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Deletion of a Highly Motional Residue Affects Formation of the Michaelis
Complex forEscherichia coliDihydrofolate Reductase
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ABSTRACT. Analysis of the dihydrofolate reductase (DHFR) complex with folate by two-dimensional
heteronuclearld—°N) nuclear magnetic relaxation revealed that isolated residues exhibit diverse backbone
fluctuations on the nanosecond to picosecond time scale [Epstein, D. M., Benkovic, S. J., and Wright, P.
E. (1995)Biochemistry 3411037-11048]. These dynamical features may be significant in forming the
Michaelis complex. Of these residues, glycine 121 displays large-amplitude backbone motions on the
nanosecond time scale. This amino acid, strictly conserved for prokaryotic DHFRs, is located at the
center of theBF—G loop. To investigate the catalytic importance of this residue, we report the effects
of Gly121 deletion and glycine insertion into the modifig¢e—3G loop. Relative to wild type, deletion

of Gly121 dramatically decreases the rate of hydride transfer 550-fold and the strength of cofactor binding
20-fold for NADPH and 7-fold for NADP. FurthermoreAG121 DHFR requires conformational changes
dependent on the initial binary complex to attain the Michaelis complex poised for hydride transfer.
Surprisingly, the insertion mutants displayed a significant decrease in both substrate and cofactor binding.
The introduction of glycine into the modifigg-—/G loop, however, generally eliminated conformational
changes required b¥G121 DHFR to attain the Michaelis complex. Taken together, these results suggest
that the catalytic role for th8F—SG loop includes formation of liganded complexes and proper orientation

of substrate and cofactor. Through a transient interaction with the Met20 loop, alterationgB6HA6

loop can orchestrate proximal and distal effects on binding and catalysis that implicate a variety of enzyme
conformations participating in the catalytic cycle.

Dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP  candidate for studying elements of catalysis. For example,
oxidoreductase, EC 1.5.1.3; DHFRItilizes NADPH to enzymes are known to display dynamical fluctuations on
reduce 7,8-dihydrofolate @f) to 5,6,7,8,-tetrahydrofolate  various time scales; nevertheless, demonstrating how these
(H4F). Maintenance of the intracellular pool offHis critical dynamics contribute to catalysis is difficult. A hallmark of
for the biosynthesis of purines, pyrimidines, and several NMR studies is the description of protein dynamics. Studies
amino acids ), such as thymidylate, a building block of employing NMR techniques have probed the solution
DNA. Consequently, the enzyme has been a long-standingstructure of DHFR in the absence and presence of ligands
target for inhibiting DNA synthesis in cancer celB) @nd (5—7). Analysis of the two-dimensional nuclear Overhauser

in bacteria 8). spectra of the apoenzyme suggests the Met20 loop exists in
Due to the wealth of crystallographic (¢find references  an equilibrium between two conformation§).( As an
therein) and solution structure informatioB—7) and of indicator of Met20 loop dynamics, the exchange of Trp22

kinetic (8) and computational analyse®),(DHFR is an ideal between two environments (35%is similar to the off rates
of ligands. The relaxation characteristics of the DHieRite

' This work was supported in part by NIH Grant GM24129. complex provides further insight into backbone and tryp-
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2882; Fax 814-865-2973; email spl@psu.edu. = _ DHFR (7). Six sites exhibit large backbone motional
Schzz(ﬁ;ﬂﬁft of Homer F. Braddock College of Science Memorial amplitudes on the nanosecond to picosecond time scale that

1 Abbreviations: DHFR, dihydrofolate reductas®G121 DHFR, serve to distinguish these regions from the lower amplitude

Escherichia coldihydrofolate reductase, mutant in which glycine 121 backbone fluctuations associated with the rest of the enzyme.

has been deleted; 117.96;121 DHFR, insertion of glycine between ; ; ; ; [T
alanine 117 and glutamate 118 &G121 dihydrofolate reductase, The location of these residues in loop regions indicates the

preserving original wild-type numbering of amino acid§121,124.56 ~ retention of high flexibility for these regions in the binary
DHFR, insertion of glycine between histidine 124 and phenylalanine folate complex. A functional role for the observed flexibility
125 in AG121 dihydrofolate reductase, preserving original wild-type n all regions is not apparent.

numbering of amino acids; MTX, methotrexatefi7,8-dihydrofolate; . . . .

H.F, 5,6,7,8-tetrahydrofolate; NADPH or NH, nicotinamide adenine ~ Of these highly motional residues, Gly121 is located at
dinucleotide phosphate, reduced; NADPD, 'R4?H]nitocintamide the center of thgF—SG loop (residues 117131) about 19

adenine dinucleotide phosphate, reduced; DNADPH, 5,6-dihydronito- Naoa
cintamide adenine dinucleotide phosphate, reduced; NAGPN®, A from the active-site aspartate & A from bound cofactor,

nicotinamide adenine dinucleotide phosphate, oxidized; EDTA, ethyl- 8S shown i_n Eigure 14). High B'faCtO!'S in _X'ray erSt_aJ
enediaminetetraacetic acid; DTT, dithiothreitol. structures indicate that thgF—£G loop is quite flexible in
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loop by reinsertion of glycine into thaG1215F—fG loop.

F-Li Loop Specifically, glycine was inserted at either of two positions
at the base of thaG1213F—5G loop, between A117 and
E118 (117.5GAG121 DHFR) or between H124 and F125
(AG121,124.5G DHFR). The insertion mutants were char-
acterized by determining the binding of substrate and
cofactor, the rate of the hydride transfer, and the presence
or absence of conformational changes, as observed with
AG121 DHFR. The effects of these mutations underscore
the critical relationship of interloop contacts to guide complex
formation and further implicate a dynamic quality to these
interactions.

