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ABSTRACT: The variable residue Leu-28 of Escherichia coli dihydrofolate reductase (DHFR) and the
corresponding residue Phe-31 in murine DHFR were interchanged, and the impact on catalysis was evaluated
by steady-state and pre-steady-state analysis. The E. coli L28F mutant increased the pH-independent k.
from 11 to 50 s~! but had little effect on K,(H,F). An increase in the rate constant for dissociation of H4F
from E-H,F-NH (from 12 to 80 s~!) was found to be largely responsible for the increase in k... Unexpectedly,
the rate constant for hydride transfer increased from 950 to 4000 s~! with little perturbation of NADPH
and NADP* binding to E. Consequently, the flux efficiency of the E. coli L28F mutant rose from 15%
to 48% and suggests a role in genetic selection for this variable side chain. The murine F31L mutant
decreased the pH-independent k.., from 28 to 4.8 s~! but had little effect on K,(H,F). A decrease in the
rate constant for dissociation of H4F from E-H,F-NH (from 40 to 22 s~!) and E-H,F (from 15 t0 0.4 s*!)
was found to be mainly responsible for the decrease in k.,;. Therate constant for hydride transfer decreased
from 9000 to 5000 s~! with minor perturbation of NADPH binding. Thus, the free energy differences along
the kinetic pathway were generally similar in magnitude but opposite in direction to those incurred by the
E. coli L28F mutant. This conclusion implies that DHFR hydrophobic active-site side chains impart their

characteristics individually and not collectively.

The design of catalysts that will retain their original catalytic
activity and efficacy on totally unnatural substrates is an
expressed objective of protein engineering. To approach this
challenge, one needs to understand the impact that point-site
as well as substructural changes can have on the catalytic
process. Recent evidence from site-directed mutagenesis and
crystallographic studies of mutant enzymes implies that the
overall protein structure can often accommodate the imposed
substitution (Johnson & Benkovic, 1991). Realizing the utility
of this conclusion, Clarke et al. (1989) were able to shift the
substrate specificity of lactate dehydrogenase (LDH) from
pyruvate to oxaloacetate by the replacement of a variable
glutamine in the active site with arginine. Comparison of the
structural and sequence data for LDH with malate dehy-
drogenase (MDH) had suggested that the mutated active site
would be better able to satisfy the additional substrate car-
boxylate of the pseudosubstrate. Consequently, the active-
site surfaces of LDH and MDH can be viewed as an assembly
of independent modules in which side chains can be exchanged,
transferring their effects from one surface to the other. We
chose to explore the generality of this conclusion by examining
the interchange of a variable hydrophobic contact described
by the X-ray crystallographic data for the active site of di-
hydrofolate reductase.

Dihydrofolate reductases isolated from bacterial and mam-
malian sources manifest differing substrate specificities for
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the NADPH-dependent reduction of 7,8-dihydrofolate (H,F)!
and folate. For example, the murine enzyme at pH 6.0 reduces
folate 1000 times faster than the Escherichia coli enzyme.
The pH-independent rate coefficient of hydride transfer for
murine DHFR is 10-fold greater than that for E. coli DHFR,
whereas the rate constant for H4F product dissociation from
E-NH-H/F rises from 12 to 40 s!. Sequence alignment of
known DHFRs from various sources reveals several strictly
conserved residues within the active site. Site-directed mu-
tagenesis experiments have demonstrated that several of these
residues lining the binding cleft for H,F as well as NADPH
are critically important for (1) maximizing enzyme efficacy
at neutral pH, (2) binding and release of substrates and
products, and (3) lowering the free energy barrier for hydride
transfer.

Despite virtually superimposable tertiary structures for E.
coli, Lactobacillus casei,avian, and murine DHFRs, the extent
of active-site homology, unlike LDH and MDH, is at most
50% (Naylor, personal communication), implying that the
active-site surface can withstand an exceptional amount of
variation. Examination of the E. coli DHFR folate binding
site reveals four potentially important hydrophobic contacts
(Figure 1): Leu-28, Phe-31, Ile-50, and Leu-54. Conserved
residues 31 and 54 are known to contribute as much as 2.0
kcal/mol in the binding of H,F and between 1.0 and 2.5 kcal/
mol toward the stabilization of the hydride-transfer step
(Mayer et al., 1986; Chen et al., 1987; Murphy & Benkovic,
1989). Incontrast, theside chain at position 28 exhibits species
variation. For example, Leu-28 of E. coli aligns with Phe-31
in mouse DHFR and Tyr-31 in avian DHFR, respectively.

