure 5a). In each case, a pair
NADPH and THF, formed from the back reaction, is ruled of hydrogen bonds is formed with the backbone amide and
out by the absence of the significant ring puckering expected carbonyl groups of a single 1le68 residue. An analogous
for these species. Finally, refinement of the model with 25% interaction of the nicotinamide ring is present in Type |
occupancy, as expected for a ternary complex, fits the DHFR, utilizing an alanine residue rather than an isoleucine
electron density sufficiently well so that all other reasonable resjdue p7—29). This parallel mode of binding anchors the
complexes that might form are not significantly populated. substrate and cofactor in an ideal orientation for the hydride

Structural Features of the DHFRHF-NADP* Ternary transfer reaction. Thus, the interaction of the-NG4 amide
Complex.The structure of the ternary DHFBHF-NADP* of the pteridine ring with 1le68 makes a critical contribution
complex is characterized by a well organized arrangementto DHF recognition and to reactivity. Interestingly, the
of the nicotinamide and pteridine ring systems (Figure 4a). pteridine ring of DHF is laterally displaced relative to its
The enzyme achieves a multiple layered stacking arrange-position in the previously reported folate binary complgX (
ment that includes the indole rings of the four Trp38 residues This leads to hydrogen bond distances of 2.88 A and 2.98
and a hydrogen-bonded network formed from pairs of GIn67 A between N3-lle68 O and O4-lle68 N in the present
and Tyr69 residues (Figures 4a, b) which sandwich the structure, compared with corresponding distances of 4.75 and
nicotinamide and pteridine ring systems. We characterize this3.07 A in the DHFR(folate), structure §). Apparently, the
multiple-tiered stacking arrangement as a “club sandwich corresponding N3-1le68 O hydrogen bonding interaction is
motif”. In addition to the stacking interaction with GIn67, not present in the earlier structure. Most significantly, this
Trp38 is stacked against His62 from an adjacent chain, mode of DHF recognition has important implications for both
explaining its significant contribution to the stability of the the selectivity of the enzyme and for the catalytic mechanism.
R67 DHFR tetramer24, 25). Interestingly, isothermal titration calorimetry studies in-

The arrangement of the central GIn67 residues differs from dicate that aminopterin (APTERjorms a DHFR(APTER)
that originally reported for uncomplexed R67 DHFB but complex but does not bind to R67 DHARADPH (30),
appears to be similar to a more recently reported structuresuggesting that folate analogues in the binary and ternary
(26). Our own data for the uncomplexed enzyme show that
the tight packing at the center of the pore results in 1 appreviations: APTER, aminopterin; DHF, dihydrofolate; DHFR,
conformational heterogeneity of the GIn67 side chains, which dihydrofolate reductase; DMDDF, 2-desamino-2-methyl-5,8-didea-
occasionally are displaced from the framework shown in zafolate; MPD, 2-methyl-2,4-pentanediol; NADPH, reduced nicotina-
Figure 4b to adopt the structure pictured in Figure 4c. In mide adenine dinucleotide phosphate; NADBXxidized nicotinamide .

] ; . . adenine dinucleotide phosphate; NMR, nuclear magnetic resonance;
this structure, one of the GIn67 side chains bends into the t\p, trimethoprim; DHP, dihydropteroate: ITC, isothermal titration
pore, where it forms an apparent hydrogen bond with the calorimetry; ILOE, interligand overhauser effect.

2-fold symmetry axes 4-fold averaged result
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complexes can adopt different conformations, consistent with
the above differences noted for folate versus DHF in the
binary and ternary complexes.

As indicated in Figure 4a, the nicotinamide ring is
sandwiched between the GIn67 side chain of monomer A
and the pteridine ring of DHF. The ribonicotinamide is also
positioned by a network of H-bonds that involves residues
from chains A and B (Figure 5a). These interactions not only
hold the nicotinamide ring in position for hydride transfer
for the DHF, but also tilt the ring so that the reactive centers
on the DHF and nicotinamide ring adopt a geometry that
more closely approximates that of an endo transition state
as modeled by Andres et aBX). Additionally, two Lys32
residues (chains A and D) interact with the NAD&bfactor
(Figure 5b). The Lys32 residue on chain A is positioned
closest to the nicotinamide phosphate, while Lys32 on chain
D can form a salt bridge with the adenosylghosphate
group. In addition to these electrostatic interactions, one of
the adenosyl-2phosphate oxygen atoms is positioned 3.0
A from the amide nitrogen of Ala36 (chain D). Specific
interactions with this phosphate are required to explain the
20-fold preference of the enzyme for NADPH over NADH
(30, 32, 33). The adenine base is positioned so that one side
is solvent exposed, while the other side lies directly over
Ala72-Ala73 (chain D), consistent with the large amide
chemical shift previously observed in NMR studies of the
R67 DHFRNADP* complex 8). The imidazole ring of the
adenine base is positioned near Pro70 (chain D). This
structure differs from the recently reported binary complex
structure for a Q67H mutant of R67 DHFR bound to NADP
(34), perhaps due to the presence of the mutation.

