Biochemistry 1993, 32, 3479-3487 3479

How Do Mutations at Phenylalanine-153 and Isoleucine-155 Partially Suppress the
Effects of the Aspartate-27 — Serine Mutation in Escherichia coli Dihydrofolate

Reductase? *
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ABSTRACT: Several second-site suppressors of the D27S lesion in Escherichia coli dihydrofolate reductase
(DHFR) have been identified. The activity of the primary mutant, D27S DHFR, was found to be greatly
decreased at pH 7.0, consistent with aspartic acid-27 being critically involved in proton donation during
catalysis. Partial suppressors of the D27S mutation have been selected by their ability to confer an increased
resistance to trimethoprim upon host E. coli; the suppressors have been identified as F153S or I155N
substitutions. D27S+F153Sand D27S+1155N DHFRsdisplay 2—3-fold increases in k.,; over D27S DHFR
values, but only the F153S mutation decreases the K, for dihydrofolate by a factor of 2. Neither double
mutant approaches wild-type DHFR activity. Unexpectedly, Phe153 and Ile155 occur on the surface of
the protein and are approximately 8 and 14 A distant from the active site. Ile155 is a member of a 8-bulge.
A previously identified suppressing mutation, F137S, occurs nearby and is also a member of the same
B-bulge [Howell et al. (1990) Biochemistry 29,8561-8569]. Clustering of these three second-site mutations
indicates this area of the structure may be important in protein function. Conformational changes due to
the presence of these suppressing mutations are likely as the F153S and I155N mutations do not affect
hydride-transfer rates upon introduction in wild-type DHFR and alterations in circular dichroism spectra
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are associated with the double-mutant DHFRs.

Dihydrofolate reductase (DHFR;! EC 1.5.1.3) catalyzes
the NADPH-dependent reduction of dihydrofolate (DHF) to
tetrahydrofolate (THF). THF cofactors are essential in
biosynthetic reactions involving the transfer of one-carbon
units and are required for the synthesis of thymidylate, purine
nucleotides, and other metabolic intermediates. Several
clinically important inhibitors of DHFR include the antitumor
drug methotrexate (MTX), the antibacterial drug trimetho-
prim (TMP), and the antimalarial pyrimethamine.

A detailed reaction mechanism for this model enzyme has
been proposed, and Escherichia coli DHFR designated a
maximally evolved enzyme (Uchimaru et al., 1989; Fierke et
al., 1987a,b). DHFR has also been studied extensively using
NMR spectroscopy and X-ray crystallography techniques
(Bolin et al., 1982; Filman et al., 1982; Bystroff et al., 1990;
Bystroff & Kraut, 1991; Falzone et al., 1990, 1991). These
structure analyses have delineated important interactions
between ligands and the enzyme which have been probed by
site-directed mutagenesis experiments in an effort to define
the roles of specificaminoacids in ligand binding and catalysis
(Howell et al., 1986; Murphy & Benkovic, 1989; Adams et
al., 1989, 1991; Warren et al., 1991).
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! Abbreviations: DHFR, dihydrofolate reductase; hDHFR, human
dihydrofolate reductase; TMP, trimethoprim; MTX; methotrexate; DHF,
dihydrofolate; THF, tetrahydrofolate; wt, wild type; NADP*(H), nico-
tinamide adenine dinucleotide phosphate (oxidized /reduced); CD, circular
dichroism; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Mutant enzymes containing amino acid substitutions
are described by the wild-type residue and numbered position in the
sequence, followed by the amino acid substitution. For example, D278
DHFR describes the Asp27 — Ser substitution in DHFR.

