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ABSTRACT. The reaction catalyzed yscherichia colidihydrofolate reductase (ecDHFR) cycles through

five detectable kinetic intermediates: holoenzyme, Michaelis complex, ternary product complex,
tetrahydrofolate (THF) binary complex, and THNADPH complex. Isomorphous crystal structures
analogous to these five intermediates and to the transition state (as represented by the methotrexate
NADPH complex) have been used to assemble a 2.1 A resolution movie depicting loop and subdomain
movements during the catalytic cycle (see Supporting Information). The structures suggest that the M20
loop is predominantly closed over the reactants in the holoenzyme, Michaelis, and transition state complexes.
But, during the remainder of the cycle, when nicotinamide is not bound, the loop occludes (protrudes
into) the nicotinamideribose binding pocket. Upon changing from the closed to the occluded
conformation, the central portion of the loop rearranges ffesieet to % helix. The change may occur

by way of an irregularly structured open loop conformation, which could transiently admit a water molecule
into position to protonate N5 of dihydrofolate. From the Michaelis to the transition state analogue complex,
rotation between two halves of ecDHFR, the adenosine binding subdomain and loop subdomain, closes
the (p-aminobenzoyl)glutamate (pPABG) binding crevice 9.5 A. Resulting enhancement of contacts

with the pABG moiety may stabilize puckering at C6 of the pteridine ring in the transition state. The
subdomain rotation is further adjusted by cofactor-induced movemests (A) of helices B and C,
producing a larger pABG cleft in the THRADPH analogue complex than in the THF analogue complex.
Such movements may explain how THF release is assisted by NADPH binding. Subdomain rotation is
not observed in vertebrate DHFR structures, but an analogous loop movement (residii®} &Jpears

to similarly adjust the pABG cleft width, suggesting that these movements are important for catalysis.
Loop movement, also unobserved in vertebrate DHFR structures, may preferentially weakerr NADP
NADPH binding in ecDHFR, an evolutionary adaptation to reduce product inhibition in the NADP
environment of prokaryotes.

Dihydrofolate reductase (DHFREC 1.5.1.3) is a biologi- The importance of its clinical role has made DHFR a long-
cally universal housekeeping enzyme which catalyzes the standing target of enzymological studies. Since the 1950s,
NADPH-linked reduction of 7,8-dihydrofolate to 5,6,7,8- researchers have been working toward a detailed picture of
tetrahydrofolate. Its clinical importance is derived from the how the enzyme works by studying its kinetics and structure
fact that it is principally responsible for maintaining intra- (Huennekens, 1996). Major advances include elucidation
cellular pools of THF. THF, in turn, is the cofactor used in of a full kinetic pathway for DHFRs oEscherichia coli
synthesis of several other important metabolites (Blakley, (Fierke et al., 1987)Pneumocystis cariniMargosiak et al.,
1969), one of which is thymidylate, a building block of DNA.  1993), mouse (Thillet et al., 1990), and human (Appleman
Hence, DHFR has long been recognized as a drug target foret al., 1990). Crystallographic and NMR studies have
inhibiting DNA synthesis in rapidly proliferating cells such elucidated the structure of DHFRs frdmctobacillus casei
as cancer cells (Huennekens, 1994) or bacterial or malarial(Matthews et al., 1978; Bolin et al., 1982; Filman et al., 1982,
infections (Roth & Stammers, 1992). Morgan et al., 1995), chicken (Matthews et al., 1985a,b; VVolz
et al., 1982; McTigue et al., 1992, 1993), human (Oefner et
al., 1988; Davies et al., 1990; Cody et al., 1993), mouse
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* Coordinates and reflection data are available from the Brookhaven andLeishmania majo(Knighton et al., 1994). But the most
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phoribose; ddTHF, 5,10-dideazatetrahydrofolate; DHF, 7,8-dihydro- : : :
folate; DHFR, dihydrofolate reductase; ecDHFR, dihydrofolate reduc- as a function of progress along the reaction coordinate. The

tase fromEscherichia coli FOL, folate; KHP, potassium hydrogen ~ r€action _Cat?|yzed b)_’ ecDHFR has been shown tO cycle
phthalate; MTX, methotrexate; NADP, either NADRr NADPH; through five intermediate states under cellular conditions of

NADP* and NADPH, nicotinamide adenine dinucleotide phosphate g hstrate and cofactor concentration: holoenzyme, Michaelis
(oxidized and reduced, respectively); pABf;aminobenzoic acid; ’

PABG, (p-aminobenzoyl)glutamate; PEG, polyethylene glycol; RMS, COMplex, ternary product _complex, THF binary complex, and
root mean square; THF, §-5,6,7,8-tetrahydrofolate. THF-NADPH complex (Fierke et al., 1987). But we do not
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Table 1: E. coli DHFR Crystal Structures

crystallization medium

cell dimensions

space ethanol PEG data Rfactor PDB
complex groug a(d) b(A) c(A) p(deg () CETMM) (%) pH (A) (%) code footnote

NADP* Cc2 75.0 594 38.9 106 11 30 70 15 16.9 1ra9 c
NADPH 749 59.2 38.9 11 30 7.0 1.9 14.7 lral c¢
thio-NADP* 749 595 39.0 11 28 7.0 1.9 18.1 d
dihydrobiopterinNADP™* 749 593 390 11 35 7.0 18 154 d
FOL-ATP-ribose 742 599 39.0 10 32 70 18 14.4 1ra8 c
FOL-NADP* 742 59.9 39.0 10 32 7.0 16 171  1lra2 ¢
MTX-NADP* 749 60.2 389 11 30 6.0 1.8 170 1ra3 ¢
FOL-NADP* P2, 418 757 59.1 99 90 25 8.0 21 205 1rb2 ¢
MTX-NADP* 416 74.2 59.2 50 25 70 23 16.0 b3 ¢
NADP* P2,2,2, 348 59.0 813 100 9 70 24 19.8 6dfr e
ddTHFNADP* 34.8 59.1 81.0 50 25 72 19 17.9 1rc4 c
ddTHF P2,2,2,B 34.8 448 100.8 300 (Mr) 16 7.4 23 17.4 1rx5 c
DHF 348 44.6 100.8 300 (Mh) 13 53 1.9 20.9 f

FOL 350 453 1011 300(Mfm) 20 6.5 2.3 181  1rx7 c
NADP* 344 455 99.2 300 15 7.0 1.9 184 19 c
NADPH 345 454 98.7 450 25 80 20 18.0 Irxl c
ddTHFATP-ribose 349 451 100.9 300 20 6.0 22 175 14 c
ddTHFNADPH 349 453 1011 300 20 7.0 20 184 1rx6 c
DHF-NADP* 343 456 98.9 300 (M) 14 53 1.8 17.9 f

FOL-ATP-ribose 34.4 450 99.3 3000 16 7.0 2.8 14.4 1rx8 c
FOL-NADP* 343 455 98.9 300 (M) 16 7.0 1.8 171 1rx2 c
MTX-NADPH 34.4 455 98.7 300 (M) 23 7.0 22 15.6 1rx3 c
FOL P2,:2:2,C 492 65.7 116.9 100 (Na 30 85 26 16.3 1rd7 c
FOL P2,2,2,°* 444 609 122.0 200(Mg) 26 8.0 26 17.8  1lre7 c
DHF P2,2,2,5 347 38.9 108.8 210 16 6.6 1.8 170 17 ¢
MTX P2,2,2,7 37.0 62,6 656 50 25 72 20 17.0 1rg7 ¢
Apo P3,21 68.7 68.7 835 25 54 23 19.2 5dfr g
NADPH P3,21 62.0 62.0 107.7 2 8 25 70 23 20.1 1drh ¢
FOL-NADP* 62.2 62.2 1055 3 11 12 6.0 25 24.5 7dfr e
MTX-NADP* 63.0 63.0 105.8 3 10 12 6.0 26 216 1dre c
MTX-NADPH 625 625 105.8 8 29 70 24 22.8 1rh3 ¢
TMP-NADPH 61.8 61.8 105.8 2 4 6.8 3.0 44 h
5-deazafolate P6.° 93.1 931 739 21 50 6.8 20 149 1dyh i

6-methylpterin 93.1 931 739 21 50 6.8 1.9 15.7 j

6-methylpterinpABA 93.2 932 742 21 50 6.8 21 16.2 j

6-methylpterinpABG 93.0 93.0 736 21 50 6.8 1.9 15.7 i

biopterin 93.1 931 739 21 50 6.8 1.9 14.7 j

ddTHF 93.1 931 739 21 50 6.8 2.0 145  1dyj i

dihyrobiopterin 93.0 930 734 21 50 6.8 2.0 14.0 d
DHF 93.0 93.0 737 18 50 7.0 20 14.0 f
FOL 93.1 931 738 21 50 6.8 2.0 13.7  1dyl i

folinic acid 926 926 731 21 50 6.8 2.0 142  ljol k
MTX 93.1 931 739 21 5 6.8 1.7 155 3drc |

pABA 92.1 921 734 21 50 6.8 2.0 15.8 j

pABG 932 932 738 21 50 6.8 2.0 16.2 j

TMP 93.1 931 73.9 21 5 6.8 1.7 15.5 m
folinic acid P6s 969 969 350 22 5 6.8 2.0 142  ljom k

a Capital letter superscripts are used to distinguish between different lattidé2;2P;. ® Two molecules per asymmetric unitThis work.
d Crystals characterized by H. LeeBystroff et al. (1990) Crystals characterized by Y. ChehBystroff and Kraut (1991)7 Champness et al.
(1986)." Reyes et al. (1995).Crystals characterized by V. Reyéd.ee et al. (1996)! Matthews et al. (1977), Bolin et al. (1982), and Filman et
al. (1982)." Matthews et al. (1985a).