As in the previously reported structure of the binary R67
DHFR-(folate), complex 6), there was insufficient electron

Ficure 3: Fits of electron density. (a) Fit of the electron density
at the center of the pore for the binary complex, revealing the
nicotinamide rings for two of the four symmetry-related NADP
positions. Electron density representS,2 - Fca, CcOntoured at
0.50 in order to illustrate density for ligands at 25% occupancy.
Each color (red, blue, green, and magenta) identifies a unique set
of NADP" or water ligands among the four symmetry-related
groups which are averaged in the crystal. Two symmetry-related
nicotinamide rings are shown. Since only one NAD#nds per
tetramer 9), the ligand is present at 25% occupancy at each position.
Symmetry-related water molecules bind to each of the sites not
occupied by NADP, resulting in 75% occupancy. For example,
the green, magenta, and blue water molecules describe water seen
in three symmetry related sites when the red colored cofactor is
bound. The protein side chains at the top and bottom of the figure
correspond to the NH and O backbone atoms from symmetry related
1le68 residues, which interact with the amide of the nicotinamide.
(b) Electron density for one side of the pore in the ternary complex
(contoured the same as a), showing overlapping nicotinamide and
pteridine groups. Color-coding is as in panel a; however, in this
case, the two ligands exclude several water molecules from two of
the four sites. Electron density for the pyridine ring of the
nicotinamide overlaps closely with that arising from the pyrazine
ring of DHF. Note that these figures illustrate electron density for
symmetry-related molecules, rather than for an interacting substrate
cofactor pair, which is discussed below. WAT114, positioned near
the pteridine O4, has only 25% occupancy and appears to be
associated with the pteridine ring. (c) Electron density corresponding
to the phospho-adenosine pyrophosphate group of NAORe
bracketed Rs and Rg from a symmetry-related NADPmolecule,
shown in lighter shades of magenta and red, are also included. The
density was taken from data for the ternary complex. Symmetry-
related water molecules are also indicated by faded coloring.
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Ficure 5: Recognition of NADP. Panel a shows the interactions
of the ribonicotinamide-ribose moiety of bound NADRith the
protein. The extensive hydrogen bond network to the ribose helps
to position the reactive centers and also tilts the rings into a more
reactive geometry. Panel b illustrates many of the remaining
interactions of the R67 DHFR with the cofactor. lonic interactions
between symmetry related Lys32 residues and two of the phosphate
groups as well as several H-bonds are involved in binding. The
ionic interactions have been experimentally monitored by ionic
strength effects on binding8). The terminal subscript indicates
the chain identity of the residue.

Ficure 4: The “club sandwich motif’ of R67 DHFR. Panel a shows
a crystallographic tetramer with a single (asymmetric) pair of
ligands. Each monomer is color-coded and labeledAThe active

site pore faces the viewer. The four Trp38 residues, which contribute , ; ; ;
to the multitiered stack, occur on the outer layers of the “sandwich”. a tight fit. This suggests that there may be considerable