A series of in vitro mutagenesis experiments have analyzed
the mechanism of protonation in E. coli DHFR. Forexample,
one mutant generated was Asp27 — Asn (D27N; Howell et
al., 1986). Aspartic acid-27 is important in proton donation
during catalysis, so it is not surprising the efficiency of the
D27N mutant is decreased by a factor of 1.2 X 10*at pH 7.0,
However, the D27N DHFR has an altered pH profile such
that catalysis increases rapidly as pH decreases. These results
indicate the enzyme-mediated protonation step can be bypassed
if preprotonated substrate is bound by the mutant enzyme. A
primary site revertant of the D27N DHFR gene was selected
by the ability to confer an increased resistance to TMP upon
host E. coli. This mutant, Asp27 — Ser (D278S), is 1500
times less active than wild-type (wt) DHFR, but is 3 times
better than the D27N “parent” DHFR.

Using a pseudoevolutionary approach to understand the
compensatory mechanisms available to protein structure in
suppressing mutational effects, second-site suppressors of the
D27S DHFR gene have been genetically selected. A second-
site mutation previously identified in the D27S DHFR gene
corresponds to Phel37 — Ser (F137S; Howell et al., 1990).
This pseudorevertant displays a 2~3-fold decrease in K, and
a 3-fold increase in Kca; therefore, the overall effect on kcqt/
K is a 7-8-fold increase when compared to the D27S single
mutant. In our present study, two additional suppressors of
the D27S DHFR gene have been identified as Phe153 — Ser
(F153S) and Ile155 — Asn (I155N).

The partial ability of these three mutations to suppress the
effect of the D278 lesion is surprising as all three mutations
cluster on the surface of DHFR, 8-15 A distant from the
active site. They would not have been predicted to affect
catalytic efficiency from this position in the structure. F137
and 1155 are members of a classic 3-bulge. Since these three
suppressing mutations occur at the carboxy terminus and the
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B-bulge is structurally conserved in bacterial DHFR, this
region of the protein may be important in protein function.

MATERIALS AND METHODS

Isolationof Revertants. Tworevertants of the mutant D27S
DHFR gene carried in M13mp8 have been generated as
previously described with minor modifications (Howell et al.,
1990). In brief, mutagenesis was performed using a mutator
strainof E. coli, DM2525 carrying the mutD allele (Wertman
et al., 1984). This allele causes both transitions and trans-
versions as well as deletions (Cox, 1976). DM2525 cells were
infected with M13mp8 carrying the mutant D27S DHFR
gene, and were grown overnight in rich media containing 200
ug of thymidine/mL. The latter turns on the mutator allele
(Cox & Horner, 1983). Cells were then plated on M9 minimal
media containing 100 ug of trimethoprim/mL (TMP).
Trimethoprim is a potent, active-site-directed inhibitor of
bacterial DHFR, and its presence in media allows selection
of DHFR mutations (Burchall et al., 1982; Schimke, 1986;
Then & Herman, 1981; Then, 1982). Since confluent growth
of E. coli infected with M13-D27S DHFR (and also with
M13-wt DHFR) occurs at 50 ug of TMP/mL, any colonies
obtained after several days growth at higher TMP levels are
putativerevertants. Asbothwtand D27S DHFR genes confer
resistance to similar TMP concentrations, primary-site re-
vertants of D27S to wt DHFR are not selected.

Putative mutant viruses were removed from DM2525, and
E. coli strain JIM107 was infected to remove the virus from
the mutD strain as well as to isolate mutations in the D278
DHFR-M13 phage from mutations in the host (e.g., mem-
brane impermeability to TMP, mutations in the chromosomal
DHFR gene, etc.; Dewes et al., 1986; Miller, 1972). Mutations
affecting protein activity were assessed by Coomassie and
activity stains of cell lysates run on nondenaturing gels. Other
revertant types could involve mutations that weaken TMP
binding or overproduce DHFR (Smith & Calvo, 1982;
Flensburg & Skold, 1984; Haber et al., 1981; Grange et al.,
1984). Increased DHFR production is readily assessed by
Coomassie stains on native PAGE gels.