Recently the complete kinetic mechanisms for the E. coli
(Fierke et al., 1987a), L. casei (Andrews et al., 1989), and

! Abbreviations: PV = Dk, /Hkc,; DHFR, dihydrofolate reductase;
DTT, dithiothreitol; H,F, dihydrofolate; H,4F, tetrahydrofolate; LM,
Luria-Bertani medium with added Mg2+; MES, 2-(N-morpholino)-
cthanesulfonic acid monohydrate; MTX, methotrexate; Tris, tris(hy-
droxymethyl)aminomethane; NH, NADPH; N, NADP*,
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FIGURE 1: Active site of E. coli DHFR. The a-C and «-B helices
are shown with respect to NADPH and MTX (Bolin et al., 1982).

murine (Thillet et al.,, 1990) DHFRs have been elucidated.
Within the confines of the kinetic boundaries for the various
DHFRs, the contributions of the active-site surface topography
to binding and catalysis are addressable. If side-chain
variations perturb the kinetic mechanism, are they independent
of or dependent on remote or local sequence variation? To
answer this question, site-directed mutagenesis was employed
to interchange the residue at position 28 of E. coli DHFR
with that for murine DHFR (Leu to Phe), and, reciprocally,
the residue at position 31 of murine DHFR was switched with
that for E. coli DHFR (Phe to Leu). Steady-state and pre-
steady-state parameters for the mutant and wild-type enzymes
were then compared.

MATERIALS AND METHODS

Substrates and Buffers. 7,8-Dihydrofolate (H,F) was
prepared by the dithionite reduction of folic acid (Blakley,
1960), and (6S)-tetrahydrofolate was prepared from H,F by
enzymatic conversion with DHFR (Mathews & Huennekens,
1960). Purification was achieved on a DE-54 resin with a
linear triethylammonium bicarbonate gradient (Curthoys et
al., 1972). NADPH, NADP*, MTX, and folic acid were
purchased from Sigma.

2,4-Diamino-6,7-dimethylpteridine (DAM) was purchased
from ICN Pharmaceuticals. [4'(R)-ZHJNADPH (NADPD)
was prepared (Stone & Morrison, 1982) by using Leuconos-
tic mesenteroides alcohol dehydrogenase purchased from
Research Plus Inc., and purified by the method of Viola et al.
(1979). Excess NaCl was removed from the purified NADPD
bya Biogel P-2 desalting column (Howell et al., 1987). Ligand
concentrations were determined spectrophotometrically by
using the following extinction coefficients: H4F, 28 000 M-!
at297 nm, pH 7.5 (Kallen & Jencks, 1966); H,F, 28 000 M-
at 282 nm, pH 7.4 (Dawson et al., 1969); folic acid, 27 600
M-1 at 282 nm, pH 7.0 (Rabinowitz 1960); MTX, 22 100
M-Tat302nmin0.1 N KOH (Seeger et al., 1949); NADPH,
6200 M-! at 339 nm, pH 7.0; NADP*, 18 000 M-! at 259 nm,
pH 7.0. The concentrations of H,F and NADPH were also
determined by DHFR turnover.

All kinetic measurements were obtained at 25 °C in buffer
containing 50 mM 2-(N-morpholino)ethanesulfonic acid
(MES), 25 mM tris(hydroxymethyl)aminomethane (Tris),
25 mM ethanolamine, and 100 mM sodium chloride (MTEN
buffer, pH 5-10) or 25 mM MES, 50 mM Tris, 25 mM sodium
acetate, and 100 mM sodium chloride (MTAN buffer, pH
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4-5) (Ellis & Morrison, 1982). Extensively degassed and
argon-purged buffers were used in the presence of HyF.

E. coli Strains and Biochemicals. The following strains
were obtained as a gift from P. Stanssens: BMH-71 (mut5215:
Tn10), W71-18 (su-:hpsl), and MK30-3 (rec A-, su”). JM-
109 was obtained from A. Onishi and maintained on minimal
media. DHS-a (Strategene) was purchased from BRL/Gibco
Inc. Unlessotherwise noted, all transformations were carried
out according to the method of Hanahan (1983). M13K07
helper phage was obtained from Pharmacia Inc.

Ultrapure agarose was purchased from FMC Inc. The
enzymes T4 DNA ligase and T4 polynucleotide kinase were
purchased from Boehringer Mannheim. Restriction endo-
nucleases Aatll, BamHI, Smal, Clal, Narl, Eagl, and Dral
were purchased from New England Biolabs Inc. Calf intestinal
phosphatase was purchased from Sigma. E. coli DNA poly-
merase Pol I (Klenow fragment) and T4 polymerase were
purified in our laboratory by Bryan Eger and Todd Capson.

Overproduction and Oligonucleotide-Directed Mutagen-
esis. From the plasmid pTZ-74 obtained as a gift from M.
Iwakura, a 1100 bp DNA fragment flanked by two A4atIl
restriction sites containing the fol gene and tac promoter was
excised and isolated by agarose gel electrophoresis onto
activated nitrocellulose paper. The fragment was blunt-ended
with T4 polymerase and ligated with T4 ligase to BamHI
linkers obtained from New England Biolabs. Concurrently,
the mutagenenic pMa/c-type plasmids pMa-5 and pMc-5
were obtained as a gift from P. Stanssens. pMa-5, which
contains a BamHI restriction site within its cloning cartridge,
was digested, dephosphorylated with calf intestinal phos-
phatase, purified by agarose gel electrophoresis, and isolated
on activated nitrocellulose paper.