Moving inward, the next layers are the symmetry-related Y69-Q67- disorder of this portion of the molecule, minimizing the
Q67-Y69 residues, which “clamp” the pteridine and nicotinamide entropic penalty of binding while providing a favorable
rings at the center. These residues sandwich the ligands, DHFenthalpic interaction. This result is consistent with earlier
(vellow) and NADP (magenta; only the ribonicotinamide ringis  NMR data indicating disorder of the glutamy! tail of the

shown for simplicity). A red line shows the proximity of the C4 . A ]
(nicotinamide) and C6 (pteridine) atoms, which are involved in bound folate 7). The observation of significant conforma

hydride transfer. Panels b and ¢ show details of the R67 DHFR tional disorder and simultaneously a significant contribution
“clamp”. In panel b, the structure of one of the two hydrogen- to binding affinity is somewhat reminiscent of recent NMR
bonding networks formed from Q67 and Y69 residues on chains observations on the mobility of the arginine side chains in
A and B is shown. This panel corresponds to the top of the pore in {he HIV REV—RRE complex 86). In this case, electrostatic

gt?ﬂglu?é g?t?ﬁgd\(gg?gggfégewgé),“gzggglir?)t(;]se' g;onggimc,l’etge interactions between the arginine side chains of the HIV REV

shown. In this case, one of the GIn67 residues tends to adopt anProtein make an important contribution to the binding affinity
alternate conformation, which relieves the congestion and allows for the RNA target within the Rev Response element (RRE),
the side chain to form an alternate hydrogen bond with 1le68 NH while the arginine side chains remain highly mobile as judged
instead of with Tyr69 OH. by NMR relaxation data. Other examples exist where mobile
density to allow positioning of the“aminobenzoyl glutamate  guest molecules bind tightly to their hos&7( 38).

group of DHF, despite the fact that it contributes significantly ~ Relatve Substrate/Cofactor Orientatiofhe structure of

to binding @5). Modeling this portion of the molecule a ternary R67 DHFRolateribonicotinamide complex was
indicates that the binding site can provide favorable elec- first predicted by the addition of a modeled ribonicotinamide
trostatic interactions for both the- andy-carboxyl groups  to the crystallographically determined R67 DHfRlate),

of the glutamate involving two of the Lys32 residues but complex 6). In this model, the relative orientation of the
that the mouth of the pore is too wide to be consistent with nicotinamide and folate ring systems is similar to that found
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in chromosomal DHFR. Subsequently, interligand Over- a \’

hauser effect (ILOE) studies were found to be inconsistent ﬁ
with this model and suggested a relative endo orientation of I/ \

the reactive ring systemg)( a result consistent with the

structure of the ternary complex determined here (Figure 6).

The nicotinamide ring is stacked over the pyrazine ring of

DHF, indicating an endo hydride transfer. The relative , 8 {

. . . . . B . B 2
orientations _of the pteridine and n|cot|nan_1|de_ rings are . 6 ,..5&,_‘\
consistent with the transfer of tharo-R hydride ion (A- R ¢ e® NADP
side hydride transfer) previously demonstrated for a Type | @« 2 & < "—-
DHFR 39). The closest approach of heavy atoms for the } P

two ring systems corresponds to the nicotinamide C-4 -
pteridine C-6 distance of 3.4 A. The ring systems tilt away
from each other, so that the distance between the nicotina-
mide N-1 and the pteridine C-4a is 3.9 A. This ring stacking
geometry is not observed in the Type | dihydrofolate b
reductase (Figure 6b) but has recently been observed in \ n
pteridine reductaset() (Figure 6c¢), although in that case,

the nicotinamide ring is flipped, leading to a B-side hydride
transfer. Theoretical studies have suggested that this relative

orientation may be optimally efficient for hydride transfer e

Folate EC-DHFR

(31, 41-43). Asp27

In type | DHFR, a carboxylate side chain from a glutamate - v r‘}';—-";\/
(mammalian) or an aspartate (bacterial) side chain is /§3 N3
positioned to hydrogen bond with the pteridine N-3 and with &

-\
the exo amino group of the pteridine ring (Figure 68Y,( / "(’ F(

44). In pteridine reductase, the adenosyphosphate group EC-DHFR
is analogously positioned near the pteridine N3 (Figure 6c). NADP* /‘ y o
The proximity of the negatively charged phosphate group
could facilitate protonation of the pteridine N-5, consistent

with a catalytic role 40). In the R67 DHFR ternary complex, c
the NADP" molecule wraps around the pteridine so that
several of the phosphate groups are positioned near the
pteridine ring (Figure 6a). Although this binding mode may