yet have a dynamical picture of how the enzyme may alter indicate that the M20 loop, the active site loop of ecDHFR,
its conformation as it binds to these intermediates. If such oscillates at a frequency similar kg,: (Falzone et al., 1994).
a movie of molecular conformational motions were available, Crystallographic snapshots of various ligand complexes
it would help complete our picture of how catalysis is revealed that these loop movements involve displacements
achieved, from the initial binding of substrates to the release of up to 5 A and that relative rotation between DHFR’s
of products. Understanding the role of conformational mo- two subdomains produces differences in pABG cleft
tions may also shed light on how mutations far from the ac- width of up b 2 A (Bystroff et al., 1990; Bystroff & Kraut,
tive site manifest their effects on kinetic parameters (Adams 1991). Such types of movement, to various degrees, are
etal., 1989; Li et al., 1991; Dion et al., 1993; Howell et al., found in most enzymes (Kempner, 1993). The phenomenon
1990). is so pervasive that a protein motions data base, cataloging
Previous structural studies have already revealed someprotein motions published in the literature, has been con-
aspects of ecDHFR'’s conformational flexibility. Among the structed and is accessible on the Internet (Gerstein et al.,
most prominent displays of flexibility are loop movements 1994). We would like to understand the mechanism,
and subdomain rotation. NMR studies of the apoenzyme dynamics, and catalytic role of these types of movements.
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FicURE 1: Reaction pathway of ecDHFR: five detectable kinetic resemble the transition state, but its unique binding geometry
intermediates and the transition state for hydride transfer. Crystal induces the enzyme to adopt a conformation that thought to
structures representing these six points along the reaction pathwayesemble the transition state.

have been determined in multiple space groups. Only the crystal

form P2,2,2:8 includes all six analogues in the same crystal packing. in the crystal to DHFR'’s behavior in solution (Figure 1, Table

1). Since crystal-packing effects inevitably cause small local

However, it has been an ongoing struggle to correlate static(and possibly global) deformations in protein molecules,
structural detail with real time dynamics of the enzyme- examining the same complex within several different packing
catalyzed reaction, not just for ecDHFR but also for any environments should provide a gauge of DHFR'’s range of
enzyme molecule. behavior in solution. Examination of all these structures

For a small group of enzymes, the connection between together has allowed us to propose herewith an approximate
structural dynamics and kinetics has been made directly,dynamical sequence, a detailed mechanism for conforma-
employing time-resolved crystallography, a technically chal- tional changes, and the catalytic relevance of loop and
lenging experiment that allows observation of structural Subdomain motions.
change during one turnover of substrate (Stoddard, 1996).
While work is now in progress toward this goal for ecDHFR, MATERIALS AND METHODS
in the meantime, isomorphous crystal structures (space group Preparation of E. coli DHFR.Recombinant ecDHFR was
P2,2,2:%; see Table 1) have been determined that we believe purified from the RT500 strain oE. coli containing the
reasonably well represent six points along the reaction coor-plasmid PRWA-1 encoding DHFR. The plasmid and bacte-
dinate, five kinetic intermediates on the predominant path- rial strain were gifts from Richard Wagner (University of
way, as well as the transition state (Figure 1). Specifically, Minnesota). The overexpression promotor has been de-
these structures are ecDHFR complexes containing boundscribed by Iwakura and Tanaka (1992). DHFR was purified
analogues of the kinetic intermediates. Analogues were usechy MTX affinity (Pierce, Rockford, IL) and DEAE-Sephacel
since actual intermediates are transient by nature and X-rayion exchange (Pharmacia, Piscataway, NJ) chromatography
data collection by conventional methods requires several ysing procedures similar to those of Taira et al. (1987). More
hours. The analogues employed are FOL for DHF in ternary detailed procedures for cell growth, lysis, and purification
complexes, MTX for the transition state of hydride transfer, are described in Sawaya (1994). Typically, twelve 1 L
ddTHF for THF, and ATP-ribose for NADPwhen the cultures yielded 500 mg of purified ecDHFR.
nicotinamide moiety interfered with crystallization (Figure Preparation of E. coli DHFR Complexe®BHFR complex
2). We caution, however, that MTX does not itself resemble structures reported in this work are noted in Table 1. Due
a transition state analogue, but according to previous to the poor solubility of FOL, MTX (Sigma Chemical Co.,
structural studies, its unique binding geometry induces DHFR St. Louis, MO), and ddTHF (Eli Lilly & Co., Indianapolis,
to adopt a conformation thought to resemble the transition |N), these ligands were added to apoenzyme when the DHFR
state (Bystroff et al., 1990; Bystroff & Kraut, 1991). concentration was relatively diluter1.0 mg/mL. The

The structures have been determined within a single crystalcomplex was concentrated to-380 mg/mL using Centricon-
packing (space group2;2;2,%) so that distortions due to 10 centrifugal microconcentrators (Amicon Corp., Beverly,
crystal-packing effects remain constant for the series of MA). Cofactor [NADPH, NADP, or ATP-ribose (Sigma
structures [in contrast to previous crystallographic studies Chemical Co.)] could be added directly to the concentrated
(Bystroff et al., 1990; Bystroff & Kraut, 1991)]. Molecular protein because it is sufficiently soluble. A 3-fold molar
motions observed within this series of isomorphous structuresexcess of ligand with respect to DHFR was used to ensure
are solely attributable to ligand-binding forces rather than complex formation.
to differences in crystal-packing forces. Furthermore, struc- Crystallization Conditions.All crystals were grown using
tures were also determined for subsets of the same sixthe standard sitting drop vapor diffusion method in MVD/
analogues in different crystal packings and space groups in24 crystallization plates (Charles Supper Co., Natick, MA),
order to (1) confirm the trends seen RB2:2,2,% and (2) sealed with ordinary clear packaging tape (Manco Inc.,
extrapolate our results on DHFR’s conformational behavior purchased from Sears). Reservoirs contained 0.5 mL of
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solution. The primary difficulty of this project was to
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ecDHFRNADP™ crystals were prepared by mixing&

crystallize analogues of five enzymic intermediates and the of ecDHFRNADP* in 10 mM imidazole at pH 7.0 with 3

transition statén the same space group and crystal packing

uL of a reservoir solution containing 15% (w/v) PEG 6000,

Seven new crystalline forms were discovered. The most 300 mM CaC}, and 100 mM imidazole at pH 6.0.

recent discovery of a new crystal form in space group
P2,2,2,8, accommodating all six analogues, allowed the
experiment to be completed (Table 1).

Crystallization in Space Group C2Crystals in space
group C2 grew within a week of macroseeding at room
temperature. They typically reached dimensions of 1.0
0.4 x 0.2 mm. Crystals of binary complexes were thinner

ecDHFRNADPH crystals were prepared by mixing:8
of ecDHFRNADPH in 10 mM imidazole at pH 8.0 with 3
uL of a reservoir solution containing 25% (w/v) PEG 6000,
450 mM CaC}, and 100 mM imidazole at pH 8.0. A
strongly buffered pH 8.0 solution was used in order to
prevent hydration of the nicotinamide ring (Oppenheimer,
1982), which is detectable by measuring UV absorbance at

than those of ternary complexes. They contain one molecule340 nm. Immediately after a crystal was selected for data

per asymmetric unit.

ecDHFRNADP*/NADPH crystals were prepared by mix-
ing 5 uL of ecDHFRNADP* or ecDHFRNADPH in 20
mM imidazole, at pH 7.0 with &L of a reservoir solution
containing 30% (w/v) PEG 6000, 11 mM CaCand 18 mM
KHP at pH 6.0.

ecDHFRFOL-ATP-ribose and ecDHHROL-NADP™ crys-
tals were prepared by mixing/8 of either ecDHFRFOL--
ATP-ribose or ecDHFRFOL-NADP" in 20 mM imidazole
at pH 7.0 with 5ulL of a reservoir solution containing 32%
(w/v) PEG 6000 and 10 mM Cagl

ecDHFRMTX -NADP* crystals were prepared by mixing
5 uL of ecDHFRMTX-NADP™ in 10 mM imidazole at pH
7.0 with 5uL of a reservoir solution containing 30% (w/v)
PEG 6000, 30 mM KHP (pH 6.0), and 11 mM CacCl

Crystallization in Space Group R2 Crystals in space
groupP2; grew within 1 week at room temperature, typically
reaching a size of 0.& 0.5 x 0.1 mm. They contain two
molecules per asymmetric unit.

ecDHFRFOL-NADP* crystals were prepared by mixing
5 uL of ecDHFRFOL-NADP* in 20 mM imidazole at pH
7.0 with 5uL of a reservoir solution containing 25% (w/v)
PEG 6000, 90 mM Cagland 60 mM Tris at pH 8.0.

ecDHFRMTX-NADP™ crystals were prepared by mixing
5 uL of ecDHFRMTX-NADP™ in 20 mM imidazole at pH
7.0 with 5uL of a reservoir solution containing 25% (w/v)
PEG 6000, 50 mM Cagland 60 mM imidazole at pH 7.2.

Crystallization in Space Group R2:2,". ecDHFR-
ddTHFNADP™ crystals in space groug2;2:2,* grew within

collection, another crystal taken from the same drop was
dissolved and its UV absorbance spectrum was measured.
The spectrum indicated that NADPH was fully reduced at
the time of data collection. Following 18 h of data collection,
the X-rayed crystal was dissolved in 10 mM imidazole at
pH 8.0 and its UV absorbance spectrum was measured. Peak
absorbance at 340 nm characteristic of the reduced nicoti-
namide ring had disappeared, possibly due to X-ray-
generated oxidation of the nicotinamide.

ecDHFRAdTHFATP-ribose crystals were prepared by
mixing 5 uL of ecDHFRAdTHFATP-ribose in 20 mM
imidazole at pH 7.0 with 5uL of a reservoir solution
containing 20% (w/v) PEG 6000, 300 mM CaCand 20
mM cacodylate at pH 6.0.

ecDHFRAdTHFNADPH crystals were prepared by mix-
ing 5uL of ecDHFRAdTHFNADPH in 20 mM imidazole
at pH 7.0 with 5uL of a reservoir solution containing 20%
(w/v) PEG 3350, 300 mM Cagland 100 mM imidazole at
pH 6.0.

ecDHFRFOL-ATP-ribose and ecDHHROL-NADP* crys-
tals were prepared by mixing/_ of either ecDHFRFOL:-
ATP-ribose or ecDHFRFOL-NADP* in 20 mM imidazole
at pH 7.0 with 5uL of a reservoir solution containing 16%
(w/v) PEG 6000, 300 mM MnGJ and 20 mM imidazole at
pH 7.0.

ecDHFRMTX -NADPH crystals were prepared by mixing
5 uL of ecDHFRMTX-NADPH in 20 mM imidazole at pH
7.0 with 5uL of a reservoir solution containing 23% (w/v)
PEG 6000, 300 mM MnGJ and 20 mM imidazole at pH

1 week at room temperature, typically reaching a size of 0.8 7.0.

x 0.5x 0.2 mm. They contain one molecule per asymmetric

ecDHFRDHF crystals in space group2:;2:2,F were

unit and are isomorphous with the previously described prepared by mixing L of ecDHFRDHF in 20 mM imi-

ecDHFRNADP™ crystals (Bystroff et al., 1990).

ecDHFRdJATHFNADP* crystals were prepared by mix-
ing 5uL of ecDHFRAdTHFNADP* in 20 mM imidazole
at pH 7.0 with 5uL of a reservoir solution containing 25%
(w/v) PEG 6000, 50 mM Cagl and 60 mM imidazole at
pH 7.2.