After digestion with BamHI and purification, the fol
fragment was ligated to the BamHI-digested pMa-5 to pro-
duce pRWa-1. Ligation polarity was confirmed by a double
digest with EcoR1and HindIII. Upon transformation ofeither
W71-18 or MK 30-3 with pRWa-1, 15-20% of the total cellular
protein, when analyzed by gel electrophoresis of cell lysates,
was expressed as DHFR. The resulting plasmid, pPRWa-1,
allowed mutagenesis and overproduction to be carried out by
the same vector.

Oligonucleotide-Directed Mutagenesis. Mutagenesis at
position 28 in E. coli was carried out as described by Stans-
sensetal. (1989). The mutagenenic oligonucleotide [GCCT-
GCCGATTTCGCCTGG (L28F)] was obtained from and
HPLC-purified by the Penn State Biotechnology oligonu-
cleotide synthesis facility. Single-stranded pRWa-1 was
obtained by inoculating cultures of JM-109 previously trans-
formed by pRWa-1 with the helper phage M13KO7. After
purification of the ss pPRWa-1 by standard procedures (Ma-
niatis et al., 1982), gapped duplex DNA was constructed by
annealing linearized pMc-5 (digested by Clal and Smal) to
ss pPRWa-1. The construct covered the promoter but left the
Jol gene exposed for mutagenesis. The gapped duplex was
filled by first annealing the mutagenic oligonucleotide of choice
to the gapped duplex followed by treatment with E. coli DNA
polymerase Pol I (Klenow fragment) and T4 DNA ligase.
The repair deficient E. coli strain BMH-71 mut S was
transformed with the gapped-filled DNA and grown overnight
in LM. After isolation and purification of the mutant plas-
mid DNA by the method of Birnboim and Doly (1979),
segregation of the wild type from mutant genes was accom-
plished by transformation of W71-18 su- or MK30-3 su- with
the isolated DNA, followed by plating onto LM /ampicillin
(100 ug/mL). Candidates for the L28F mutant were screened
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by colony hybridization with the 32P-labeled mutagenic oli-
gonucleotide. Mutant DNA was then fully sequenced by the
method of Sanger et al. (1977), thus assuring that noadditional
mutations had been incorporated. Mutagenic efficiencies
ranged from 30 to 95%.

The murine F31L mutant was prepared by oligonucleotide-
directed mutagenesis and the mutant DNA transferred to an
expression vector as previously described (Thillet et al., 1988).

Protein Purification. Strain MK30-3 was transformed with
the plasmid for the E. coli L28F mutant. Single colonies
were selected and grown in small culture [10 mL of LB, ampi-
cillin (100 ug/mL), and trimethoprim (20 pg/mL)] to an
ODgoo = 1.5 followed by dilution into 1 L of LB [ampicillin
(100 ug/mL)] and grown to the same OD. The cells were
collected by centrifugation, and protein purification was carried
out as described by Baccanari et al. (1977) and Chen et al.
(1987), routinely yielding 8-10 mg of protein/g of cells. The
purification of the mouse F31L mutant was performed as
previously described (Thillet et al., 1988).

Steady-State Kinetics. Initial velocities for the enzyme
reactions were measured by using either a Gilford 240 or a
Cary 219 UV-visible spectrophotometer at 25 °C. The molar
absorbance change used was 11 800 M-! (Stone & Morrison,
1982). DHFR was preincubated with varying amounts of
NADPH before H,F was added to remove hysteretic effects
(Penner & Frieden, 1985). The intrinsic pX, of the enzymes
was determined from DAM inhibition studies previously
described by Stone and Morrison (1983).

Fluorescence Titrations. The thermodynamicdissociation
constants (Kj) for ligand binding to the mutant DHFRs were
measured by fluorescence titration at 25 °C on an SLM 8000
spectrofluorometer. Quenching of the intrinsic enzyme
fluorescence at 340 nm upon excitation at 290 nm was
monitored as a function of ligand concentration (Birdsall et
al., 1980; Stone & Morrison, 1982; Taira & Benkovic, 1988).
Standard tryptophan solutions were used to correct for ligand
internal filter effects. Usually the enzyme concentration used
was either at or slightly less than the Kj of the ligand. The
data were fit by a nonlinear least-squares fitting program
previously described (Taira & Benkovic, 1988).