5,6,7,8-Tetrahydrobiopterin

to some extent substitute for the absence of the carboxylate r‘ e -
group in the Type | enzyme, none of the NADPhosphate : H.-ﬁ:

groups makes close contact with the pteridine ring, or with  p— \\ r
the pteridine N3, which is instead hydrogen bonded to an N /:F'C/ A/‘
168 carbonyl (Figure 6a). Consistent with this structural - ‘./1 NADP*
observation, Raman studies of the R67 DHBRF-NADP™* <

complex (5) have demonstrated that, in contrast with the ‘

Type | enzyme, thelg, of DHF is not significantly elevated  Figure 6: Relative substrate orientation. (a) Relative orientation
in the complex. This observation is consistent with the lower of NADP* and the pteridine ring of DHF determined here for the
keat Of the Type Il enzymeX(7). R67 DHFRDHF-NADP™ ternary complex. The backbone of 11e68

Relationship to NMR DataAs noted above, the relative " chain D, which interacts with the N34 amide of DHF, is

d ientati f the folvl pteridi . d the nicoti also shown. The nicotinamide and pteridine ring systems adopt an
endo orientation of the folyl pteridine ring and the nicotl-  oq4 conformation in which the closest approach corresponds to

namide ring of the cofactor observed in the crystal structure the reactive nicotinamide C4 and pteridine C6 carbons. The NADP
(Figure 6a) are consistent with the ILOEs observed betweenis wrapped around the pteridine ring, so that the phosphates are
the two enzyme substrateB) ( Despite some differences in ~ positioned near the 2-amino group: distances: A&SN = 5.4
the complexes studied and in the conditions of the measureA; Nic-5-P—N =6.1 A/ Ad-2-P-N =6.8 ')i (b) Relative substrate
- . orientation in a ternary DHFfolate NADP* complex correspond-
ments, distances de'germlned from transferred NOE and ILOEing to theE. coli (Type 1) enzyme (pdb entry 1RX227)). The
data are generally in excellent agreement with the corre- Asp-27 side chain from thE. coli enzyme, which binds to folate
sponding distances in the R67 DHIRHF-NADP* complex N2 and N3, is also shown. The relative exo orientation contrasts
ternary complex determined here (Supporting Information; With that observed for the Type Il enzyme. (C) Relative substrate
Supplementary Table S1). orientation in a ternary _PT-IRetrahydrc_)b_lopterm\lADP complex
. . .., corresponding to th&eishmaniapteridine reductase (pdb entry
The crystal structure also is generally consistent with 2grp 67)). The relative endo orientation is analogous to that
previous chemical shift mapping studies of the interaction observed for R67 DHFR, however the enzyme catalyzes a B-side

of NADP* with the enzyme. In addition to the expected large hydride transfer, so that the orientaton of the nicotinamide ring is

shifts for residues 6469 located in the pore of the enzyme, flik|]oped. Hgldro‘éeg %Ol.r‘dinglsﬂtthb”dge ti”teraCttiO”S W,i[thh Nsbatret
-~ ) : shown as blue dotted lines, and the reactive centers on the substrates

add'|t|onal large shifts for resonances corresponding to are connected with red dotted lines. In order to facilitate comparison,

residues located near the mouth of the pore were observedine orientation of the pteridine ring system is similarly oriented in

The position of the adenosine ring of NADIs consistent  each frame.
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with the large amide shifts observed for Ala73 and Leu74,
as well as for the somewhat smaller shifts of Lys33 and Ser34
(8), which are also positioned near the adenosyl binding site.
Analysis of the signs of these shifts indicates that they are
not consistent with a ring current contribution arising from
the proximity to the adenine ring, and hence the perturbation
of the hydrogen bonding interactions for these amides may
be the dominant factor in causing the observed shift
perturbations.

Catalytic MechanismThe NADPH-dependent reduction
of DHF by DHFR takes place in two steps: a hydride transfer
reaction in which a hydride is donated by the NADPH, and
a protonation step. For Type | DHFR, it is generally thought
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FiIGURE 7: Enzyme-substrate interactions and catalytic mechanism.
The enzyme exploits a subtle symmetry between the NADP
cofactor and the DHF substrate by interacting similarly with the
nicotinamide amide group in the first case, and the-K& amide
group of the pteridine. In both cases, a pair of hydrogen bonds is

that the protonation step precedes hydride transfer, thusformed with the backbone carbonyl and amide groups of the 1168

creating a cationic intermediate which will more readily
accept the hydride iop—47). Consistent with this view,

residues on chains A and D. As a result of these and other
interactions described in the text, the relative positions of two ring
systems are optimized for hydride transfer to C6. This transfer

vibrational spectroscopic studies have demonstrated that theollows or is concerted with N5 protonation, presumably from