Crystallization in Space Groups P22,8E Crystals in
space groufr2;2,2;:® grew within 1 week of macroseeding
at 4°C. They typically reached a size of 0:60.4 x 0.2
mm. They contain one molecule per asymmetric unit.

ecDHFRAdTHF crystals were prepared by mixing:b
of ecDHFRAdTHFNADP™ in 20 mM imidazole at pH 7.0
with 5 uL of a reservoir solution containing 16% (w/v) PEG
6000, 300 mM MnC, and 20 mM imidazole at pH 7.4.

dazole at pH 7.0 with &L of a reservoir solution containing
16% (w/v) PEG 6000, 210 mM Mngland 20 mM KHP at
pH 6.6. These crystals differed in morphology and unit cell
dimensions from those &2;2,2,% but have similar packing
interactions. A 10-fold molar excess of DHF with respect
to DHFR resulted in the observation of a second ordered
molecule of DHF found outside the active site, near C152.

Crystallization in Space Groups P22,P. Crystals in
space groupsP2;2:2,°P grew within 1 week at room
temperature. Differences in pH and metal ion produced these
two crystal forms with similar though nonisomorphous unit
cell parameters and packings. Both contain two molecules
per asymmetric unit.

ecDHFRFOL crystals inP2;2,2,© were prepared by

These crystals were the result of failed attempts at a ternarymixing 5 uL of ecDHFRFOL in 10 mM imidazole at pH

complex.

ecDHFRFOL crystals were prepared by mixing& of
ecDHFRFOL in 20 mM cacodylate at pH 7.0 with/4_ of
a reservoir solution containing 20% (w/v) PEG 6000, 300
mM MnCl,, and 20 mM cacodylate at pH 6.5.

7.0 with 5uL of a reservoir solution containing 30% (w/v)
PEG 6000, 200 mM monosodium glutamate, and 100 mM
Tris at pH 8.5.

ecDHFRFOL crystals inP2;2,2,° were prepared by
mixing 5 uL of ecDHFRFOL in 10 mM imidazole at pH
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Table 2: Data Collection and Refinement StatisticsEorcoli DHFR Structures

data collection

refinement

total observations/

rms deviation

complex space group dmin (B) 136 unique reflections  completeness (%)Ryn®  bond (A)  angle (deg)  fin&aR
NADP* Cc2 15 2.0 75470/22697 95 0.048 0.021 3.0 0.169
NADPH 1.9 2.9 30974/12031 96 0.035 0.013 29 0.147
FOL-ATP-ribose 1.8 2.7 32887/10657 72 0.038 0.022 3.0 0.144
FOL-NADP* 16 2.3 63457/20384 95 0.042 0.022 3.0 0.171
MTX-NADP* 1.8 3.3 32985/13431 95 0.040 0.020 3.0 0.170
FOL-NADP* P2, 21 2.0 72595/20914 87 0.098 0.013 3.0 0.205
MTX-NADP* 2.3 2.1 45132/14094 96 0.096 0.014 29 0.160
ddTHFNADP* P2,2,2,A 1.9 2.0 38211/14235 93 0.052 0.017 29 0.179
ddTHF P2,2,2,8 2.3 1.9 21289/6930 93 0.075 0.021 3.0 0.174
FOL 2.3 21 13988/6569 87 0.078 0.022 3.0 0.181
NADP* 1.9 2.1 37929/11575 90 0.097 0.021 3.0 0.184
NADPH 2.0 21 35340/11692 92 0.129 0.019 3.0 0.180
ddTHFATP-ribose 2.2 24 25388/8166 95 0.076 0.020 29 0.175
ddTHFNADPH 2.0 1.8 40855/10505 92 0.113 0.021 3.0 0.184
FOL-ATP-ribose 2.8 1.8 12117/3835 92 0.097 0.020 2.8 0.144
FOL-NADP* 1.8 2.0 64582/14178 94 0.091 0.022 3.0 0.171
MTX-NADPH 2.2 2.0 35193/8086 97 0.087 0.020 29 0.156
FOL P2,2,2,¢ 2.6 1.8 53453/12108 99 0.090 0.023 2.9 0.163
FOL P2;,2,2,° 2.6 21 35221/9448 88 0.093 0.020 2.7 0.178
DHF P2,2,2:F 1.8 2.2 38377/14125 96 0.048 0.015 2.8 0.170
MTX P2:2:24F 2.0 21 35093/11593 86 0.042 0.031 29 0.170
NADPH P3,21 2.3 2.1 42407/10655 90 0.048 0.020 3.0 0.201
MTX-NADP* 2.6 2.3 29632/7357 93 0.055 0.016 2.8 0.216
MTX-NADPH 2.4 2.9 36699/9577 94 0.057 0.020 3.0 0.228

2 Average ratio of observed intensity ¢oin the highest-resolution shell of reflectiofsRsym = 3 |lobs — lagl/3 lavg- ¢ FiNAIR = 3 |Fops — Feaidl/
Y Fons including all data between 20 A and the maximum resolution.

7.0 with 5uL of a reservoir solution containing 26% (w/v)
PEG 6000, 200 mM MgG! and 100 mM Tris at pH 8.0.
Crystallization in Space Group R2,2,". ecDHFRMTX
crystals in space grouf2,2:2," grew after 4 months,
reaching a size of 0.4 0.4 x 0.4 mm. Crystals were
prepared by mixing %L of ecDHFRMTX-NADP* in 20
mM imidazole at pH 7.0 with %L of a reservoir solution
containing 25% (w/v) PEG 6000, 50 mM CaCand 60 mM
imidazole at pH 7.2. Although grown in the presence of
NADP*, no NADP" appeared in the final structure.
Crystallization in Space Group B31. Crystals in space
groupP3,21 were grown at 4C and required a 4650 mg/
mL concentration of DHFR. White cloudy precipitate
appeared immediately after mixing the drop. The precipitate Xuong-Hamlin multiwire area detectors (Hamlin, 1985)
usually dissolved within the next 2 days to give a single (Table 2). Data were reduced using University of California,
crystal. They typically grew to a size of 10 0.8 x 0.6
mm and are isomorphous with respect to ecDHFRL:-
NADP* crystals reported by Bystroff et al. (1990).
ecDHFRNADPH crystals were prepared by mixing 15
uL of ecDHFRNADPH in 10 mM imidazole at pH 7.0 with
3.5ulL of a solution containing 30% (w/v) PEG 6000, 2%
ethanol, and 27 mM Cagl The reservoir contained 500
uL of 25% PEG 6000, 2% ethanol, and 27 mM CaCbeeds
were obtained from drops with slightly higher PEG concen-
trations &27—30%) and were washed in reservoir solution
to remove microseeds.
ecDHFRMTX -NADP™ crystals were prepared by mixing
12 uL of ecDHFRMTX-NADP* in 50 mM KHP at pH 6.0
with 5 uL of 50% (w/v) PEG 6000 and 1.6L of 50 mM
CaClL. The reservoir contained 500 of 12% PEG 6000,
3% ethanol, and 50 mM KHP at pH 6.0.
ecDHFRMTX-NADPH crystals were prepared by mixing
14 uL of ecDHFRMTX-NADPH in 10 mM imidazole at
pH 7.0 with 7uL of a solution containing 29% (w/v) PEG
6000 and 12 mM Ca@l The reservoir contained 5Q0_

of 20% PEG 6000 and 40 mM CaCl Macroseeding was
required.

Crystallization in Space Groups P@&nd P&. Crystal-
lization conditions for ecDHFRMTX in space groupP6;
have been reported by Matthews et al. (1977). Since then,
isomorphous complexes of ecDHFRleazafolate, ecDHFR
ddTHF, and ecDHFRFOL have been reported by Reyes et
al. (1995). Conditions for growing ecDHFRIinic acid
crystals inP6; and P6s have been reported in Lee et al.
(1996).

Data Collection and Structure Determinatioill X-ray
diffraction data were collected at room temperature 6€4
using a Rigaku-RU300 Cu rotating anode equipped with

San Diego, data collection software (Howard et al., 1985).
The Merlot molecular replacement package (Fitzgerald,
1988) was used to determine initial sets of phases in space
groups C2, P2;, and P2,2,2,8¢P.EF  The rotation and
translation solutions for all seven space groups weremn
higher and unambiguous. Structures were then refined using
the TNT least-squares refinement program (Tronrud et al.,
1987). All structures were refined with good geometry (rms
deviation in bond lengths of 0.02®.021 A, rms deviation

in bond angles of 2:93.1°) and an acceptabRfactor (Table

2), with the possible exception of tiR8,21 structures, which
characteristically suffered from relatively higtfactors (26-

23%) and a high overall temperature factor. These problems
are most likely due to static disorder. The highfactor

and temperature factors wenet the result of an intermo-
lecular disulfide bridge (Cys 152) between two asymmetric
units as suggested by Bystroff et al. (1990). This disulfide
was clearly reduced in the ecDHRRTX -NADPH structure,

yet it retains the same poor refinement characteristics as the
disulfide-cross-linked ecDHFHRITX -NADP™,
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CLOSED

Ficure 3: a-Carbon traces of the M20 loops from each crystal form in Table 1 (eXR®&g12," andP3,21 in which the loop is disordered).

Only one ligated state is shown for each crystal form since there is no variation within any given form. The single exception is space group
P2;2,2,8 in which the crystal lattice allows both closed and occluded conformaticx@arbons of residues-113 and 26-159 were used

for superpositioning. For reference, folate and NAD#e drawn in their proper binding pockets. In the occluded conformation, the M20
loop protrudes into the nicotinamieeibose binding pocket of NADP. The open conformation is clearly the most common. The sequence

of the loop (residues 1624) is VDRVIGMENAMPWNL. This figure was produced using the graphics program Setor (Evans, 1993).