Transient Binding and Pre-Steady-State Kinetics. Tran-
sient binding and pre-steady-state kinetic experiments were
performed on an Applied Photophysics Inc. stopped-flow spec-
trophotometer capable of absorbance and fluorescence mea-
surements at 25 °C and fitted with a monochromator for
generating the excitation input. The instrument hasa 1.4-ms
dead time with a 2- or 10-mm cell path length from which
either fluorescence or transmittance can be observed. In most
cases, ligand binding experiments were monitored by excitation
of DHFR fluorescence at 290 nm and observation of the degree
of quenching at 340 nm by using an output cutoff filter for
the range 250400 nm. Absorbance measurements were
monitored at 340 nm using the 250-400-nm cutoff filter.
Typically, three to six traces were recorded and averaged for
future data analysis.

After the trigger impulse, data were collected by an Archim-
edies computer over a preselected time range from S5 ms to 15
min. Kinetic data were fit by using a nonlinear least-squares
computer program provided by Applied Photophysics Inc.
that analyzed the transients as single or double exponentials,
oras asingle exponential followed by a linear segment. Binding
and pre-steady-state data were then transferred to a VAX
microcomputer and fit to various mechanisms by using the
kinetic simulation program KINSIM (Barshop et al., 1983)
modified by K. Johnson and J. Wagner.

Wagner et al.

Table I: Steady-State Parameters for Wild-Type and Mutant
Dihydrofolate Reductases

parameter E. coli L28F mouse® F31L
Keat (871)° 12307 505 28%2 4.8 £0.6

Kno(HoF) M) 0702  1.0£03 0903 0.67 £0.2
V/K (uM-is ) 17.6 5520 3514 77428
pK.(V)d 8.4 8.7£0.1 9.52 £ 0.04
pK.(V/K) 8.1 8.5+ 0.2
Pk, 6501 6602 64£005 6601
Dy 10401 098%01 10012 1101
(PH6.0) (pH6.0)  (pHS.S5) (pH 6.0)
Dy 27£01 3002 33£025 2601
(pH 9.0) (pH 9.0) (pH 10.0) (pH 10.0)
Vi (sY)e 1742 1201
K. (NADPH) 6.2£1.0 1.940.2
(eM)¢
V, sy 36£2 2582
K.:(NADPH) 49%4 270 £ 20
(uM)¢

7 Data taken from Fierke et al. (1987a). ¢ Data taken from Thillet et
al. (1990). < pH-independent values. ¢ pK, values were determined under
conditions of varying H,F (1-100 uM) and constant NADPH (100 uM)
levels.

RESULTS

Steady-State Kinetic Parameters. The Michaelis—Menten
parameters, K.,; and K, were determined by varying the HoF
concentration (1-80 uM) while holding the NADPH con-
centration constant (100 uM) (TableI). Varyingthe NADPH
concentration (1-300 uM) at 50 uM H,F provided linear
double-reciprocal plots for the E. coli L28F mutant. However,
as was demonstrated for the murine DHFR (Thillet et al.,
1990), the initial velocity data for the murine F31L mutant
under variable coenzyme concentrations (Table I) were best
fit by two ¥’s and two K,,’s to the following equation: v =
Vi[S]/(Kmi + [S]) + V2[S]/(Km2 + [S]). Neither mutation
affected the enzyme’s catalytic activity toward folate (data
not shown).

As had been shown previously for wild-type E. coli (Fierke
et al., 1987a), L. casei (Andrews et al., 1989), and murine
(Thillet et al., 1990) DHFRs, the reaction catalyzed by each
mutant (E. coli or murine) exhibited a strong pH depend-
ence. In each case, as the pH decreased a constant velocity
was reached, implying that maximum velocity is facilitated
by the pre-protonation of a residue on the active site. Analysis
of the V and V/K profiles in terms of a single pK, gave
satisfactory fits tothe observed data, yielding the values shown
in Table I. Alsoincluded in Table I are the deuterium isotope
effects on ¥ (PV) for the mutants at low and high pH, with
saturating [4'(R)-?H]NADPH showing a full isotope effect
of 2.7-3.0 at high pH.

The reverse rate of the reaction (i.e., net conversion of HsF
and NADP* to form H,;F and NADPH) for the L28F mutant
was measured by monitoring the increase in absorbance at
340 nm in a reaction mixture containing 200 uM H,F, 2 mM
NADP*, 0.1 M NaCl, and 3 mM DTT in degassed MTEN
buffer, pH 10.0 at 25 °C (Table III). Neither doubling the
substrate concentration nor decreasing the buffer pH to 9.0
had any effect on the observed rate of these reactions. The
reverse rate for the F31L murine mutant was measured by
pre-steady-state methods (vide infra).