N5 pK, of DHF is increased from 2.6 to 6.5 upon complex
formation withE. coliDHFR (12—15). In the type | enzyme,
this protonation step is thought to involve an active site
aspartyl (bacterial) or glutamyl (mammalian) residue. Nev-
ertheless, this residue is not positioned to bind directly to
the N5-protonated pteridine but rather is positioned near N3
and the C-2 exo amino group (Figure 6b27(. The
interaction can nonetheless stabilize a protonated form of
the pteridine ring, and it has been suggested that the
arrangement promotes a tautomeric equilibrium that facili-
tates transfer of a water proton to N5, followed by hydride
transfer ((6). The recently determined structure of pteridine

WAT114. WAT114 is within hydrogen-bonding distance of the
DHF O4 atom, but is solvent accessible and does not otherwise
appear to be specmcally activated.

| enzyme (6). The primary remaining questions are (1) to
what extent is a WAT114 proton transferred to the DHF N5,
i.e., does thelg, of N5 become elevated in the bound state?
(2) Does WAT114 function as the final water in a charge-
transfer complex so that some other functional group on
either the enzyme or the substrate provides the main source
for N5 protonation? (3) To what extent do other mechanisms
contribute to the observed enzymatic activity?

The first question noted above has been largely answered

reductase is perhaps even more relevant to the mechanisnby Raman spectroscopic studies performed on the same R67

of the Type Il enzyme, since the NADPH cofactor wraps

around the pteridine ring in a manner that is reminiscent of
the relative orientation determined here for a Type Il DHFR

(40). Furthermore, in pteridine reductase, the bridging

adenosyl-5phosphate is positioned close to the pteridine N3

(Figure 6¢), suggesting that it can play a role analogous to
the aspartyl/glutamyl side chain in the Type | enzyme.

In contrast with the functionally analogous enzymes
discussed above, interaction of the DHF amide with the 11e68
backbone in the structure determined here effectively elimi-
nates its role in catalysis. Therefore, the catalytic mechanism
of Type Il DHFR must differ significantly from that of the
chromosomal DHFR12, 13, 16, 48, 49) and also from the
mechanism postulated for pteridine reducta4@).(More
specifically, there would appear to be no possibility of a
keto—enol tautomeric equilibrium to facilitate N5 protona-
tion, as has been proposed for the chromosomal DHER (
The importance of the N3-HIle68 hydrogen bond is
supported by isothermal titration calorimetry studies showing
that folate binds to R67 DHFR with a neutral pteridine ring
(30). In the anionic form, the N304 group deprotonates
(50, 51), so that no proton is available for hydrogen bond
formation with the 11e68 CO group.

The simplest catalytic model consistent with the structural

DHFR-NADP*DHF complex studied herel®). These
studies have shown that th&pof N5 in the complex is<4
(15), compared to the freei of 2.60 @35, 52). Both these
values compare with an N&p value of 6.5 for DHF bound
to the Type | enzyme fronk. coli (12, 13). These results
demonstrate that elevation of the NXjprepresents an
important strategy for optimization of the catalytic rate
constant for the chromosomal enzyme, while this perturbation
apparently is not achieved for the Type Il enzyme. The
absence of a structural motif that would promote DHF N5
protonation is also consistent with kinetic studies demon-
strating that the Type Il DHFR is considerably less efficient
than the type | enzyme, exhibiting an activity that is more
similar to mutated forms of Type | DHFR in which the active
site aspartyl residue has been replaced by an asparagine or
serine residue4@, 50). In summary, the structural, kinetic,
and Raman data obtained for this enzyme all support a
consistent conclusion that the Type Il DHFR lacks an
effective mechanism for stabilizing the N5-protonated in-
termediate or for charge relay to this position, resulting in
lowered catalytic efficiency. On the basis of the above
discussion, N5 protonation may be concerted with hydride
transfer, as suggested in Figure 7.