MATERIALS AND METHODS

G-H Loop Mutagenesis
FIGURE 1. Model of the reactive DHFRIADPH-H,F complex. Materials. Standard DNA procedures were followed as
The figure illustrates the relative positions of the substrate and described 14). Propagation of plasmid DNA was carried
cofactor to the relevant protein elements (fiffe-5G loop, Gly121, out usingEscherichia colDH5a cells. Restriction and DNA

and points of glycine insertion, AJIra117 and Phel24). The X-ray modifying enzymes were purchased from New England
crystal structure of the DHFERIADP™-folate complex) was used  gjahs or Promega. Oligonucleotides for mutagenesis were
to construct this figure using MOLSCRIPT. . - .

synthesized on a 8909 Perceptive Biosystems DNA synthe-

the absence of bound ligand; however, the binding of ligand SiZe- Séqguencing of plasmid DNA was performed by the
introduces order into th8F—3G and Met20 loops, where Nucleic Acids Facility at the Pennsylvania State University.
the outerBF—AG loop actually folds over the Met20 loop Construction of DHFR MutantsThe introduction of the
(10). Conservation of Gly121 among prokaryotes suggests desire_d mutations was performed using Fhe overlap extension
a common function may exist for this flexible residue. technique 15). The expression plasmid pET22b-DHFR-
A structural role for Glyl21 has been investigated by AG121 (provided cour_teously by C. E. Ca.meron)'was used
saturation mutagenesia¥, 13, which demonstrated that &S & template for the first polymerase chain reaction (PCR).
increased side-chain hydrophobicity decreased DHFR stabil-Relevant primers are listed in Table 1. In brief, two
ity to temperature and denaturants. The same mutants'n.dependent PCR reactions were cgnducted: one reaction
exhibited effects on catalysis under steady-state conditions,"r‘gIth thhe DHFR—_For an:j tr?e mutagenllc ][eversg pnr(?ers, and
thereby linking the structural role of glycine 121 to catalysis. the ot er reactlcr)]n wit It.e mutagenic forwar | an .f.DHFR'
Although the identity of the affected steps within the catalytic <€V Primers. The resulting products were gel purified and
cycle was not determined, mutant DHFRs showed decreasedN€n used in a subsequent amplification employing the
keafKim values relative to wild type, stemming from a lower DHFR-For and DHF_R—Rev primers. The. desired expression
rate of turnoverk.z) than binding of substraté,). Changes construct was obtained by restriction digest of the mutant

in catalysis were attributed to a loss in flexibility at the 121 9eN€ with Clal and BanHl and then ligation into the
position. pET22b-DHFR vector. The presence of the mutations was

Further analysis of G121V DHFR by our laboratory confirmed by sequencing.
indiqated that this' mutation drgstically reduces cofactor poiein Purification
binding and catalysisl@). Interestingly, the steady-state rate
contains contributions from the rate of hydride transfer (1.3  Materials. The BL21(DE3) strain oE. coliwas used for
s™1) and a novel conformational change (3:8)sascribed expression of DHFR proteins using a pET22b-derived
to an isomerization of the initial ternary complex, DHFR plasmid (Novagen) and induced by isoprogsb-thioga-
NADPH-H,F, to one poised for catalysis. Inthe absence of lactoside (IPTG). The purification of DHFR utilized the
structural data, it is not possible to accurately described thefollowing buffers: lysis buffer (25 mM sodium phosphate,
nature of the conformational change; however, the introduc- pH 7.0, 5 mM EDTA, and 10% glycerol), PEG buffer (25
tion of a conformational change is indicative of the dynamical mM sodium phosphate, pH 7.0, 500 mM NaCl, 18% PEG
property of Glyl21, as suggested in the NMR analysis of 8000, and 10% glycerol), Buffer A (25 mM sodium
the DHFRfolate complex 7). phosphate, pH 7.0, 500 mM NaCl, 1 mM DTT, and 10%

As a complement to this work, we constructed and glycerol); buffer B (100 mM boric acid, pH 9.3, 500 mM
characterized kinetically mutant DHFRs containing modified NaCl, 5 mM folic acid, 1 mM DTT, and 10% glycerol),
BF—BG loops. To address the role of motional freedom at buffer C (50 mM Tris-HCI, pH 7.5, 1.0 mM DTT, and 10%
Gly121, this residue was deleted to yidls121 DHFR. The  glycerol), and storage buffer (50 mM sodium phosphate, pH
construction of a partial kinetic scheme G121 DHFR 7.0, 1 mM DTT, and 10% glycerol). These reagents were
demonstrates a more severe effect of this mutation on theobtained from Fisher Scientific and Sigma Chemical Co.
catalytic cycle than the G121V substitution. Notably, this Methotrexate-agarose was purchased from Sigma Chemical
mutation compromises the pathway to attain the Michaelis Co. All concentrations are final concentrations.
complex. Since deletion of Gly121 shortens {ple—(G Affinity Purification. The production of dihydrofolate
loop, an attempt was made to reconstitute the length of thisreductase (DHFR) utilized tHe. coli strain BL21(DE3) cells
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Table 1: Primers for Site-Directed Mutagenesis of the DHFR Gene