Binding Kinetics by a Relaxation Method. Stopped-flow
quenching of the intrinsic enzyme fluorescence has been used
to measure the association and dissociation rate constants of
ligand to several wild-type and mutant DHFRs (Dunn &
King, 1978; Cayley et al., 1981; Fierke et al., 1987a; Adams
et al., 1989; Fierke & Benkovic, 1989; Murphy & Benkovic,
1989; Appleman et al., 1990; Thillet et al., 1990; Beard et al.,
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Table II: Thermodynamic Dissociation Constants, Ky (uM),* for
Ligands to Mutant and Wild-Type DHFRs

ligand E. colic L28F mouse? F31L

NADPH 0.33 0.40 £ 0.05 1.85 1.7£0.2
NADPH? 0.42 0.18 £ 0.04 2.0

NADP* 22 371 21.8%6.0
H,F 0.22 0.15 £ 0.06 0.81 0.019 + 0.009
H,F? 1.19 1.5+£0.2 1.21

a Obtained from fluorescence titration experiments. # Calculated from
Kqa= (kott/kon)[1+ 1/ (k_2/k2)] (Fierkeet al., 1987a). ¢ Data from Fierke
et al. (1987a). 4 Data from Thillet et al. (1990).

Scheme I

Kon
L1 + E1 ——— E1'L1
Kott
k-z”k;
E.

1991). During the formation of binary complexes of DHFR,
the observed rate constant (k,ps) increases linearly with ligand
concentration when [L] > [E]. Under these pseudo-first-
order reaction conditions, kobs = kon[L] + Kofr Wwhere ko and
korr are the association and dissociation rate constants,
respectively. Thus, a linear plot of ko versus [L] yields ko
from the slope and ko from the kqs intercept. The association
and dissociation rate constants for cofactor and L28F were
23.8 £ 0.99 uM-1s-! and 2 £ 1 s, which are similar to the
values of 20 uM~! s~! and 3.5 s! for wild type, respectively.
Substrate binding exhibited roughly a 2-fold increase to 105
£ 10 uM-! s! and 93 % 15 s"! in both the association and
dissociation rate constants, respectively. Unfortunately, the
extent of fluorescence quenching was inadequate to permit
similar binding experiments with the F31L murine mutant.

At saturating NADPH levels, the ligand-dependent phase
used to measure ks is followed by a ligand-independent phase
(Cayley et al., 1981). This observation is consistent with the
slower isomerization of a second enzyme form, E,, to the ligand
binding conformer, E; (Scheme I). The rate constant for
interconversion of E; to E; (k_3) can be obtained from the
second phase, and the equilibrium constant (K.q) is determined
from the ratio of the amplitudes of the fast and slow phases.
The L.28F mutant exhibited a rate of E, to E; conversion of
0.042£0.005s-'and an E;/E; ratio of 1.3 & 0.1, respectively.
Thesedata are close to the values of 0.034 s~ and 0.72 observed
for the wild type. No additional ligand-dependent phase was
seen with the L28F mutant as noted for wild-type E. coli
DHFR (Adams et al., 1989).

The K, for NADPH is related to kon and ko by eq 1. The
predicted (from ko and ko) and measured thermodynamic
equilibrium dissociation constants for the mutant DHFRs are

Kd = off/kon(1 + l/Keq) (1)

exhibited in Table II. Agreement between these two data
sets supports Scheme I for NADPH binding. In contrast, as
was observed for all wild-type DHFRs, the binding of H,F
does not fit the above criterion. This has been interpreted as
the result of H,F binding to both E; and E; conformers (Dunn
& King, 1978; Fierke et al., 1987a).

Dissociation Rate Constants by Competition. The disso-
ciation rate constants of ligands from several wild-type and
mutant DHFRs can also be measured by the method of
competition (Dunn & King, 1978; Fierke et al.,, 1987a). A
preequilibrated enzyme-ligand complex (E-L) is mixed with

Biochemistry, Vol. 31, No. 34, 1992 17837
Scheme 11

BT

Table III: Dissociation Rate Constants (s~!) of Ligands and Rates
of Hydride Transfer in the Reverse and Forward Directions from
Mutant and Wild-Type Enzymes

ligand  complex E. colid L28F mouse? F31L
NADPH E 35 25205 2.8
EH,JF 85 8.0+1.5 26
NADP* E 295 1575 90
E-HF 200 287+ 54 440 450 £ 50
H,F E 22 90 % 10 20
H4F E 1.4 40%2 15 0.38 = 0.01
E.NH 12 80£5 40 221%1.0
E-N 2.4 34%3 20
ku 950 4000 £ 1000 9000 5000 = 1000
ku 0.60  0.56 £ 0.06 90 181 £ 13
Kint 1600 7000 100 30

2 Data taken from Fierke et al. (1987a). ¢ Data taken from Thillet et
al. (1990).

alarge excess of a second trapping ligand (T) which competes
for the same binding site. The observed fluorescence change
indicates the release of L from the enzyme complex, E-L, and
formation of the new complex, E.T, as described in Scheme
II. When kon[L] < k1[T] > korand kr[T1/k_1 > kon[L]/
koft, Kobs is equal to the dissociation rate constant for L, ko
This measurement was verified by demonstrating that kops
was independent of the concentration of L and T. The
dissociation rate constants for several ligand from both binary
and ternary complexes of the mutant DHFRs are shown in
Table III.