Conversely, we may consider the factors that do appear

data presented here is shown in Figure 7. This model usego be significant for Type Il DHFR: (1)pPositioning of

water 114 (WAT114) as the proton donor to DHF N5. On

the basis of the electron density, this water position shows
25% occupancy, consistent with its association with the DHF,
and appears to be H-bonded to DHF O4. The involvement
of DHF N3—04 in interactions with the lle68 backbone

should restrict the possibility of keto/enol tautomerism which
has been proposed to facilitate N5 protonation in the Type

substrate/cofactorAs determined here, interactions of the

nicotinamide and pteridine rings with the backbone amide
and carbonyl groups of 1168 position the reactive portions
of the molecules in close proximity. Further, hydrogen

bonding interactions of the nicotinamide ribose with back-
bone groups of Val66 and Gly64 also contribute to the
positioning of the NADP and tilt the nicotinamide ring
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toward the pteridine ring of the DHF (Figure 6a). This tilted
ring structure is similar to that calculated for transition state
models (e.g., reBl). Interligand interactions, which clearly
contribute to binding affinity 9, 53, 54) also contribute to
the relative positioning of the substrates. Finally, two K32
residues interact with the phosphate moieties of NADPH,
and two K32s presumably bind to the glutamate tail of DHF,

Krahn et al.

specific side chains must not be essential for catalysis. This
surprising behavior is nevertheless consistent with many
aspects of the structure and the catalytic mechanism outlined
above. In particular, substrate/ cofactor positions are con-
strained by interactions with backbone atoms and so would
be relatively independent of the identities of the side chains.
Similarly, the steric compression at the center of the pore

contributing to positioning and substrate affinity. @feric might also be achieved with different side chain combina-
compressionAs originally noted by Narayana et ab)( the tions. This result is additionally consistent with the conclu-

diameter of the pore decreases at the center. The H-bondedion that none of the side chains plays a critical role in N5
Y69-Q67-Q67-Y69' network forms a substantial steric protonation. These minimalist catalytic strategies are con-
barrier that clamps the two substrates in place for optimal sistent with the proposal that R67 DHFR is a primitive

reactivity. The degree of compression appears to be signifi- enzyme 62).

cant, as judged by the observation that in the absence of |nsensitiity to Trimethoprim.Presumably, the primary
substrate, the central GIn67 residues tend to adopt altemat%dvantage conferred by the plasmid-encoded DHFR is the
conformations in which one extends into the center of the resistance to diaminopyrimidine antifolate drugs such as
pore. Compression, as a physical chemical mechanism, couldrimethoprim (—4). The main basis for this insensitivity is
provide independence from a specific protein sequence andmmediately suggested by the structure of the R67 DHFR
could be a useful device for R67 DHFR, which is limited in DHF-NADP* Comp|ex in which the enzyme recognizes the
its catalytic choices by its 222 symmetry. Theoretical N3—04 amide group of the DHF. Substitution of the
calculations have also indicated that compression of substratebteridine 04 with an amino group in folate analogues such
and cofactor into a conformation close to a transition state g5 aminopterin or methotrexate blocks this critical binding
contributes to the activity of the Type | DHFRY). Further,  interaction and hence is consistent with substantially weaker
the puckered ring structure of NADPH would be expected pinding 30). Similarly, the diaminopyrimidine analogues
to result in even greater compression. §8jpstrate-Assisted  sych as trimethoprim also lack the amide functionality
Catalysis Another catalytic strategy that may be operative required to interact with 11e68, explaining their poor affinity
for R67 DHFR is substrate assisted catalydi, €5, 56). for the enzyme §3). Additionally, substitution of the C-4
As noted above, the adenosyhthosphate group of the  oxygen with an amino group as in aminopterin or methotr-
NADP™ could provide a useful proton source for N5 exate substantially elevates th¢,values for N1 protonation.
protonation, although no enzyme-facilitated pathway has Thijs results in salt bridge formation with the Type | enzyme,
been identified. Alternatively, proton donation by the jn which the N1-protonated inhibitor is salt bridged with the
aminobenzoyl glutamate tail of the DHF could serve as a gctive site carboxyl groupbd, 65). A similar effect occurs
proton source if either of the glutamate residues is protonated.for trimethoprim complexes with bacterial DHFF66).