primer nucleotide sequence
DHFR-For 5GCG GGA TCC CAT ATG ATC AGT CTG ATT GCG GC8&
DHFR-117.5GAG121-For SACG CAT ATC GAT GCA GGC GAA GTG GAR
DHFR-AG121,124.5G-For SGAC ACC CAT GGC TTT CCG GAT TAC
DHFR—Rev SGCG TCT AGA GGA TCC TTA ACG ACG CTC GAG GAYT
DHFR-117.5GAG121-Rev STTC CAC TTC GCC TGC ATC GAT ATG CGY
DHFR-AG121,124.5G-Rev SGTA ATC CGG AAA GCC ATG GGT GTC

transformed with the pET-22b-derived expression plasmid. Synthesis of 5,6-dihydro-NADPH (DNADPH) was ac-
Cells containing the pET22b-derived expression were grown complished by reduction of NADPH under 1 atm of
at 37 °C to ODsgo 0.8 in NCZYM medium (Gibco-BRL) hydrogen by a palladiumcarbon catalysti§). The resulting
containing 200ug mL~! ampicillin and induced with 0.4  compound was purified as described for NADPD except
mM IPTG. After a 4 hinduction at 37°C, the cells were  elution of cofactor was detected using absorbance at 260 nm.
harvested by centrifugation at®€. The resultig 3 g L™ The concentrations of ligand solutions were determined
wet cell pellet was resuspended in 12.5 mL of lysis buffer spectrophotometrically [NADPH(D)gzq0 = 6.22 mM?!
and lysed with the addition of 1 mg mLtlysozyme. At 4 cm L, NADP™ and DNADPH, €50 = 18 mMt cm™

°C the following were added to the lysed cell solution: 175 (absorbance of adenine ring)].

uL of 1.0 M DTT, 500uL of 100 mM phenylmethanesulfo- Folyl Compounds.The substrate, dihydrofolate §F), was

nyl fluoride, 100uL of 1.4 mg mL™* pepstatin, 10GL of 1 prepared from folic acid by dithionite reductiohdj, whereas
mg mL"* leupeptin, 85QuL of 5 M NaCl, and 85QuL of the product, (6)-tetrahydrofolate (&F), was prepared from
25% Triton X-100. After 15 min of stirring, 1.5mL of 5M  H,F by usingE. colidihydrofolate reductase(). The folyl
NaCl was added, followed by 11.5 mL of PEG buffer (added product was purified from the crude reaction using a
slowly). After 60 min of stirring, the mixture was ultracen- Whatman DE-52 column (80 mL of resin in 2.5 cm i.d.

trifuged (70 Ti rotor at 30 000 rpm, 30 min, “C). column) with a linear gradient from 200 mM (350 mL) to
The crude lysate was dialyzed against buffer A and loaded 700 mM TEAB (375 mL). Tetrahydrofolate was detected
on a 5 mLmethotrexate-agarose column previously equili- by following absorbance at 297 ni1). The concentrations

brated with buffer A. Elution of DHFR from this column of ligand solutions were determined spectrophotometrically
was accomplished with buffer B, collecting about 12 fractions (HzF, €25, = 28 mM™t cm™2; H4F, €297 = 28 MMt cm™%;

(1.5 mL each). Fractions were analyzed by SIFAGE, MTX, €302 = 22.1 mM cm™?).

and samples containing DHFR were pooled. Folate was

removed by dialysis against buffer C, and then the sample Characterization of Wild-Type and Mutant DHFRs

was loaded on a 12 mL Whatman DE-52 (1.5 cm i.d.)
column. Elution of DHFR was performed using a salt
gradient from 0 mM NaCl (45 mL) to 500 mM NacCl (50
mL) in buffer C. Fractions from the column were 3 mL.
DHFR was eluted around 300 mM NaCl as determined by
absorbance at 280 nm. The appropriate fractions were
pooled and dialyzed against storage buffer before final obtained from Fisher Scientific
storage at £4C. DHFR was quantitated either spectropho- o ) L ) . i
tometrically €50 = 0.07464M~! cm?) or by active-site Equilibrium Dissociation Constants.The dissociation

titration with MTX (16). Values obtained by these methods ¢OnstantKo, was measured by ligand quenching of intrinsic
were within 10%. A typical preparation fio 1 L of cells protein fluorescence as a function of ligand concentration
yielded about 5 r.ng of protein. using an SLM Aminco 8000 spectrofluorometer (SLM

Aminco Instruments, Inc.). Typically, DHFR was added to
Preparation of DHFR Ligands filtered, degassed MTEN buffer at pH 7.0 in a fluorescence
cuvette. Tryptophan fluorescence was monitored at 340 nm
Materials. A common buffer employed in the purification  from excitation at 290 nm. The addition of ligand resulted
of ligands was triethylammonium bicarbonate (TEAB). A in a fluorescence decrease. After correction for inner filter
1 M stock was made by bubbling G@rough a 1 Msolution effects, the data were fit to a quadratic equati@®)(
of triethylamine (Aldrich) in an ice bath until pH 7.5 and AcceptableKp determinations were made using concentra-
then storing at £C. Purchased from Sigma, Aldrich, or tions of enzyme below the respectiég value. To guantitate
Acros were folate, methotrexate, NADANADPH, sodium DHFR, the active site was titrated with MTX using fluores-