Thermodynamic Dissociation Constants (Kz). The binding
of HyF and NADPH to free DHFR was examined by following
the decrease in enzyme fluorescence that occurs upon
formation of DHFR-ligand complexes (Taira & Benkovic,
1988). The K, values for H;F and NADPH are given in
Table II for the mutant enzymes. Generally, changes observed
in the Ky’s for the L28F and F31L mutants were within an
order of magnitude. The F31L K, for H,F was an exception,
since it is 40-fold lower than that observed for wild type.

Pre-Steady-State Kinetics. The rate constants for hydride
transfer from NADPH to H,F given in Table III were
measured from pre-steady-state transients. A rapid burst of
product formation was observed by monitoring changes in
either absorbance or fluorescence energy transfer as for the
wild-type enzymes (Fierke et al., 1987a; Thillet et al., 1990).
Typically, the mutant DHFRs were preincubated in 200 uM
NADPH or NADPD and diluted 2-fold into 180 uM H,F to
initiate the reaction. From a comparison of the NADPH and
NADPD data, an isotope effect on the burst rate constant
could be determined after computer fitting the data toa single-
exponential decay followed by a linear rate process.

Additionally, the observed rate constants for hydride transfer
(kfor) were estimated by using the computer simulation
program KINSIM (Barshop et al., 1983) to model the data
according to Scheme III, incorporating the independently
determined rate constants to provide the best fit. Dissociation
rate constants used for the simulation of Scheme III for the
E. coli L28F mutant and murine F31L mutant are listed in
Table III. In the absence of directly determined association
and dissociation rate constants for H,F binding to the F31L
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Scheme III
E
kol] kon[HJF]
Kon(H2F) kior Kot
EeNH EsNHH,F EsNeH,4F EeH4F
Koft Krev
kontNH) |1 Kott ko"] Kon[NH)
Kott
E E«NH ~-—— EsNHeH,F

mutant, values were estimated from K to be 30 uM-! 5!
and 12 57! and for NADPH binding to the E-H4F complex
from Kp) to be 1 uM-! s~! and 260 s~!. The rate constants
for association of H4F to E (25 uM-! 57! for L28F and 33
uM-1 571 for F31L) and for the binding and dissociation of
NADPH to E for F31L were assumed equivalent to wild type.
The binding of H,F to E-NH was set equal to values measured
for binding of H,F to E. The simulation was consistent with
a single-phase pre-steady-burst for each mutant that corre-
sponded to 0.8 = 0.1 enzyme equiv.

In order to determine the rate constant for hydride transfer
from the protonated ternary complex (H-E-NH-H,F) and the
intrinsic pK, of the complex, the pH dependence of the observed
hydride-transfer rate constant (k) was measured. Thedata
were then fit to eq 2, yielding the intrinsic pX, and the pH-

ke = kyy/(1 + K,/[H']) )

independent hydride-transfer rate constant (ky). Because
the burst rates at low pH exceeded the detection limits of the
stopped-flow instrument for the L28F and F31L mutants, the
pK, determined by DAM titration (Stone & Morrison, 1983)
was used to calculate the pH-independent hydride-transfer
rates.

Unlike the E. coli mutant DHFRs, the rate of hydride
transfer in the reverse direction (k) for the murine F31L
mutant was characterized by a burst of NADPH formation
followed by a linear rate process (Table III) reflecting the
slow dissociation of NADPH or H,F from the enzyme.
Typically, 10 uM enzyme was preequilibrated with 2.0 mM
NADP+ followed by rapid mixing with 1.0 mM H,F at pH
10. The data were then fit to a single exponential followed
by a linear process. Since decreasing the pH to 9.0 or
increasing the concentration of NADP* had no effect on the
burst or linear phase, the measured transient was a pH
maximum and was not limited by NADP* binding, so that
kevis k_p, the rate constant for hydride transfer in the reverse
direction.

DISCUSSION

Recently, X-ray crystallographic studies were completed
for various binary and ternary ligand complexes of E. coli
DHFR (Bolin et al., 1982; Filman et al., 1982; Bystroff et al.,
1990; Bystroff & Kraut, 1991). The folate binding site is
composed of four hydrophobic side chains; (1) Leu-28 and
Phe-31 which reside on the a-C helix; (2) Ile-50 which is
placed at the end of the a-C helix; and (3) Leu-54 which
resides on the hairpin turn that connects the «-C helix and
the 8-Cstrand (Figure 1). Residues F-31 and L-54 are strictly
conserved across all known DHFR sequences while a signif-
icant amount of amino acid variation is well tolerated at
positions 28 and 50.