RESULTS AND DISCUSSION forms and over 40 new ecDHFR structures have been
analyzed, yet this conformational repertoire remains un-
changed. As is readily apparent in Figure 3, ordered loops
from all known ecDHFR crystal structures cluster around
. ) 'three conformations: open, closed, and occluded. Main
eight-strandeds-sheet (stran_ds;SA—@ H); all strands are chain torsion angles of the three conformations vary widely
paralle] except for the C-termmal antiparallel strafd, The in the N-terminal and central portion of the loop (residues
she_et IS fIan_ked by foun-helices (B, C, E, and F), two 4-19), with lesser variation near the C-terminal end
helices on either side of the sheet. Because the structural residues 26:25). But, among members of the same class

ung cForEprr]ising strands_ Bd Ct:) dD an(?j Eb.pléjs hheliceds C, E there is a rather low rms deviation inuCpositions despite
an ehaves as a rigid body and binds the adenosinyigerances in the crystal packing and the ligated state.

portion of NADP, it is termed the adenosine binding . . .
subdomain. The remaining structure, also a rigid body, is The four loop conformations are best characterized by their
termed the loop subdomain becausé 45% of its Sequéncesecondary structurg, interactions.with nicotin_amidbose,
encodes the three principal loops: the M20 loop, theg=  &nd hydrogen-bonding patterns with neighboring loops@-
loop, and the GH loop?2 A gap separating the two and G-H loops). Ranked by these characteristics, the closed
subdomains is formed by.a break in the hydrogen-bonding and occluded conformations lie on either end of a spectrum,
while the open conformation displays intermediate charac-

pattern between strands A and E. The nicotinamide ring, | . The disordered ; ion displ h
coplanar with the sheet, spans this gap, while the pteridine?er'sncs' e disordered conformation displays character-

ring is juxtaposed at a 4%ngle, fitting into a cleft between istics of a_time-averaged exchange of closed and occluded
helices B and C. The hydride donor (C4 of NADPH) and ¢0nformations. o _
hydride acceptor (C6 of DHF) are held in sub van der Waals  The closed conformation is observed in complexes crystal-

contact in the ground state. The reactants are shielded fromizing in space groupsP2,2,2,° (NADP", NADPH,
solvent when a flexible, largely conserved:type loop ~ FOL:-NADP*, and MTX:NADPH) andP3;21. Itis also the

termed the M20 loop in ecDHFR (residues—1®) closes sole conformation observed in DHFRs from all other sources,

over the active site. Loop movement and rotation between including vertebrate DHFRS. carinii, L. major, andLa.
the two subdomains are the two major features of confor- casej regardless of the ligated state and crystal packing. The
mational flexibility observed in ecDHFR. center of the loop forms a short antiparallel sheet and type
Conformations of the M20 Loop; Four ClasseBuring II1" hairpin turn (residues 1619) (Figure 4A) which extends
the 1970s and 1980s, crystallographic studies of DHFR across and seals the active site by placing N&jhof the
revealed four conformational states of the M20 loop. Three Nairpin in position to form a hydrogen bond with H45(O) of
of the states have since been classified as the open, closed?€lix C. This conformation interacts closely with the
and occluded conformations, according to whether the active Nicotinamide-ribose of NADP via a hydrogen bond with
site is open, closed, or occluded by the loop. The fourth the nicotinamide’s carboxamide group [NADP(NN7)4-
state, the disordered state, describes cases in which motiod©)] and van der Waals contacts between the ribose and
renders the loop crystallographically unclear or invisible. Packbone of N18 and A19 and the side chain of M20
Now, five years after our last report dealing with confor- (Figures 5A and 6A). A pair of hydrogen bonds with the
mational movements (Bystroff & Kraut, 1991), 8 new crystal F—G loop [G15(0)-D122(N) and E17(NyD122(G:2)] help
maintain the conformation of the N-terminal end of the loop
2We use the term “subdomain” rather than “domain” which was (Figure 5A). Conversely, the C-terminal end of the loop is

used by Bystroff and Kraut (1991) because we believe that the two diseng:_;tged from a Pa"_ of hydrogen bonds with thetG
subdomains compose the single domain of DHFR. Also, in view of loop (Figure 6A), which if formed would favor the occluded
new evidence, the assigned composition of the two subdomains hasconformation (see below).

been modified. Hence, the name “major subdomain” was changed to . . .
“loop domain” since it is a more descriptive term and because its size  1n€ occluded conformation, the opposite conformational

no longer warrants the adjective major (see below). extreme, is observed in complexes crystallizing in space

General Description of ecDHFR Structure and Flexibility.
All structurally determined, chromosomally encoded DHFRs
are single-domain, monomeric molecules containing a mixed
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A. CLOSED

type I hairpin

Sawaya and Kraut

fype i1l hairpin

hydrophobic
core

Ficure 4: Central view of M20 loops in the (A) closed, (B) open, and (C) occluded conformations. van der Waals surfaces are drawn for
the side chains of M16 and M20 illustrating the formation of a hydrophobic contacts in the open conformation. Note that the N-terminal
side of the M20 loop is bordered by the-B loop and the C-terminal side of the M20 loop is bordered by thddGoop. This figure was
produced using the graphics programs Setor (Evans, 1993) and Molscript (Kraulis, 1991).

groupsP2,2;2:8 (ddTHF, FOL, ddTHFATP-ribose, ddTHF
NADP*, and ddTHFNADPH), P2,2,2:5, P6, (molecule A),
andP6s. Instead of g@8-sheet/hairpin, the central part of the
loop (E17~M20) forms a 3o helix (Figure 4C) In contrast

to the closed conformation, the occluded conformation
inhibits cofactor binding by occluding the nicotinamide
binding pocket (Figures 5C and 6C). A T8®@tation about
y'14 directs the N-terminal end of the loop into the nicoti-
namide binding pocket and puts M16 in van der Waals
contact with T46 and S49 (Figure 6C). Redirection of the
N-terminal end of the loop also completely disrupts hydrogen
bonds with the FG loop, while the C-terminal end of the
loop forms strong hydrogen bonds with the-8 loop [N23-
(0)—S148(N), 2.8 A; N23(Ny-S148(Q), 2.8 A] (Figure
6C). The latter pair of hydrogen bonds require that the
C-terminal end of the loop and the N-terminal end of helix
B shift ~0.5 A closer to the GH loop.

3The 3 helix is interrupted by lattice contacts P6; (molecule
A). In contrast, the helix is stabilized by &abinding to the helix's C
terminus inP6s. However, cation binding appears adventitious because
the 3 helix forms just as well in the absence of boundQ@2,2,2;8).

The open conformation, the most frequently occurring
conformation crystallographically, is observed in all com-
plexes in space group€2, P2; (molecules A and B),
P2,2,2,°P (molecules A and B), an&6; (molecule B). Its
structural characteristics suggest that it resembles an inter-
mediate state between the closed and occluded conforma-
tions. Individual main chain torsion angles correspond to
either the closed form or the occluded form, with the single
exception ofyN'® which deviates significantly from both.
The mixture of torsion angles results in an irregular
conformation with no internal hydrogen bonds or regular
secondary structure. Instead, M16 and M20 side chains
rotate inward, forming stabilizing hydrophobic contacts
within the loop (Figure 4B). The open loop’s apparent
affinity for cofactor would be intermediate between that of
the closed and occluded forms. A single hydrogen bond is
formed between 114(0) and nicotinamide NN7. The rest of
the loop extends away from the reactants, allowing the
nicotinamide-ribose into or out of its binding pocket.
Moreover, the open loop’s hydrogen bonds with the sup-
porting G and G-H loops exhibit a pattern characteristic
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Ficure 5: View of F—G loop interactions with M20 loops in (A) closed, (B) open, and (C) occluded conformations. van der Waals
surfaces are drawn for NADPs ribose and contacting backbone atoms of N18-A19 in the closed conformation. In the open conformation,
there is no contact between ribose and N18-A19. A hydrogen bond between the nicotinamide’s carboxamide NN7 and 114(0O) is indicated
in the closed and open conformations. The occluded conformatipj¥$labeled in C, is 18D away from that of the closed or open
conformations, directing the M20 loop into the nicotinamidibose binding pocket. The nicotinamide cannot bind in the occluded
conformation, but its outline has been drawn to indicate how it would clash with M16. Most importantly, note the hydrogen bonds between
G15(0) and D122(N) and E17(N) and D122@) in the closed and open conformations hatin the occluded conformation. This figure

was produced using the graphics programs Setor (Evans, 1993) and Molscript (Kraulis, 1991).

of both the closed and occluded loops. Like that of the of the closed and occluded loop conformations, especially
closed conformation, the N terminus of the open loop forms in the central portion where change is greatest.
a pair of hydrogen bonds with the-f& loop @'** is not Disordered loops are observed in space grd®®®:2;"
flipped over) (Figure 5B). Like that of the occluded (MTX complex) andP3;21 (apoenzyme). Consistent with
conformation, the C terminus of the open loop forms a pair the idea that the disordered form may result from a time-
of hydrogen bonds with the &H loop (Figure 6B). averaged interconversion between the closed and occluded
If the open conformation is indeed an intermediate between conformations, the degree of disorder observed in electron
closed and occluded forms of the M20 loop, it may be density maps corresponds to the distance in atomic position
expected that the open conformation be physically betweenbetween closed and occluded forms. Further, rotation about
the closed and occluded conformations. Upon inspection %4, required for interconversion between closed and oc-
of Figure 3, this is clearly not the case; the open conformation cluded forms, appears to be responsible for a precipitous drop
extends outside the closed and occluded conformations. Butin electron density following 114. No hydrogen bonds are
because movement between closed and occluded forms obbserved with the +G loop [G15(0)3D122(N) and E17-
the M20 loop entails large rotations of several main chain (N)—D122(CG:2)], as G15 and E17 are invisible due to the
torsion angles, not a simple rotation on two hinges, the path disorder. The FG loop also displays high temperature
of loop motion is not limited to being within the boundaries factors and some disordered side chains in this region,
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sealed

pocke%

Ficure 6: View of G—H loop interactions with M20 loops in (A) closed, (B) open, and (C) occluded conformations. van der Waals
surfaces are drawn showing how access to the nicotinamide binding pocket is altered. In the closed form, the pocket is sealed, and in the
open form, there isra8 A gap; while in the occluded conformation, M16 occludes the pocket. Most importantly, note the hydrogen bonds
between N23(0) and S148(N) and N23(N) and S148(i@ the open and occluded conformations batin the closed conformation. This

figure was produced using the graphics programs Setor (Evans, 1993) and Molscript (Kraulis, 1991).