Materials. All assays were conducted using the buffer
MTEN [50 mM MES [2-(N-morpholino)ethanesulfonic acid],
25 mM Tris [tris(hydroxymethyl)aminomethane], 25 mM
ethanolamine, and 100 mM NacCl] at 26. The pH of this
buffer was adjusted to pH 7.0 or 9.0, depending on the design
of the experiment. The components of this buffer were

hydrosulfite (88% pure dithionite), PeC (10%),/3-mercap- cence quenching as stated above. If the protein concentration

toethanol, 2-propandals (> 99% D), andThermoanaerobium  exceeds th&p value for the ligand by 10-fold, a monotonic

brocki aldehyde dehydrogenase. decrease in fluorescence will be observed until the site is
Cofactor Dervatives The cofactor, [4R)-2H]NADPH saturated. A fit of these data yields the concentration of

(NADPD), was made as describeb7f and purified on a 10 active DHFR. All binding studies were performed at pH
mL Whatman DE-52 (1.5 cm i.d.) column. The cofactor 7.0.

was eluted using a linear gradient from 4 mM (45 mL) to  Steady-State Kinetic Parameter§he rate of substrate
700 mM (50 mL) TEAB. The cofactor was found at 500 turnover under saturating amounts gff-hnd NADPH was
mM TEAB as determined by absorbance at 340 nm. determined by monitoring the decrease in NADPH absor-
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bance_ at 340 NMegyo = 0.0132uM ™ _Cmil)‘ For "_i typical Table 2: Kp Values of Ligands for Wild-Type anF—AG Mutant
experiment, 50 nM enzyme was preincubated with NADPH, pHERs

and the reaction was initiated upon addition ofFH For
comparative purposes, the addition of specific ligands was
reversed, and the resulting,; value was measured. Con-

Ko (uM)
ligand  wildtypé  AG121  117.5G\G121 AGI121,124.5G

; ; MTX <0.01 <0.01 <0.01 <0.01
centrations of HF ar_ld NADP_I—! were varied from_ 50 to 200 NADPH 0334006 641 24404 28404
uM to ensure reaction conditions were saturating. DNADPH 0.83+007 55+0.8 NDP ND

To measure the reverse reaction, the same signal corre-HzF 0.22+0.06 0.26-0.03  3.9£04 23+0.2

: : + 2244 140+20 ND ND
sponding to NADPH was monitored, except under these JAP7 224 = 140%20, e e
conditions NADPH is being produced. Due to the high 43 — ' - .
instability of tetrahydrofolate, attempts were made to mini- __° 1aken from Fierke et al.§). ®ND, not determined.
mize contact of B with oxygen, light, and temperatures ) ) ) ) _
greater than 4C. As a precaution, 5 mM DTT was added @as a function of ligand concentration as described in the
to all solutions. For a typical experiment, enzyme (@\) Materials and Methods section (Table 2). Deletion of
was preincubated with 2 mM NADE) and the reaction was G|y121 affects both reduced and oxidized forms of cofactor.
initiated upon addition of 102M H.F. Ligand concentra- ~ The Kp values for this derivative decrease 20-fold for
tions were varied to ensure saturation of enzyme. NADPH and 7-fold for NADP relative to wild-type values.

Transient Kinetics Transient binding and pre-steady-state “\ffinity for the cofactor analogue, DNADPH, where the 5,6-
kinetic experiments were performed on a stopped-flow double bond of NADPH is reduced, decreases 2-fold for both

instrument (Applied Photophysics Ltd.). Ligand binding and Wild-type andAG121 DHFRs. Since the difference between

competition rates were measured by following quenching of NADPH and DNADPH lies in the nicotinamide ring, this
intrinsic enzyme fluorescence. Enzyme tryptophans were trend indicates a loss in the binding contacts that distinguish
excited at 290 nm, resulting in fluorescence at 340 nm these forms of the cofactor. The larger effect of this mutation

through a 305 nm output filter. The addition of ligand ©" NADPH binding versus NADPbinding is consistent with

guenched the fluorescence resulting in the measured s:ignalth'S .con_clusmn. Of the folyl derivatives, only product
Design of these experiments was based on principlesb!nd'”g is affected by delgtl_on of Glyl21l. This mutant
discussed elsewher8,(23, 23. Pre-steady-state rates were JiSPlays & 4-fold loss in affinity for tetrahydrofolate.
measured by monitoring coenzyme fluorescence at 450 nm 1 0 assess the ability of a glycine insertion in th&121
through a 400 nm output filter. This technique relies on SF—AG loop to recovery wild-type binding of ligands, the
excitation of enzyme tryptophans at 290 nm that subsequentlyp values for substrate @) and cofactor (NADPH) were
emit at 340 nm. the absorbance band for the nicotinamide determined. These data indicate a mixed recovery of binding
ring of reduced cofactor. In a typical experiment, 21 by thgse mutants (Table 2). Introduction of glycine at either
DHFR was preincubated with saturating NADPH (104) position induces a 2.3-fold recovery qf red_uced_ cofactor
in MTEN at pH 7.0, 25°C. The addition of a saturating bln_dm_g_. Unexpe_ctedly, these_ glycme insertions introduce
amount of HF (100 uM) resulted in a rapid single- a significant loss in substrate binding, a 10- or 20-fold effect.