The complete kinetic mechanisms for E. coli and murine
DHFRs have been elucidated and shown to contain the
following key features: (1) HyF release limits steady-state
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turnover at neutral pH; (2) the preferred pathway for H,F
release is from the mixed ternary E-NH-H,4F complex; and
(3) the overall reaction strongly favors HyF formation, also
reflected in the high value associated with the internal equi-
librium (K, = 100-1000) for the reactive ternary complexes.
Overall turnover differs from one species to another because
of variance in the rates of individual steps. For example, the
pH-independent rate of hydride transfer for murine DHFR
is 10-fold greater than that for E. coli DHFR, whereas the
rate of H4F dissociation from the E-NH-H,F complex increases
3-fold to 40 s71.

Within this structural and mechanistic framework, the
impact of point-site and substructural changes on the catalytic
effectiveness of E. coli and murine DHFRSs can be evaluated.
For example, previous experiments have demonstrated the
importance of Phe-31 and Leu-54 in binding and catalysis
(Chen et al., 1985; Murphy & Benkovic, 1989). To access
the significance of hydrophobic side-chain variation at position
28 on the catalytic effectiveness of DHFR, and in particular
the influence of their active-site environment, two point-site
mutations were constructed in which the active-site side chains
of the E. coli and murine enzymes were interchanged and
their kinetics evaluated.

E. coli to Mouse Switch. Murine DHFR differs from the
E. coli enzyme by the substitution of a phenylalanine for leu-
cine at position 28. Construction of the L28F mutant in E.
coli DHFR increased the pH-independent k.., 4.2-fold to 50
s~1, mirroring the increased turnover number observed for the
murine enzyme (Table I). The jump in k., for L28F was not
reflected in the K;,(H,F) but was due in part to a 6.6-fold
increase in the off rate constant for H4F from the E-H4F-NH
complex. These results also are consistent with the detected
rise from 22 to 905! in the off rate of H,F from E-H,F (Table
III). Since the association rate constant for H,F with free
enzyme was increased 2-fold, the K4(H,F) is little changed
from wild-type enzymes (Table II). Determination of kg
and K, at varying NADPH concentrations with a fixed H,F
concentration at neutral pH revealed little change in the
K(NH) relative to wild type and provided the same ky
observed under varying H,F and fixed NADPH conditions.
This, coupled with the absence of any significant changes in
the binding of NADPH or NADP* to free enzyme, argues
for relatively localized perturbations of the folate binding site
by this residue substitution. Although the synergistic en-
hancement of NADPH dissociation from the E-H F-NH
complex is decreased by almost an order of magnitude, this
decrease parallels the 7-fold lower dissociation rate of H4F
from E-H,F-NH in the wild type relative to the L28F mutant.
Consequently, perturbation of the folate and not the cofactor
binding site is probably responsible for changes in H4F binding.
The marginal increase in NADP* dissociation from the
E-H,F-N complex is in agreement with this conclusion.

Because all previous side-chain substitutions within the
active site either have maintained or had a deleterious influence
on the catalytic step, it was concluded that, within the
constraints of the E. coli DHFR active-site surface, the rate
of hydride transfer had been maximized by evolution. We
did not anticipate that the rate constant for hydride transfer
would be 4-fold higher (Table III) than that measured for
wild-type E. coli DHFR. The data for the L28F mutant
apparently in part reflect the 9-fold increase in the rate constant
for hydride transfer for the murine DHFR relative to the E.
coli enzyme. Curiously, the mutation had little impact on
k_geventhough thevalue for murine DHFR is 150-fold greater
than that for E. coli DHFR, suggesting increased ground-
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FIGURE 2: Free energy differences between mutant and wild-type
DHFRs. AAG values are calculated as follows; e.g., AAG (kcal/
mol) for murine/E. coli = AG for murine ~ AG for E. coli.

state ternary product stabilization. From the abbreviated
kinetic mechanism described in Scheme III and inputing the
appropriate rate constants, the pH-independent k., is cal-
culated to be 55 s7!, in close agreement with the observed
steady-state value of 50 s-1. The apparent pX, of 8.7 for the
L28F mutant is slightly higher than that reported for wild
type in response to the parallel increases in the rate for hy-
dride transfer and H,F dissociation.

By definition, an efficient enzyme mediates a high flux of
substrate to product. Maximum catalytic flux is constrained
by the diffusion-limited rate constant for substrate binding.
Inthecaseof E. coli DHFR, the theoretical maximum velocity
(v%et/[E]) is 12 57!, resulting in a calculated efficiency of
15% under physiological conditions. Previously, active-site
mutants of conserved residues have had decreased efficiency
by exhibiting negative compensation between an increased
product dissociation constant and a decreased rate constant
for H,F association, or hydride transfer. Surprisingly, the E.
coli L28F mutant displays an efficiency of aimost 50% when
calculated for physiological conditions (Fierke et al., 1987b).
The enhanced efficiency calculated for the substitution at
position 28 results primarily from acceleration of H4F
dissociation from the E-H,F-NH complex, without significant
perturbation of the Ki,(H,F).