indicating that it, too, is moving. A pair of hydrogen bonds Influence of Crystal Packing on Loop Conformatioln
with the G-H loop are also broken. Of the remaining most crystal forms, there is no variation in loop conformation
ordered M20 loop residues, there are no contacts with MTX. within a series of isomorphous structures, regardless of the
There is another group of structures that display a lessligated state. The cause of immobilization can be traced to
severe type of disorder. In these cases, the M20 chain iscrystal lattice contacts at one or more of the three principal
traceable, though the average temperature factor of the mairloops: the M20 loop, the+G loop, or the G-H loop. These
chain is over 40 A This type of disorder is visible in the  contacts evidently shift the equilibrium in favor of one parti-
occluded conformations of space grolR%2,2,*8 and the cular conformation. When the loop is closed (space group
closed conformation of NADPand NADPH complexes in  P3,21), crystal contacts between the-8 loop and the €D
P2,2:2:. Motion of this type may be due to interconversion loop of another symmetry-related molecule destabilize the
between closed and occluded conformations (see below). occluded conformation by preventing formation of a pair of
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FIGURE 7: (A) Extensive interactions between M20 loops of 2-fold symmetry-related molecules. This packing is characteristic of all open
loop conformations, regardless of crystal form. (B) Superposition of the dimers shows how well the intermolecular contacts are conserved.
DHFR molecules in (A) and (B) are shown in the same orientation. This figure was produced using the graphics program Setor (Evans,

1993).

interloop hydrogen bonds with the M20 loop [N23(©)
S148(N) and N23(N)YS148(Q)]. When the loop is open,
as in space groupB2;2,2,“P, P6, (molecule B),P2;, and
C2, there are extensive contacts betw@&2i and W22 of
one molecule, and the21 and W22 of a two-fold symmetry

complexes, the occluded form appears to be favored (Figure
8). Crystal structures representing these complexes (ddTHF
ATP-ribose, ddTHF, and ddTHRADPH) reveal the oc-
cluded conformation, though temperature factors indicate
substantial motion (average main chain temperature factors

related molecule (Figure 7A). The symmetry-generated range from 41 to 53 A.
contacts are so well conserved that pairs of ecDHFR Mechanism of M20 Loop Mement. Thermodynamic
molecules from the different space groups can be superposecquilibrium between the closed and occluded conformations

as rigid dimers (Figure 7B). When the loop is in the
occluded form, as in space group$; (molecule A) and
P65, crystal contacts with the-+G loop destabilize formation
of the closed conformation by preventing formation of a pair
of interloop hydrogen bonds with the M20 loop [G15¢©)
D122(N) and E17(NyD122(C:2)]. In space groups where
the loop appears mobild2;2,2,*B and P3,21), there are

is shifted in favor of the closed conformation by binding of
the nicotinamide-ribose moiety of NADPH. The nicotina-
mide—ribose moiety provides stabilizing van der Waals
contacts with the closed form of the loop (specifically
backbone/side chain atoms of residues-26) and one
hydrogen bond with the nicotinamide [NADP(NN714-
(O)] (Figures 5A and 6A). When the nicotinamidgbose

few, weak lattice contacts in loop areas. Most notable is is bound and the NADP(NN#I14(0O) hydrogen bond is

space groupB2;2;2;8 in which the loop changes from closed

formed, a 180 rotation abouty'** is inhibited, thereby

to disordered depending on the ligated state. Due to theinhibiting conversion to the occluded conformation. Binding

absence of lattice interference with M20 loop mobility, M20

of the adenosine moiety of NADP, however, does not ensure

loop conformations observed in the analogue complexes innicotinamide-ribose binding. Rotation about the PID3

space groupsP2;2,2,*B are regarded as indicators of
conformational behavior in solution during a reaction cycle.
Loop Maement during the Reaction CycleCrystal-
lographic evidence from the space grdRfa2;:2,® structures
(where loop movement is allowed by the crystal lattice)

suggests that the closed conformation of the M20 loop is

favored in the first half of the reaction cyclege. in the

holoenzyme, Michaelis complex, and transition state complex substrate.

(Figure 8). The M20 loop conformation is ordered and

bond may put the nicotinamiggibose moiety out into the
surrounding medium, again allowing formation of the
occluded form. Nicotinamideribose binding, and hence
loop closure, is strongly influenced by pteridine binding and
the pteridine oxidation state.

Binding of the nicotinamideribose moiety is stabilized
by contact with the juxtapositioned pteridine ring of the
In the NADPH complex, when the pteridine
pocket is unoccupied, the nicotinamidebose binding

closed in isomorphous crystal structures representing thesepocket is only about 75% occupied, as judged from electron

complexes (NADPH, FOINADP*, and MTX-NADPH
complexes). F and'H NMR also confirm that the M20
loop of FOL:NADP* and MTX-NADPH exists primarily

in a single, well-defined conformation, indicated by strong
NOEs between M20 and W22 (Hoeltzli & Frieden, 1994).
The M20 loop in the NADPH crystal structure displays

density maps in space grof2,2,2,® (Figure 8A). For the
remainder of the time, the nicotinamidabose is in bulk
solvent, via a rotation about the PNXD3 bond of the
pyrophosphate moiety. However, 75% occupancy is enough
to make the closed conformation visible in electron density
maps, with an average main chain temperature factor of 40

higher temperature factors than in the two ternary complexesA2.  (In the NADP" complex, the nicontinamideribose

(about 15 & higher on the average), consistent with the
diminished resonance signal from labeled{E}W22 in the
NADPH complex. During the second half of the reaction
cycle, i.e. in the THFNADP*, THF, and THFNADPH

pocket is primarily unoccupied, rendering the loop nearly
invisible with an average main chain temperature factor of
50 A2) When the pteridine pocket is occupied by FOL or
MTX (analogues of the Michaelis and transition complexes),
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FiIGURE 8: Reaction pathway analogue structures in space ge@u$2:8: (A) NADPH complex, (B) FOLNADP* complex, (C) MTx-

NADP* complex, (D) ddTHFATP-ribose complex, (E) ddTHF complex, and (F) ddFNADPH complex. In the center is drawn the

kinetic pathway of the ecDHFR-catalyzed reaction as determined by Fierke et al. (1987). ecDHFR is abbreviated as E. The symbol for each
intermediate appears next to the picture of its ecDH#FRlogue complex. Each structure (shaded in gray) is superposed with the sequentially
subsequent analogue structure (solid white with ligands drawn in dotted lines). The average main chain temperature factor of the M20 loop
and pABG cleft width are noted in each structure. This figure was produced using the graphics program Molscript (Kraulis, 1991)

van der Waals contacts between nicotinamide and pteridineA2 in the closed loop conformation (Figure 8B,C).
rings increase the stability of nicotinamide binding, effecting  Binding of the nicotinamideribose moiety is destabilized

100% occupancy in the nicotinamide binding pocket and by steric clash with the reduced pteridine ring. Compared
lowering the average temperature factors of the loop to 26to FOL (in FOLNADP"), ddTHF (in ddTHFNADP™)
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puckers at C6 and protrudes further into the nicotinamide been correlated with immobilization of the M20 loop in the
binding site. Superposition of holoenzyme and ddTHF majority of crystal forms). The active site loops of enzymes
NADP™ structures reveals that, if the nicotinamide were in such as triosephosphate isomerase (Wierenga et al., 1992),
the binding pocket, there would be a 1.8 A overlap between RuBisCo (Schreuder et al., 1993), and staphylococcal nu-
C4 of the nicotinamide and C7 of ddTHF [see Figure 5 of clease A (Hodel et al., 1994) similarly display altered
Reyes et al. (1995)]. The evident result of this overlap is hydrogen-bonding patterns with neighboring flexible loops
that the nicotinamide is rotated out of the binding pocket in closed and open conformations. It is intriguing that nature
and is disordered in solvent in the ddTHWADP™ ternary has designed multiple neighboring flexible loop motifs at
structure P2,2,2,") (Figure 8D). Release of the nicotina- the active site entrance of so many enzymes. Perhaps the
mide moiety breaks the NADP(NN7)14(O) hydrogen bond  participation of neighboring floppy loops destabilizes the end
and allowsy''* to rotate in transition to the occluded form, points of loop motion, preventing the loop from becoming

as observed in ddTHRADP" (P2;2,2,*) and ddTHFATP- trapped in either an open or closed position and consequently
ribose P2:2:2,%). Upon NADP' release, the loop remains slowing diffusion of ligands to and from the active site.
occluded. Without nicotinamide boung)/*4 remains free Improved View of Subdomain RotationSubdomain