; PR ; : The additional loss of folyl binding suggests the insertion
exponential burst in signal (product formation proportional S .
to enzyme concentration), followed by a slower rate (steady- ©f 9lycine in theAG121AF—fG loop further disrupts the
state turnover of substratk,). The Use of NADPD as a  Stebility of binary complexes.

cofactor results in an isotope effect on the burst rate, the Kinetic Binding of Ligands. The relaxation method
chemistry step, of 2:83.0. Differences in experimental enables the determination of ligand binding kinetics by

design for the mutants are discussed in detail in the Results™€asuring guenching of enzyme fluorescence as a function
and Discussion section. of ligand concentration. Typically, two exponentials are

observed during formation of binary complexes: a rapid,
RESULTS AND DISCUSSION ligand-dependent phase followed by a ligand-independent

phase 8, 24, 25. The ligand-dependent phasél)

Enzymes are known to undergo a variety of conformational increases linearly as a function of ligand concentration. Under

changes; nevertheless, demonstrating how these dynamicpseudo-first-order conditions, this simple association reaction
contribute to catalysis is difficult. The existence of diverse is described bykops = Kor[L] + Kot, Whereko, and ko are
backbone dynamics has been demonstrated irEtheoli the association and dissociation rate constants, respectively.
DHFR-folate complex ). To investigate a possible role  The slower, ligand-independent phase has been attributed
for these dynamic motions in catalysis, our group has focusedto the interconversion between enzyme conformers. As
on glycine 121 in thefF—BG loop, implicated byT; shown in Scheme 1, ligand binds rapidly to one of two
measurements to be a residue whose amide backbone ignzyme conformers (Eand &) and interconversion between
moving at a picosecond frequency. In this study we observedthese conformers is slov2).
the effects of glycine deletion followed by glycine reinsertion
on either side of the 121 position. The results of these Scheme 1

mutations are discussed in terms of delineating the potential Ko
catalytic role of G121 motions within théF—3G loop, as E=E+LT EL
well as the loop itself.
Thermodynamic Binding of LigandsTo determine the Attempts to obtain ligand binding kinetics for NADPH

equilibrium dissociation constantsq) for respective ligands, and HF to AG121 apo-DHFR failed. When-432 uM
guenching of intrinsic enzyme fluorescence was monitored NADPH was added to 0.6BM AG121 DHFR, only a single
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i i i 1
ligand-independent phase occurring at 0.882.004 st was Table 3: Ligandkys Values from Wild-Type and\G121 DHFR

observed (data not shown). Similarly, when30 uM H.F Complexes
was added to 0.6M AG121 DHFR, there was no fast phase. wild type  AG121
Instead, a ligand-independent phase of 0.680.006 s* ligand enzyme species trap Kkt () kot (5D
was measured (data not shown). _ 'NADPH  E-NADPH NADP* 36+05 80+0.8
The ligand-independent phase reflects a conformational E-H,F-NADPH 85+ 10 175+ 8
change that occurs prior to ligand binding. In this scenario, DNADPH E-H,F-DNADPH NADP* 69+ 1° 241+ 8
the slow conversion of enzyme to a binding species is NADP™  ENADP*  ~ NADPH  290£20  >500
followed by rapid binding of ligand. Since the first rate E:EZE:NQB; 25000112% 3205%35
limits b|nd|.ng, the_observed rate is independent of ligand E-H,F MTX 2245  20.0+05
concentration. This conformational change may reflect the E-H,F-DNADPH 20.0+£0.5 19.0+0.6
E: and B forms of enzyme observed in the wild-type E-H.F-NADP* 66+1 144408
mechanism. In the case 8iG121 DHFR, the equilibrium HaF E-H.F MTX 14+02 6.2+0.2
o ; S . E-H,F-NADPH 12+ 2 33+1
is shifted to strongly favor the non-ligand-binding $pecies, E-H,F-NADP* 24402 44102

such that the concentration of i solution is insufficient N , 5 —

to yield a measurable amplitude during these ligand binding 7.0_Taken from Fierke et al8). > Value obtained in this study at pH
studies. Since thegand E forms are defined solely by a
wild-type binding phenomenon, it is also conceivable that
the two apo forms ofAG121 DHFR are unique to that
mutant. These experiments indicate th&121 apo-DHFR

transfer (220 sh); thus no isotope effect is observed when
NADPD is used as a cofactor. In contrast to wild type,

is not poised for binding ligands readily. No attempts were Nydride transfer by the deletion mutants becomes the rate-
made to assay ligand binding for ternary complexes, since limiting step in the steady state, as evidenced by a full isotope

resultant amplitudes are typically smaller than those observed€ffect (Table 4). The rates were obtained by measuring the
for binary complex formation. decrease in NADPH absorbance at 340 nm, when 400

Dissociation Rate Constants for LigandDespite the ~ H2F was added to 0.aM enzyme preincubated with 100

complications of the relaxation technique, dissociation rate /‘M NADPH. A compgrison of the_mL_jtarkgatvalues_to the .
constants could be obtained for ligands from Al5121 wild-type rate of hydride transfer indicates that th!s step is
DHFR complexes, employing the competition meth26)( decreased 550-fold foAG121 DHFR. Introduction of

In this technique, a saturated binary complexL(and a  9lycine into theAG121 fF—fG loop fails to yield any
large excess of a second ligand;)lare combined. The r€COVvery of the rate of chemistry. In fact, hydride transfer

second ligand competes for free enzyme to yield a signal 2ctually decreases relativeAgs121 DHFR. Consistent with
dependent on the difference in fluorescence quenching bytheKD d_ata for Ilga_nds, th_e insertion mutants display different
the two ligands (Scheme 2). K[L1] < ki[L] > k_1, then properties than either wild-type &G121 DHFR.

the observed ratekd, is the dissociation rate constant for ~ (B) Reverse Reaction An attempt was made to obtain
Ly (k.1 or ke). The independence okss On ligand the rate of the reverse reaction by adding 108 H.F to

concentrations confirms this conclusion. 0.1 uM AG121 DHFR preincubated with 2 mM NADP
The turnover of HF to HF results in the concomitant
Scheme 2 reduction of NADP to yield an increase in absorbance at
‘ 340 nm (NADPH). Even when the enzyme concentration
E-L, % E+L, was varied, no change in absorbance was observed; thus an
1

upper limit is assigned to this rate, reflecting the limit of
detection for this assay<(0.003 s?).