The changes in the microscopic rate constants when
converted to the free energy for L28F compared to the wild-
type E. coli exhibit the same differences both in magnitude
and in direction to those observed when the E. coli and the
murine enzyme were compared (Figure 2) with the exception
of k_y. These data imply that species differences observed in
evaluation of the kinetic sequence are in part caused by
localized microscopic changes on the active-site surface
topography provided by point-site side-chain variability.
However, additional compensatory interactions, arising from
sequence variation, serve to maintain a similar chemically
reactive surface. If this conclusion is warranted, then
interchanging Phe-31 with leucine in murine DHFR should
produce similar free energy changes, however, opposite in
direction.

Mouse to E. coli Switch. To test our hypothesis, Phe-31
in murine DHFR was mutated to leucine. As was mentioned
earlier, the wild-type E. coli and murine DHFRs are
characterized by similar kinetic sequences. At 100 M
NADPH, the pH-independent k.. exhibited a 5.8-fold
reduction from 28 to 4.8 s~! with no appreciable perturbation
of the K, (H,F) or pK, (Table I). Thelack of a kineticisotope
effect in ¥ is in accord with the dissociation of H4F from
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E-H,F-NH remaining rate-limiting despite the decrease in
therate of hydride transfer from 9000to 5400s-!. Inaddition,
a 2-fold increase in k_y is indicative of partial ground-state
destabilization of the mutant product complex.

Unlike E. coli DHFR, the murine enzyme steady-state
kinetics are best described by two V’sand two K,,’s for NADPH
owing to the activation by NADPH of HyF release at higher
levels of cofactor (Thillet et al., 1990). This phenomenon
was also observed for the murine F31L mutant. The maximal
velocities, V; and V,, differed from those for wild type in two
crucial respects. First, ¥}, which corresponds to the disso-
ciation rate constant for H4F from E-H,F, decreased for the
murine F31L mutant by greater than 10-fold, while K, (NH)
was reduced only 3-fold. Second, although V>, which cor-
responds to the dissociation of H4F from E-NH-H,F, only
marginally changed, K;,»(NH) increased 5.5-fold from 49 to
270 uM, implying a similar increase in the dissociation constant
for the binding of NADPH to the binary product complex
E-H F. The validity of this conclusion was verified by
simulating the steady-state parameters using Scheme III and
substituting the necessary rate constants. While the disso-
ciation constant for the cofactor to free enzyme was virtually
identical to that for wild-type, the murine F31L mutant
unexpectedly exhibits decreased (5.5-fold) NADPH binding
to the binary product complex, E-H,F, as derived from the
kineticsimulations. A subtle repositioning of bound H;F and
cofactor by the amino acid substitution may explain these
perturbations.

Changes in the microscopic rate constants, when converted
to differences in free energy for F31L relative to wild-type
murine (Figure 2), reveal that the differences are not only of
the same relative magnitude but opposite in direction to those
incurred by the L.28F mutation with respect to wild-type E.
coli DHFR.

CONCLUSIONS

Changes observed for the E. coli L28F and murine F31L
mutants agree with the effects observed for polar substitutions
within the enzyme active site. Instead of being a hopelessly
complex array of interdependent interactions, adjustments
can be incorporated into the active-site surface with straight-
forward consequences. The kinetic differences observed
between the E. coli and murine enzymes are in part due to
the singular and independent nature of the contributions of
key side chains to the active-site surface through one or more
sites of sequence variation. Future examination of active-site
double mutants and substructure replacements will more
decisively substantiate these assertions.

Hypothetical improvements in enzyme catalytic efficiency
have been discussed extensively in terms of defined physio-
chemical processes (Burbaum et al., 1989). This rationale
was applied to DHFR (Fierke et al., 1987b), in conjunction
with studies revealing that the free energy changes for mutants
of several other enzymes as well as mutants of DHFR are
manifest by multiple changes on the ground states and
transition states. Potential pathways were identified to
improve the enzyme’s efficiency to as much as 80%. However,
while the necessary kinetic and thermodynamic modifications
could be delineated, the molecular route to higher efficiency
could not be addressed. Furthermore, given the already high
efficiency of the enzyme, possible amino acid substitutions
were likely to have a negative impact on efficiency as shown
by the deleterious effects of substitutions at the conserved
residues 31 and 54. However, the Leu to Phe substitution at
position 28 was able to improve substantially the efficiency
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of the enzyme, resulting in 300% more substrate being
converted to product. Natural selection of the appropriate
residue at position 28 is suggested by these data to be critically
important for the optimization of DHFR catalytic effectiveness
under narrowly defined physiological conditions. Conse-
quently, the organism probably requires a less efficacious or
“imperfect” enzyme. Future experiments probing the viability
of folate auxotrophs transformed with L28F mutant DNA
will answer this question.
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