to rotate in transition to the occluded form, as inferred from composition was determined with the aid af €Ca distance
the ddTHF binary complexf2,2,2;%) (Figure 8E). Subse-  difference plots, as described previously in Bystroff and
guent binding of NADPH also produces no difference in loop Kraut (1991). In addition to visual inspection, the distance
conformation from that of the preceding two complexes. In difference plots were analyzed using two related algorithms,
the ddTHFNADPH complex P2;2;2,8), nicotinamide re- one by Nichols (Nichols et al., 1995) and the other by
mains unbound and the loop remains in the occluded Fauman (Perry et al., 1990). Given a distance difference
conformation (Figure 8F). matrix, the programs search for the largest pieces of structure
Transition from the closed to occluded conformations for which internal relative movements afcarbons do not
necessitates that torsion angles rearrange ffbstrand/ exceed a given threshold valug.( With adjustments o€,
hairpin to 3, helix, ¥''* must rotate 189 main chain the molecule could be subdivided into rigid pieces of a
hydrogen bonds must be broken and then reformed, hydrogermeaningful size. Typicallg = 0.15-0.20 A for isomor-
bonds with the FG loop must be broken, and hydrogen phous comparisons yielded two discrete subdomains with
bonds with the G-H loop must be formed. This extensive rigid bodies of approximately 50 residues each. Subdomain
rearrangement of torsion angles and hydrogen bonds pro-composition remains stable in this rangecof Comparable
posed to occur in the interconversion between the closed andesults were obtained with either program in isomorphous
occluded conformations is neither unprecedented nor ther-comparisons within space grou@®, P2,2;2:8, andP3;21.
modynamically unreasonable. Although itis true that a large Results were particularly definitive when comparing holoen-
number of enzymes conserve the amount of structural zyme with the MTXNADP ternary complexes, the pair
rearrangement by moving a rigid flap on a pair of hinges exhibiting the largest subdomain rotation. For example, in
[e.g.triosephosphate isomerase (Noble et al., 1993), lactatespace groufP2,2;2,8, this analysis yielded two rigid cores:
dehydrogenase (Gerstein & Chothia, 1991), and penicil- residues 36, 8, 10, 12, 14, 26, 90, 103, 167116, 118, 122,
lopepsin (James et al., 1982)], another group of enzymes is124-127, 136-138, 140, and 146158 in core 1 and
characterized by loop motions that, like that of ecDHFR, residues 1, 2, 40644, 46-49, 62-66, 73-84, 89, 90, 92,
involve extensive reorganization of backbone torsion angles 93, 95, 96, 98, 99, 101104, and 106 in core 2 (Figure 9A).
[e.g. thymidylate synthase (Noble et al., 1990), RuBisCo Residues not counted among these cores can be assigned to
(Schreuder et al., 1993), and Fab 7/19 (Schulze-Gahmen eta subdomain on the basis of connectivity. Subdomain 1 is
al., 1993)]. Such reorganization may be a common, low- best described as residues-37 and 107159, while
barrier mechanism of loop movement. With the exclusion subdomain 2 is best described as residuesi®® (Figure
of crystal packing interactions, the sum total of stabilizing 9B).
interactions seems qualitatively equivalent in the closed and This subdomain composition indicates that the rotation axis
occluded conformations, a necessary requirement for rapiddescribing relative subdomain motions lies between strands
interconversion. The fact that crystal packing interactions, A and E, and structural analysis suggests why. An inter-
themselves normally considered weak forces, effectively ruption in hydrogen bonding between strands A and E
compete with the ligand for conformational control of the produces a gap between them that forms the nicotinamide
M20 loop further suggests a low-energy barrier for the binding pocket (Figure 9C). Due to this interruption, there
transition. Indeed, NMR studies of thi-labeled ecDHFR are only four hydrogen bonds between strands A and E, the
FOL complex suggest that the loop movement may be very fewest hydrogen bonds of any pair of strands in the enzyme
fast (Epstein et al., 1995). Structural fluctuations on the (strands B and E have equally few). Moreover, the twist
nanosecond time scale for residues-16 of the M20 loop between strands A and E is 4Xhe greatest between any
and residues 1208124 of the F-G loop are indicated. pair of strands in the enzyme (average twist 24°),
Another mechanistic motif characteristic of active site loop increasing the freedom of motion between the subdomains.
movements (such as the M20 loop) is the participation of Analysis of secondary structure clusteringotaseiDHFR,
neighboring floppy loops (such as the-& and G-H loops). another bacterial DHFR, supports the choice of subdomain
The closed, open, and occluded conformations of the M20 composition (Sowdhamini & Blundell, 1995). The combina-
loop are each characterized by a particular pattern of tion of weak hydrogen bonding, a large twist angle, and
hydrogen bonds with the-+G and G-H loops. Moreover, discrete structural clustering allows movement about an axis
the motion of the M20 loop depends on the freedom of between strands A and E.
movement of the FG loop (recall that parts of the-FG This subdomain composition is appreciably different from
loop are disordered when the M20 loop is disordered and that assigned earlier by Bystroff and Kraut (1991), in which
that lattice interference with the-fG and G-H loops has only nonisomorphous structures were compared. Subdomain
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FIGURE 9: (A) Superposition ofr-carbon traces of MTXNADP™ (black) and NADPH complexes (gray) in space gré#2;2;8. Black

dots indicate residues belonging to rigid core 1, while white dots indicate residues belonging to rigid core 2 (see text). (B) Resulting
division into subdomains from rigid body analysis. (C) Backbone atoms of the c¢hsta¢et. Twist angle between strands is noted.
Hydrogen bonds are fewest and twist is the greatesY) [@dtween strands A and E. (D) Comparison of Rossmann fold and the ecDHFR

fold. The shaded area corresponds to common features. This figure was produced using the graphics programs Setor (Evans, 1993) and
Molscript (Kraulis, 1991).

1 (1—37 and 107159) is smaller than Bystroff's major isomorphous structures, as we have done in space groups
subdomain (337 and 89-159), and subdomain 2 (3@.08) C2, P24, P2,2,2,*B, P3,21, andP6;.
is larger than Bystroff's adenosine binding subdomain«(38 Encouragingly, the degree of subdomain rotation within
88). Enlargement of subdomain 2 appeestrand E and  a series of analogue complexes maintains the same order
helix F. The adenosine binding subdomain now includes from crystal form to crystal formile. among crystal forms
all the protein atoms involved in binding the adenosife 2 C2, P2; (molecules A and B)P2,2:2:*8, andP3,21]. Cleft
phosphate 5'-diphosphate moiety. The new subdomain width is used as a measure of subdomain rotation, though
definition also corresponds to the largest portion of DHFR small independent movements of helices B and C also alter
topologically in common with the Rossmann fold (Birktoft the pABG cleft width. The distance between the axis of
& Banaszak, 1984) (Figure 9D). Meanwhile, diminution of helix C at its C terminus and the axis of helix B at its N
the major subdomain makes it more nearly equal in size with terminus is taken as the pABG cleft width. In order of
the adenosine binding subdomain. The diminished major increasing pABG cleft size, MTX ddTHF < FOL in binary
subdomain is now more descriptively termed the “loop complexes. When cofactor is bound, FOL and ddTHF
subdomain”, reflecting the fact that it contains the three switch order, MTXNADP < FOL-NADP < ddTHFNADP
principal loops: the M20 loop, the+G loop, and the GH ~ NADP. The constancy of this order among crystal
loop accounting for about 45% of this subdomain. The packings indicates some degree of accuracy in determining
crucial difference from previous studies was the use of the dynamics of subdomain rotation during the catalytic
isomorphous (as opposed to nonisomorphous) structures ircycle.
the analysis. The earlier choice of subdomains was mis- sypbdomain Rotation during the Catalytic CycleA
guided by the fact that crystal packing, as well as the ligated consensus of crystallographic evidence from several series
state, can affect relative rotation between subdomains. of isomorphous complex structures, as presented here,
Influence of Crystal Packing on Subdomain Rotation. suggests that the pABG cleft opens and closes twice during
Crystal packing clearly distorts subdomain rotation in both the catalytic cycle (Figure 8). Specifically, the evidence
composition and magnitude, making isomorphous compari- suggests that the holoenzyme begins the reaction cycle with
sons preferable for an accurate characterization. Noniso-the subdomains in the open state, and then upon substrate
morphous comparisons between different ligated states inbinding, the subdomains rotate closed, and perhaps even
space groupsC2, P2;, P2;2,2,8, and P3,21 result in more closed in the transition state. This scenario follows
deviations in subdomain composition of about—TD from isomorphous comparisons in space grabpsP2;2;2;5,
residues near the rotation axis. Furthermore, nonisomor-andP3,21 which indicate that the pABG cleft closes G:7
phous comparisons between identical ligated states result in0.2 A upon FOL (DHF analogue) binding to the holoenzyme.
deviations in the magnitude of rotation of up t&. 3Since Similar comparisons in space group2, P2;, P2;2;2,8, and
subdomain rotation relates two halves of the molecule, crystal P3,21 indicate that the cleft closes 0450.4 A tighter when
packing contacts virtually anywhere on the DHFR molecule MTX replaces FOL in the ternary complex, possibly reflect-
can conceivably affect subdomain rotations. As noted above,ing subdomain behavior in the transition state. Further
the distortion becomes significant when comparing DHFR evidence suggests that, upon hydride transfer, the subdomains
molecules from different lattices which have been distorted rotate open and then close again after NADRlease.
in different areas of the molecule. This is especially true Isomorphous comparisons in space gré\2g2;2;° indicate
when determining the position of the rotation axis since, by that the pABG cleft opens to its widest extent in the ddTHF
definition, the axis is located where the least motion occurs ATP-ribose/NADP complexes and then shrinks 0.5 A upon
and small lattice-induced distortions can more easily alter release of cofactor. Finally, it appears that rebinding of
its position. Hence, characterization of subdomain rotation NADPH causes the subdomains to rotate open, completing
as it would appear in solutior{in the absence of lattice the cycle. The structure of ddTHRADPH in space group
interference) is most accurately derived from isomorphous P2;2;2,8 shows that the cleft has returned to the open state
comparisons, preferably from more than one series of as in the ddTHFATP-ribose/NADP complex. The influ-
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helix B helix B

Ficure 10: Superposition of FOL and FONADP* complexes in space grolf2;2;2:8. Interaction with the pyrophosphate moiety produces

a 0.7 A shift of helix C upon cofactor binding. The shift allows hydrogen bonding between pyrophosphate oxygens and the N-terminal
amide nitrogens of the helix. The shift also brings 150 of the pABG cleft 0.7 A closer to the nicotinamide. This shift may stabilize the

pteridine’s close contact with nicotinamide via 150’s interaction with the pABA ring. This figure was produced using the graphics program
Setor (Evans, 1993).