Pre-Steady-State KineticsAs employed in the ligand-
binding experiments, stopped-flow fluorescence permits the

The results of these types of experiments foG121 measurement of rapid phase kinetics. At pH 7.0, the wild-
DHFR are summarized in Table 3. Attempts to measure type hydride transfer rate is much greater than the steady-
the respective off rates of NADFrom the ENADP*-H,F state rate, 22078 versus 12 st. The rapid rate of hydride
and ENADP* complexes did not result in detectable signals; transfer can be obtained under pre-steady-state conditions.
thus a lower limit ¢ 500 s?) is assigned to this rate. Overall, Unlike the ligand-binding studies, the measured signal
NADPH, NADP*, and HF off rates increase by-27-fold, derives from the spectral overlap of enzyme fluorescence at
whereas the off rate for #F does not change appreciably 340 nm with the absorbance of the reduced nicotinamide
compared to wild-type rates. The ligand dissociation rates ring for NADPH. The resulting excited cofactor emits at
from DHFR complexes are consistent with a more pro- 450 nm. This fluorescence signal decreases as substrate and
nounced effect on binding cofactor than folyl derivatives, cofactor turnover. For wild type, the addition of an excess
as demonstrated with th€, values for ligands. of substrate to a saturated enzyadMADPH complex results

Steady-State Kinetics: (A) Forward Reactiofhe modi- in a burst followed by a steady-state rate. This burst rate is
fications of thefF—jG loop alter the rate-limiting step in  hydride transfer, demonstrating a full isotope effect of 3.0.
DHFR catalysis. Under saturating conditions of substrate Analysis of steady-state turnover by th&121 mutants
and cofactor at pH 7.0, the rate of substrate turnokey ( indicates the rate of hydride transfer is rate-limiting (Table
by wild-type DHFR is determined by the off rate of product 4). As such, no burst of product formation would be
from the mixed ternary complex, DHFRADPH-H4F (8). expected under pre-steady-state conditions after a saturated
This rate (12 s') is much slower than the rate of hydride reactive complex is formed. Surprisingly, fluorescent tran-

k2
E+L,3FEL,
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Table 4: Steady-State Rates for Wild-Type ge-5G Mutant DHFRs at pH 7.0

parameter wild type AG121 117.5G\G121 AG121,124.5G
Keat (s7%) for NADPH 12.3+0.7 0.43£ 0.03 0.28+ 0.03 0.061+ 0.007
Keat (s71) for NADPD 10+ 1 0.15+0.01 0.10+0.01 0.020+ 0.003
bv 11+0.1 2.9+0.2 2.8£03 3.0+ 0.3

aTaken from Fierke et al.gj.
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the DHFRNADPH-H,F complex. The figure describes the fluo-
Ficure 2: Conformational change &G121 mutant DHFR to form rescence burst, followed by a rapid decrease observed upon addition
the DHFRNADPH-H,F complex. The figure describes the fluo- of NADPH to the DHFRH,F complex ofAG121 prior to steady-
rescence burst observed upon addition gf kb the DHFRNADPH state turnover. Since the fluorescence transients occur at a rate much
complex of AG121 prior to steady-state turnover. Since the greater than the steady-state rate, only the data for the rapid
fluorescence transient occurs at a rate much greater than the steadyffuorescence changes are shown and fit to a double exponential.
state rate, only the data for the fluorescence burst are shown andThe corresponding rates and error from the fit are discussed in the
fit to a single exponential. The corresponding rate and error from text. Neither rate was dependent on [NADPH]; thus rates were
the fit are discussed in the text. Reactions | and Il denote the assigned to conformational changes. The reaction shown denotes
possible sequence of events resulting in the formation of the reactivethe sequence of events resulting in the formation of the reactive
complex. Reaction conditions were:81 DHFR, 100uM NADPH, complex. Reaction conditions werg:® DHFR, 100uM NADPH,
and 100uM HaF at 25°C in MTEN at pH 7.0. and 100uM H,F at 25°C in MTEN at pH 7.0.

sients are observed by fluorescence resonance energy transfeould not be unambiguously ascribed to an isomerization
before turnover. For thaAG121 mutants, this signal may either before or after B bound to the enzyme.

be attributed either to a conformational change or to the Upon reversing the order of addition, where cofactor is
binding of the second ligand. If the transient varies as a qixed with the DHFRH.F complex, two conformational
function of ligand concentration, then the resultant data were changes are detected faG121 DHFR. The fluorescence

fit b)f/ a ILne?r regres;?og to é’ig!d the rat? consrt]akssand __ transients corresponding to these conformational changes are
Ko, for the ligand to bind and dissociate from the respective a rapid fluorescence increase (1211 s%), followed by a

binary complex. Whenever the rate is independent of ligand slower fluorescence decrease (£:9.3 s™2) prior to substrate

ggﬂ?:rmg'g:éltgﬁafrl]uZreﬁ_cheenggsf;n;%r: ;\;acsé)r?ésrlr%g(ta'gr:gl Rurnover (Figure 3). As before, these signals likely reflect
' ge. vatl : alterations in the environment of the nicotinamide ring of

changes or binding kinetics proved dependent on the nature

of the binary complex and the mutations in 4G loop the cofactor. Unlike the ambiguity of the other fluorescent
For AG121 DHFR, the addition of #F to DHFRNADPH transient forAG121 DHFR, these conformational changes

. : . are positioned after NADPH binding for two reasons: (1)
results in a fluorescence transient occurring at a rate of 23the observed sianal requires NADPH to be already bound
+ 1 s ! with the ternary complex (Figure 2). The signal 9 q y

likely derives from a repositioning of the nicotinamide ring. and (2) neither rate reflects NADPH binding.