In this context, we note recent data indicating that khe However, as discussed above, the Type Il DHFR lacks an
value for dihydropteroate (DHP, a DHF analogue that lacks active site carboxyl group, does not appear to utilize a
the glutamyl residue) reduction is decreased 1600 fold mechanism that strongly favors N5-protonated DHF, and
compared to the value for DHRY). This observation thus  hence will have lower affinity for high4¢ analogues such
lends some support to the possible significance of the a5 trimethoprim or aminopterin. This behavior is also
glutamate residues as proton sources. According to thisindicated by Raman studies demonstrating the failure of the

model, the enhanced catalytic rate at lower pH could result Type || enzyme to significantly increase the NEjvalue
from the increased fraction of protonated glutamate carboxyl for DHF (15).

groups. A second type of substrate-assisted catalysis may
result from internal mobility of th@-aminobenzoylglutamate
moiety of the DHF. By allowing movement of the large
benzoyl group while constraining the position of the pteridine
ring, the C6 position of the pteridine could be subject to
forces which may strain the ring structure and move the
system toward a more reactive transition state structife (
58). In this view of catalysis, dynamics of the bound substrate
complex could ultimately lead to transition state formation
(59, 60). Potentially, molecular dynamic simulations can ~oNCLUSIONS
provide further insight into the feasibility of this potential
catalytic mechanism. This study reports the first structure of a ternary enzyme
An additional constraint on the possible catalytic mech- substrate-cofactor complex involving a Type Il dihydro-
anism is derived from the recent combinatorial studies folate reductase (R67 DHFR). The structure resolves a
reported by Schmitzer et ab®) In particular, they demon-  number of fundamental questions related to the substrate
strated that coevolution of residues6&0 in the active site  recognition and catalytic activity of Type Il DHFR. The
could produce variants with kinetic behavior that are gener- primary novel conclusions are the following: (1) The
ally similar to that observed for the native enzyme. The wt backbones of two 168 residues on symmetry-related chains
sequence is V66-Q67-168-Y69 while the active mutant serve as amide-recognition motifs that position the nicoti-
sequences are S66-K67-168-H69 or 166-N67-R68-Y69 or namide and pteridine rings so that their reactive centers are
G66-E67-L68-Y69. Since no residue remains conserved, able to interact. (2) Additional important interactions include

The reduced affinity for trimethoprim may also result from
steric crowding of the trimethoxybenzyl group, which does
not fit well in the restricted volume at the center of the pore.
In addition, trimethoprim lacks carboxyl groups to contribute
to the binding interaction by electrostatic interactions with
the Lys32 residues in the pore. These observations are
consistent with the mM\K; associated with TMP binding to
R67 DHFR 63).
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the hydrogen-bonded Y69-Q67-Q6Y69" surfaces which 7.

sandwich the two ring systems in an endo orientation, several
additional hydrogen bonds, particularly with the nicotinamide
ribose, which help to tilt the ring systems, electrostatic g
interactions with the K32 residues in the pore, and finally
stacking of the nicotinamide and pteridine rings with each
other, which also helps to explain the cooperativity of binding

(9). The tilted, endo ring orientation closely approaches the 9.

theoretical transition state modeled by Andres et 3l).(

(3) The reliance on criticddackbonenteractions for optimal
positioning provides a mechanism that relieves the evolution-
ary problem caused by the inability of the enzyme to mutate
individual active site residues in order to optimize binding
and activity. (4) The use of the pteridine N®4 amide
function as a recognition motif appears to largely preclude
its involvement in the catalytic mechanism. This function is
in sharp contrast with the proposed catalytic role for-N3
O4 in both chromosomal DHFR16) and in pteridine
reductase40). In these systems, amide group interactions
have been proposed to play an important role in N5
protonation. The absence of analogous interactions in the
Type Il DHFR ternary complex is probably an important
reason for its relatively low catalytic activity. (5) In addition
to the limited role that the pteridine amide can play in N5
protonation, there is no obvious protonation mechanism/
pathway that can be identified in the ternary complex studied
here. Thus, protonation of N5 must rely on a chain of water
molecules connecting N5 to the ultimate proton donor. This
result is consistent with previous kinetic characterization of
the enzyme indicating that activity is strongly enhanced as
the pH is lowered. (6) The structure of the ternary complex
provides significant insight into the ability of the enzyme to
retain activity in the face of a massive level of mutation of
the active site residues$sl). Thus, the major structural
features outlined above can be maintained in the presence
of multiple mutations, at least from a qualitative standpoint.
Finally, the present structure offers significant insights for
the future development of inhibitors that can target Type I
dihydrofolate reductase.

SUPPORTING INFORMATION AVAILABLE

Experimental details. This material is available free of
charge via the Internet at http://pubs.acs.org.
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