ence of crystal packing on subdomain rotation hints that the with MTX, we would expect a more closed subdomain

range of subdomain motion may be dampened within a seriesrotation. Indeed, ddTHF favors a more closed subdomain
of isomorphous structures and that subdomain rotation in rotation than FOL in binary complexes in space groups
solution may be larger than observed within any particular P2;2,2,% andP6;. However, in the ternary complex ddTHF

crystal form.
Mechanism of Subdomain Rotatiofsomorphous com-

ATP-ribose, helix B translates 0.5 A in response to a shift
in M20 loop conformational equilibrium from closed in the

parisons of holoenzyme and ternary complex structures in transition state analogue (MFXADPH) to occluded (Figure

space group€2, P2,2,2,8, andP3,21 suggest that subdo-

8D). The translation places helix B closer to the- & loop

main rotation is induced by the pABG moiety. Subdomain SO that the M20 loop and €H loop may form a pair of
rotation produces its largest relative movement between helixhydrogen bonds [N23(©)S148(N) and N23(N}S148(Q)],
B of the loop subdomain and helix C of the adenosine @s is characteristic of the occluded conformation. Translation
binding subdomain, the two walls of the pABG binding cleft. Of helix B also alters L28 pABG interactions such that they
The side chains of L28 from helix B and 150 from helix C no longer are in van der Waals contact. In the absence of
are attracted 0.% 0.2 A closer together by van der Waals this van der Waals contact, subdomain rotation favors the
forces with the sandwiched pABG moiety (Figure 8A,B). open state. The combination of helix translation and
The motion imparted on helices B and C appears to be spreadsubdomain rotation widens the pABG binding cleft to its
over both subdomains by a shear mechanism (Gerstein efmaximal size, 1.1 A wider than in the transition state
al., 1994). Helices B and C shear with respect to the sheet,analogue (MTXNADPH in space groufP2:2:2;°).
and to a lesser extent, the individual strands shear with The ability of the subdomains to rotate closed is restored
respect to their neighbors, producing the motion described upon NADP" release. NADP release produces a translation
as a rotation between the two subdomains. It appears thatalong the helical axis of helix C, 0.7 A toward the pABG
the rotation can be produced by multiple combinations of cleft and away from the pyrophosphate of NADP. Appar-
very slight side chain movements (between 0.1 and 0.2 A), ently, loss of pyrophosphate hydrogen bonds with the N
giving the position of the intersubdomain axis a great deal terminus of helix C releases the helix to move toward the
of play [as noted in Bystroff and Kraut (1991)] and making pABG moiety (Figures 8E and 10). The translation com-
it vulnerable to distortions imparted by crystal contacts.  pensates for the aforementioned helix B movement by closing
On the basis of isomorphous comparisons between-FOL the cleft between 150 and L28, improving contact with the
NADP* and MTX-NADP complexes in space grouf3?, pPABG moiety. With van der Waals contact restored between
P2, P2:2:2:8, andP3,;21, MTX can produce a more closed L28 and the pABG moiety, domain rotation is able to close,
subdomain rotation than FOL, closing the pABG cleft though not as far as in the FE@WMADP™ ternary complex.
another 0.5+ 0.4 A (Figure 8C). Cleft shrinkage may be Upon binding of NADPH, the pyrophosphate draws helix C
due to an altered position of the pABG moiety as compared 0.7 A away from the pABG once more, favoring an open
to that of FOL. The pABG of MTX is shifted 1.0 A along  subdomain rotation (Figure 8F).

the pABG cleft relative to that of FOL (Reyes et al., 1995).  structural Rigidity of Vertebrate DHFRsIn contrast to
As will be argued, enhanced interactions with the shifted ecDHFR, vertebrate DHFRs appear to be more rigid.
PABG moiety allowed by a larger subdomain rotation may Comparison of crystal structures offers no hint of loop |
stabilize puckering of the pteridine’s C6 in the transition state. motion (loop I is the equivalent of the M20 loop of ecDHFR)
A more open subdomain rotation is produced in ternary or subdomain rotation. Loop conformations of chicken
product analogue complex ddTHEFADP™ due to a shift in (Matthews et al., 1985a,b; McTigue et al., 1992, 1993),
helix B’s position (Figure 8C). Reduction of the dihydrop- mouse (Stammers et al., 1987), and human (Oefner et al.,
teridine ring produces a pucker at C6, and the pABG moiety 1988; Davies et al., 1990) DHFRs are invariably closed
shifts 0.8 A along the pABG binding cleft, much as in the regardless of species, crystal packing, or ligated state.
case of MTX, as described in Reyes et al. (1995). By analogy Subdomain rotation is also unobserved in isomorphous or
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nonisomorphous comparisons. Curiously, DHFRs from both observed in comparisons between chicken DHfidpterin-

E. coli and vertebrate sources perform the same catalytic NADP™ and human DHFRFOL (McTigue et al., 1992).
function, exhibit similar kinetic pathways, and share a similar Although DHFRs fronE. coliand vertebrate sources employ
architecture, but one is conformationally flexible and the different mechanisms, the effect is the same, to open the
other rigid. This unique system puts us in a position to cleft for DHF binding. The fact that evolution devised two
suggest which structural features are responsible for endow-different mechanisms for introducing flexibility in pABG
ing flexibility in ecDHFR and, more enlightening, what the cleft width suggests that this type of motion is important to
role of flexibility in general may be. DHFR catalysis. The vertebrate mechanism may be more

Three structural differences between ecDHFR and verte- €fficient, as DHF binding rates are-% times faster for
brate DHFR may account for the difference in flexibility of human than fokE. coli (Appleman et al., 1990; Fierke et al.,
their loops. (1) Truncation of the vertebrate’s-8 loop 1987).
prevents formation of hydrogen bonds with loop I, an  Since an open conformation of loop I is not conserved in
apparently necessary prerequisite for forming the occludedvertebrate DHFRs, evidently, the exaggerated loop motion
or open conformations found in ecDHFR. (2) Insertion of of the M20 loop of ecDHFR is not essential for cofactor
a left-handed polyproline-type helix in vertebrate DHFR’s binding in vertebrate DHFRs; cofactor binding rates are
loop | (accompanying the insertion of P25) increases the similar for vertebrate and bacterial DHFRs. The nicotina-
rigidity of the loop, a feature not present in ecDHFR’s M20 mide moiety may gain access to the vertebrate binding pocket
loop. (3) In keeping with the observed requirement of with smaller scale loop fluctuations. Interestingly, it is
glycine or proline in position 3 of a type lllhairpin, possible that the exaggerated loop motion in ecDHFR is an
vertebrate DHFR places G20 in this position of loop I's evolutionary adaptation to the particular environment of the
central hairpin. The favorable placement of this glycine prokaryotic cell, as will be argued later.
stabilizes hairpin formation and hence the closed conforma- Rgje of Flexibility in Proton Transfer.Some evidence

tion. E. colis equivalent, N18, also in position 3 of the type - g qqests that M20 loop flexibility facilitates protonation at
lli” central hairpin, is not as energetically favorable in 5ot DHF by admitting a proton-donating water molecule
position 3 and thus facilitates rearrangement to Other i, yhe active site. Protonation of N5, a likely prerequisite
conformations. for hydride transfer, has been observed by Raman spectros-
Less obvious is the structural basis for increased rigidity copy in ecDHFRDHF-NADP* and thus presumably also
between subdomains in vertebrate DHFRs. In vertebrateoccurs in the Michaelis complex (Chen et al., 1994).
DHFR and ecDHFR, there is the same small number of However, the mechanism of protonation is poorly understood,
hydrogen bonds between strands A and E, the intersubdomaimarticularly since no proton-donating group within hydrogen-
border. Vertebrate DHFR also maintains the same large twistbonding distance of N5 has been observed in Michaelis
angle between strands A and E,°41Moreover, packing  analogue complexes. When the M20 loop is in the closed
analysis of human DHFR has identified the same two conformation, the side chain of M20 effectively excludes
subdomains found in ecDHFR (Siddiqui & Barton, 1995). water molecules from the vicinity of N5. But a water
Hence, we can offer no convincing structural explanation molecule is found hydrogen bonding to O4 (2.8 A) and close
for why subdomain rotation has not been crystallographically to N5 (3.2 A) when the loop is open, and the M20 side chain
observed in vertebrate DHFRs. has moved [ecDHFREOL-NADP* (space groupC2) and
Role of Flexibility in Substrate BindingM20 loop and in ecDHFRFOL (space grouiP6,) (Reyes et al., 1995)]. If
subdomain movements achieve their most open conformationthe open conformation of the M20 loop is indeed an
in the absence of nicotinamide and pABG binding, suggest- intermediate between closed and occluded forms as proposed
ing that improved active site accessibility may be involved earlier, then a water molecule would have intermittent access
in the substrate binding process. The open M20 loop to N5 as seen in th€2 space group. Such a movement
conformation, a likely component of loop motion in the may account for an observed obligatory isomerization in the
absence of nicotinamide binding, produces8aA opening ternary substrate ecDHFR dra. casei DHFR complex
to the active site, more than wide enough to pass apreceding hydride transfer (Beard et al., 1989). Similarly,
nicotinamide ring from the solvent to the binding pocket rotation of Y/F31 in vertebrate DHFRs has been implicated
(Figure 6B). Similarly, the open subdomain rotation pro- in performing the role of gate for the proton-donating water
duces a 0.7 A wider pABG binding cleft in the holoenzyme molecule (McTigue et al., 1992). Following protonation,
(as compared to the FONADP" complex), presumably  return to the closed loop conformation would place M20 back
facilitating binding of DHF (Figure 8A). The requirements into position to exclude water from the active site, a feature
of substrate access have long been proposed as a reason féhat presumably facilitates hydride transfer in several other
the widespread observation of open loop and open domaindehydrogenases/reductases (Eklund &riBien, 1987).
conformations (Wolfenden, 1974). Indeed, theoretical cal-  Role of Flexibility in Transition State Stabilizatiowo
culations also suggest that structural fluctuations such as thesgalient features of the transition state for hydride transfer
can lead to lowering of free energy barriers to the binding are a sub van der Waals contact between hydride donor and
process (Karplus & McCammon, 1983). acceptor and puckering of C6 of the pteridine ring. As a
Observation of a similar range of variation in pABG cleft catalyst, DHFR must stabilize these transition state features.
size in vertebrate DHFRs supports the hypothesis that motionPrior structural work suggests that, although MTX, the tight-
is important in the substrate binding process. However, binding inhibitor of DHFR, does not itself represent the
instead of subdomain rotation, the width of the pABG cleft transition state, its unique binding geometry in the MTX
in vertebrate DHFRs is regulated by movements of a loop NADPH complex allows the enzyme molecule to adopt a
connecting helix C and strand C (residues—39). The conformation that appears to (1) stabilize sub van der Waals
pABG cleft is 0.8 A wider when pABG is not bound, as contact between hydride donor and acceptor and (2) stabilize
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puckering of C6 of the pteridine ring (Bystroff & Kraut, interactions between the enzyme and the shifted pABA ring,
1991). These ideas are supported and modified in light of then the closed subdomain rotation may also play a role in
new evidence. stabilizing puckering at C6 in the transition state of hydride
The calculated optimal geometry for the transition state transfer. The idea that subdomain rotation stabilizes pucker-
for hydride transfer places the hydride donor (C4) and ing at C6 is related to that of Bystroff and Kraut (1991) (see
acceptor (C6) within 2.6 A of each other (Wu & Houk, especially Figure 8 therein), though the pABA movement
1987), a distare 1 A shorter than the sum of their van der produced by puckering at C6 is now known to be different
Waals radii. It has been well documented by Bystroff et al. from that predicted in 1991.
(1990), Brown and Kraut (1992), and Reyes et al. (1995) One other means of transition state stabilization, separate
that just such an overlap between the nicotinamide and from our considerations of MTX, is suggested from compar-
pteridine binding pockets is a feature of the DHFR structure. ing the FOL binary complex with the ternary complex. Close
Their evidence includes studies in which binary folate and approach of reactants in the transition state for hydride
holoenzyme structures are superposed, revealing what wouldransfer may be further stabilized by conformational shifts
be a 2.8 A contact between the hydride donor and acceptor.of helix C upon cofactor binding. 11P2;2,2,8, NADP*
Furthermore, in FOINADP* complexes (space grouf®, binding to the FOL binary complex accompanies a 0.7 A
P2;, P2,2:2,8, and P3,21), sub van der Waals contacts translation of helix C along its helical axis, bringing its
between the nicotinamide and the FOL pteridine ring N-terminal backbone amide nitrogens within hydrogen-
(between 3.2 and 3.3 A) are apparent. But in the MTX  bonding distance of the pyrophosphate oxygens (Figure 10).
NADPH complex, the nicotinamide is able to penetrate the Consequently, the C terminus of helix C, bearing 150 of the
pteridine binding pocket further than it can when FOL is pABG cleft, is also shifted 0.7 A toward the pyrophosphate.