This conformational change may occur before or aftgf H For both 117.5G\G121 andAG121,124.5G DHFRs, the
binds to DHFRNADPH. In the first scenario, dihydrofolate ~ position of the glycine insertion determined whether ligand
binds to form an initial DHFRNADPH-H,F complex (1), binding or a conformational change was observed. For
which then isomerizes at the observed rate to yield the 117.5GAG121 DHFR, the observed burst rakg) (ncreases
Michaelis complex from which reduction of ;H occurs. from 20 to 100uM NADPH (Figure 5). Fitting the resultant
Another possibility (1) is that the isomerization step occurs data to a simple association reaction (see Kinetics of Ligand
prior to HF binding with the latter serving as a kinetic trap Binding) yields the on and off rates of NADPH for the
driving the formation of the ternary complex. Due to the DHFR-H,F complex (Table 5). Althoughk,, slightly
magnitude of the rate and the nature of the signal, the ratedecreases compared to wild types increases by 60-fold.
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Ficure 4. Substrate binding to DHFRADPH complex for glycine Ficure 5: Cofactor binding to BH,F complex for 117.5@\G121.
insertion mutant DHFRs. The larger graph is a representative curve The larger graph is a representative curve of the fluorescence burst
of the fluorescence burst observed prior to steady-state turnover.observed prior to steady-state turnover. Since the fluorescence
Since the fluorescence transient occurs at a rate much greater thatransient occurs at a rate much greater than the steady-state rate,
the steady-state rate, only the data for the fluorescence burst areonly the data for the fluorescence burst are shown and fit to a single
shown and fit to a single exponential. The inset shows a linear fit exponential. Attempts were made to fit the data to a double
of the burst rates versus substrate concentration. The correspondingxponential. Although the rate for the first phase was similar to
binding constants are listed in Table 5. Reaction conditions were 3 the value obtained by fitting the data to a single exponential, the
uM DHFR, 100uM NADPH, and varied HF at 25°C in MTEN rate for the second phase was inconsistent between samples derived
at pH 7.0. from a low amplitude for this phase; thus only the data set for the
first phase was used in the analysis. The inset shows a linear fit of

The affinity of NADPH for DHFRH,F decreases 140-fold ~ the burst rates versus substrate concentration. The corresponding
. . binding constants are listed in Table 5. Reaction conditions were 3
as determined b¥#/kon. The apoenzyme of this mutant 4M DHFR, varied NADPH, and 10@M H,F at 25°C in MTEN

exhibits a less dramatic decrease in cofactor binding, 7-fold 3¢ pH 7.0.
versus 140-fold, indicating the binding of substrate is at the
expense of cofactor binding to establish the Michaelis creased moderately (Table 5). No effectignis measured
complex. In contrast, for wild type the affinity of NADPH  for AG121 DHFR (Table 2). When compared to wild type,
for the apoenzyme and the enzyrsubstrate complex are  the affinity of HF for the binary complexes of 117.585121
equivalent. and AG121,124.5G DHFRs decreases 44- and 18-fold,
Unlike 117.5GAG121 DHFR, theAG121,124.5G mutant  respectively, as determined W«/kon. The loss in the
displays two isomerizations of the ternary complex after binding of dihydrofolate to the binary complex is also evident
NADPH binding to the DHFRH,F complex. These rates with the apoenzyme. Thus, the preincubation of mutant
are both 4-fold higher than those &f5121 DHFR, occurring enzyme with NADPH does not reestablish important binding
at 4404+ 9 s'* for the fluorescence increase and22 s! contacts present in wild type. Furthermore, the insertion
for the fluorescence decrease (data not shown). Thesemutants display a 2-fold difference in affinity of dihydro-
conformational changes may correspond to the same isomerfolate binding favoring the apoenzyme, indicating a minor
ization steps observed with theG121 mutant to form the  loss in binding interactions to form the ternary complex. For
reactive complex. wild type a more pronounced 5-fold lower affinity of
For both 117.5G\G121 andAG121,124.5G DHFRs, a  dihydrofolate for DHFRNADPH versus DHFR alone is
conformational change associated with the binding ¢f H observed.
to DHFR-NADPH is absent. Rather, with these mutants, = Summary of @erall Kinetic Scheme By determining the
the measured fluorescence signal corresponds to substrat&inetic rate constants for ligand binding and substrate
binding to the binary cofactor complex (Figure 4). The burst conversion (Tables-24 and Figures 2 and 3), it is possible
rate f) increases from 5@M to 300uM H.F and can be  to construct a kinetic scheme f&«G121 DHFR at pH 7.0
fit to a linear regression describing a simple association (Scheme 3). The complexity of its data set required a
reaction (see Kinetics of Ligand Binding section). Compared number of considerations to complete the scheme as shown.
to wild type, kon for dihydrofolate to the binary complex is ~ With regard to the formation of DHFRIADPH-H,F, the
significantly lower, roughly 100-fold, wheredss is de- differences in the rates of the conformational changes