present since MTX'’s pteridine is flipped 18With respect
to that of FOL. This flip (approximately about the E€9

However, if the pABG moiety were to remain in contact
with 150, the pteridine would also be translated 0.7 A toward

bond) creates a vacancy where C6 of FOL normally residesthe nicotinamide ring, but such a translation is impeded by

(Bystroff & Kraut, 1991). If the isomorphou$2;2,2;®
structures, MTXNADPH and FOLNADP™, are superposed,
C4 from the nicotinamide of MTXNADPH is only 2.9 A
from C6 of FOL, very close to the theoretical 2.6 A distance
calculated for the transition state of hydride transfer (Figure
8B). Thus, the position of the nicotinamide in the MFX
NADPH complex may in fact reflect transition state geometry
as originally hypothesized by Bystroff and Kraut (1991).

steric clash between the pteridine and nicotinamide rings.
The molecular “tug of war” over helix C may indicate
another strategy the enzyme employs to stabilize the close
proximity of nicotinamide and pteridine rings, a way of using
both the cofactor’s pyrophosphate moiety and dihydrofolate’s
pABG moiety as handles to stabilize the transition state.
Role of Flexibility in Product Releaseelix C movement

also may play a role in regulating THF release from the

Further stabilizing close contact between the nicotinamide binary complex. Following hydride transfer and NADP

and pteridine ring of MTX is the closed M20 loop conforma-
tion. The additional hydrogen bond [NADP(NN714(0)]
and van der Waals contacts with the nicontinamidbose
provided by the closed form of the M20 loop stabilize the

release, the N terminus of helix C is freed from hydrogen
bonding with the pyrophosphate moiety of NAQRllowing
helix C to shift 0.7 A back toward the pABG moiety.
Consequently, 150 returns to its position in van der Waals

juxtapositioned ligands. A large decrease in the hydride contact with the pABG moiety. The closer interaction

transfer rate upon deletion of the central portion of the M20
loop supports this hypothesis (Li et al., 1992).

presumably tightens the enzyme’s grip on ddTHF. Tighten-
ing THF binding in the binary complex may prevent

Pursuing another aspect of the transition state, transfer offormation of the apoenzyme. An increased concentration

the hydride ion is expected to be facilitated by puckering of
C6 of the pteridine ring. A consequence of the pucker is
likely to be a shift of the pABG moiety in the direction

observed in the product analogue complex with ddTHF,
though probably not as far. In the ddTHF complex, the
pABG moiety is shifted 0.8 A along the length of the pABG

crevice away from its position in FOL. Reyes et al. (1995)
noted that the pABA ring of FOL is situated closer to 150
than to L28, implying a strained binding geometry, but in
ddTHF, the pABA ring is nearly equidistant from L28 and

of apoenzyme would lead to an increased percentage of
inactive enzyme, as the apoenzyme exists in a 50/50
equilibrium between active and inactive forms (Cayley et
al., 1981; Fierke et al., 1987).

NADPH-assisted release of THF is a distinctive charac-
teristic of the DHFR-catalyzed reaction (Fierke et al., 1987).
The off rate for THF is 6-fold higher from the ternary
complex than from the binary complex (Fierke et al., 1987).
Upon rebinding a second molecule of NADPH, helix C
translates away from the pABG moiety again, widening the

I150. This observation was taken as evidence that ecDHFRcleft to its maximum width and probably assisting THF

is designed to bind the pABA ring in a shifted position, as
in ddTHF, a position that should stabilize puckering at C6
in the transition state. Another manifestation of the favored
binding of the extended pABG position may be the more
closed subdomain rotation observed in ddTHF binary
complexes (but not ternary complexes) and MTX binary and
ternary complexes. Due to its flipped-over pteridine, the
pABG of MTX also binds in a shifted position, analogous
to that of ddTHF and presumably the transition state.
Particularly in MTX ternary complexes, it has been shown
that MTX binds to ecDHFR, producing a subdomain rotation
that closes the pABG cleft 0% 0.4 A further than FOL. If

the closed pABG cleft is indicative of enhanced hydrophobic

release. Widening of the pABG cleft via helix C may be
partly responsible for the observed elevation in THF off rate
upon rebinding of NADPH. Perturbation of the finely
adjusted balance of conformational shifts of helix C is likely
responsible for the behavior of helix C mutants. A triple
mutation in helix C (H45R, W47Y, and I50F) diminishes
the NADPH-assisted THF off rate (Li & Benkovic, 1991),
while the R44L mutation enhances the NADPH-assisted THF
off rate (Adams et al., 1989).

It may be expected that NADPH-assisted release of THF
via helix C would be equally achieved by NADRsince
pyrophosphate, the moiety inducing the helix shift, is
common to both NADPH and NADP Indeed, there is a
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negative cooperativity in THF binding to the ternary product DHFR Mavie. A movie portraying inferred loop and
complex; theky of THF is nearly 2-fold higher in the THF subdomain movements as a function of the reaction coor-
NADP* ternary complex than in the binary complex. dinate was constructed on the basis of crystallographic results
However, the effect is much weaker than the 6-fold effect reported here. The hypothetical sequence of events is the
measured in the THNADPH complex. The difference same as reported for ecDHFR under cellular conditions
between the oxidized and reduced cofactor’s ability to assist (Figure 8); however, no effort was made to scale the timing
THF release may be due to differences in nicotinamide of events to the measured pre-steady state rates (Fierke et
binding affinity. The reduced nicotinamide has a greater al., 1987). Likewise, no effort was made to simulate
tendency to occupy the nicotinamide binding pocket as Newtonian dynamics of the transitions. The main purpose
shown in NADPH »s NADP" isomorphous complexes of the movie is to illustrate the range of loop and subdomain
(P2:2:2,8). NMR studies on NADPHss NADP™ binding movements and the sequence of their occurrence along the
to ecDHFR are in agreement with this finding (Cayley et reaction coordinate.
al., 1980). Theoretical calculations suggest that this differ-  The movie is based on several ecDHFR complex structures
ence may be due to the enzyme’s complementarity to thein P2;2,2:8. The holoenzyme, FOINADP", MTX--
nicotinamide-ribose torsion angle preferred by NADPH as NADPH, ddTHFATP-ribose, ddTHF, and ddTHRADPH
opposed to NADP (Wu & Houk, 1991). Since the binding complexes are depicted in frames 1, 23, 24, 44, 51, and 56
pockets for the nicotinamide of NADPH and the pteridine of a 72-frame movie. Although the open loop conformation
of ddTHF overlap by neayl 2 A [as determined by s not observed in these structures, it is proposed to be a
superpositioning studies (Reyes et al., 1995)], the reducedtransient intermediate in loop motion between closed and
nicotinamide’s higher binding affinity would more effectively occluded conformations. It is also proposed to play a role
compete for binding and hence offer greater assistance toin protonation of N5 of DHF. It is therefore included in the
THF off. Furthermore, the size of the helix C shift is DHFR movie to demonstrate how the loop may interconvert
dependent on nicotinamide binding; the pyrophosphate between closed and occluded extremes. To smooth out the
moiety produces a greater helix C shift when nicotinamide loop and domain motions, intervening frames were generated
is bound than when it is unbound (as shown in comparisons using Insightll and Discover (MSI, San Diego, CA). Energy
of FOL-NADP* and FOL:ATP-ribose). Proper binding of  terms were applied to force a starting conformation into the
nicotinamide, in turn, would strengthen pyrophosphate bind- conformation of a crystal structure of a subsequent time point
ing, producing a larger helix C shift which would presumably analogue (template-forcing constraint) via a low-energy
assist THF release. pathway. The calculation was stopped at various time points
Role of Flexibility in Product Inhibition. The relative to generate coordinates of the intermediates. No definitive
binding affinity for NADP" us NADPH [Kq (NADP*)/Kq information is available regarding the lifetime of loop and
(NADPH])] is 2 times greater for ecDHFR than for human subdomain movements; hence, the frequency of their motion
DHFR. Moreover Ky (NADP")/Ky (NADPH) in the DHF with respect to the reaction coordinate was arbitrarily chosen
ternary complex is 100 times greater for ecDHFR than for to minimize the number of distinct movements per cycle yet
human DHFR (Fierke et al., 1987; Appleman et al., 1990). show all the movements observed. The movie was con-
As proposed by Appleman et al. (1990), this trend may reflect structed with GIFMerge. The movie is available as Sup-
an evolutionary adaptation to cellular differences in NADP  porting Information. Alternatively, the movie may be viewed
NADPH concentrations. In eukaryotic cells, NADRon- with the Netscape web browser at http://www-chem.
centrations are no more than 1% of NADPH concentrations, ucsd.edu/Faculty/Kraut/dhfr.html.
whereas in prokaryotic cells, NADPconcentrations are
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