Table 5: Binding Kinetics Resulting in a DHFRADPH-H,F Complex byAG121 Mutants and Wild-Type DHFRs

wild type? 117.5GAG121 AG121,124.5G
I<on koff koff/ kon kon koﬁ koff/ kon kon koff koﬁ/ I(on
ligand enzyme species (uM~1s™) (s (uM) uM~ts™h (s ™M)  @Mls (s (uMm)
HaoF DHFR-NADPH-H,F 25+ 8 40+ 10 1.6+0.5 0.25+:0.01 11+ 1 44 0.26+0.01 4.7+22 19
NADPH DHFRNADPH:-H,F 5 1.7 0.3 2.9%40.3 120+ 20 41 ND ND ND

aTaken from Fierke et al.g). ® ND, not determined.
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Scheme 3:AG121 DHFR Kinetic Scheme at 2% in MTEN at pH 7.6
E*N'*H,F
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aNH = NADPH; N* = NADP"; H,F = dihydrofolate; HF = tetrahydrofolate.

between the initial binary complexes preclude equivalency are consistent with the crucial and potentially complex role
of any of the intermediates; hence each path is treatedthe SF—G loop plays in DHFR catalysis.
independently in the full kinetic scheme. To Slmp“fy the A goa| of this Study was to address the potentia|
scheme, only one of the potential paths is shown for the routejmportance of Gly121 dynamical properties indicated in an
leading to the ternary complex when DHRRDPH isthe  NMR study of the binary folate complex7) Indeed,
initial complex (Scheme 3). In the case of the reverse deletion of this residue from theéF—AG loop results in the
chemistry reaction, the detection limit of the assay provided introduction of observable dynamical properties of the mutant
a lower limit for this rate. The values @, for ligands to  enzyme. These transients occur on the millisecond time
apoenzyme were calculated frois values and their  scale, corresponding to rates of 6,525 s, and 110 st
respectiveKp values by the relationshikyii/kon. Although A slow exchange (3374) between Met20 conformations also
included in Table 3, the resulting off rates of cofactor and occurs in the absence of ||gand as demonstrated by an NMR
substrate from the ternary Complex are not assigned in thiSStudy of apoenzymeﬁl_ Moreover, slow exchange processes
scheme. The presence of multiple ternary complexesand ligand dynamics for théactobacillus caseiDHFR
precludes the designation of the resulting binary complex syggest a similar conformational flexibility determining
upon release of ligand. substrate specificity 27). The question remains as to
There are two striking features of th®G121 DHFR whether this mutant alters a dynamic element of the wild-
mechanism. First, deletion of Gly121 from tAE—AG loop type catalytic cycle or are the observed conformational
affects all liganded complexes. The affinity for ligands, most changes unique to this mutant. In the absence of further
notably for cofactor, decreases, as indicated by increldsed  Studies of this mutant, it is not possible to distinguish between
values and off rates for ligands. Second, deletion of Gly121 these possibilities. Nevertheless, preliminary NMR data for
dramatically affects the formation of the Michaelis complex the AG121 DHFRfolate complex do indicate attenutated
(DHFR-NADPH:-H,F). Loss of this residue introduces novel backbone fluctuations for thgF—AG and Met20 loops (Peter
conformational changes to attain the ternary complex upon Wright, personal communication).
addition of the second ligand to a binary complex. These A structural role for thesF—AG loop was elucidated in a
conformational changes indicate multiple liganded enzyme recent publication of isomorphous X-ray crystal structures
forms are possible and that some are nonproductive. Fur-describing the liganded forms of DHFR in the catalytic cycle
thermore, the Michaelis complex f&«G121 DHFR proves  (4). In that study a striking observation is the presence of
to poorly coordinate ligands for chemistry, since the rate of two ligand-dependent conformations of the Met20 loop,
hydride transfer is 550-fold lower than that observed for wild which seals the active site. A closed conformation occurs
type. The nature of the effects of Glyl21 deletion may in the formation of DHFRNADPH and the Michaelis
underlie a dynamical, structural, or combined role for the complex (DHFRNADPH-H,F), and an occluded conforma-
PF—BG loop in DHFR catalysis. tion, where the Met20 loop occupies part of the cofactor
Interestingly, substitution of Gly121 with valine results binding site, occurs in the DHFRADP*+H4F, DHFRH.F,
in similar effects on the DHFR catalytic cyclé3). This and DHFRNADPH-H,F complexes. These Met20 loop
mutant retains wild-type binding for dihydrofolate and conformations are stabilized by hydrogen bonds involving
tetrahydrofolate; however, affinity for NADPH and NADP  €ither theF—fG loop in the closed conformation or the
decrease by 40- and 2-fold, respectively. The rate of hydride SG—pH loop in the occluded conformation. The preference
transfer by G121V DHFR indicates a 220-fold reduction in of the Met20 loop conformations in either substrate or
chemistry. This effect is significant enough to limit substrate Product complexes posits a functional role for Met20 loop
turnover in the steady state. As observed from the deletion flexibility.
of Glyl21, alteration of the3F—SG loop introduces a Since thefF—fG loop does not directly contact ligands,
conformational change to the G121V DHFR catalytic cycle the effects of the Gly1l21 deletion are transmitted through
occurring at a rate of 3.5°& Taken together, these data the Met20 loop. Deletion of Gly121 shortens thE—(G



Structure-Function Studies of DHFR

Biochemistry, Vol. 37, No. 18, 199%335

loop and may compromise the ability of t&6—/G loop to REFERENCES
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