Mutations were identified by sequencing the entire gene.
To increase protein expression, the mutant genes were cloned
from M13mp8 into the high-copy plasmid pUC8. Mutant
DHFRs were expressed in a fol strain of E. coli where the
chromosomal DHFR gene has been deleted and replaced with
a kanamycin resistance marker (Howell et al., 1988). This
allows purification of mutant DHFRs that are not contam-
inated by wt DHFR due to expression of the E. coli
chromosomal gene. Protein purification was performed as
described previously (Howell et al., 1990).

Single-mutant DHFR genes were constructed from the
double-mutant and wt DHFR genes by recombinant DNA
techniques using EcoR1. Thecutting pattern of this restriction
enzyme allows separation of the D27S and F153S or [155N
mutations. Single-mutant genes were verified by sequencing
the entire gene.

Steady-State Kinetics. Steady-state data were obtained
with a Perkin-Elmer A3a spectrophotometer interfaced with
an IBM PS2 according to Howell et al. (1987). The computer
program UVSL3 (Softways, Moreno Valley, CA) was used
to collect and analyze data. Assays were performed at 30 °C
in a polybuffer containing 44 uM imidazole, 33 uM succinic
acid, 44 uM diethanolamine, and 10 mM S-mercaptoethanol.
This buffering system maintains a constant ionic strength
between pH 4.5 and 9.5 (Ellis & Morrison, 1982). K, values
for DHF were obtained by maintaining NADPH at saturating
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concentrations (33-97 uM) and varying DHF at subsaturating
concentrations (12-118 uM). Saturating NADPH concen-
trations were verified at each pH. Nonlinear regression
(ENZFIT, Elsevier Science) was used to determine the kca
and Knpur) values reported in the pH profiles below. K
values for NADPH/NADPD were obtained by varying both
DHF (13-115 uM) and cofactor (2.4-15.7 uM) concentrations
at subsaturating levels; primary and secondary plots were
calculated according to Cleland (1963). To eliminate any
hysteretic behavior, DHFR was preincubated with either
substrate or cofactor prior to initiation of the assay (Penner
& Frieden, 1985). The pH-rate profiles were fit to

k = log ki, ~ log(1 + x*"PK) 4))

where k = kgt OF Kcat/ Kmj kmax is the pH-independent value
of keat OF keat/ K, and log x = slope (Murphy & Benkovic,
1989). Thisequation allows fitting of data displaying nonunity
slopes.

NADPD, used to determine isotope effects, was prepared
by reacting alcohol dehydrogenase from Leuconostoc me-
senteroides (Boehringer Mannheim) with 1,1-dideuterioeth-
anol (MSD Isotopes) and NADP* (Sigma). This reaction
was coupled with NADP™* aldehyde dehydrogenase to facilitate
completion of the reaction (Howell et al., 1990). DHF was
prepared by reduction of folic acid by sodium dithionite
(Blakley, 1960) and stored at —70 °C in S mM HC] and 50
mM B-mercaptoethanol.

Rapid Kinetics. Pre-steady-state kinetic measurements
were performed essentially as described previously (Fierke et
al., 1987a; Dunn et al., 1990). Data were collected at 25 °C
on a modified Aminco-Bowman DW-2 UV /vis spectropho-
tometer with an Analog Devices RTI 815 A /D converter for
digitization of data (Bradrick & Georghiou, 1987; Sekharam
et al., 1991). The dead time of this system is approximately
3 ms. In all of the experiments, the excitation wavelength
was 290 nm, achieved using a 10-nm bandpass interference
filter. The decrease in DHFR fluorescence accompanying
NADPH binding was monitored using a Corning 7-39 filter.
The final protein concentration was 0.4 uM. Fast and slow
phases associated with the binding reactions were readily
separated and recorded independently (0—180-ms vs 0—-300-s
time intervals). The fast rate was analyzed by a single-
exponential decay followed by a linear rate:

F(t) = A exp(=ky,t) + kt + B )

where F(¢) is the fluorescence intensity as a function of time,
Aisthe amplitude of the quench, ko and &, are the exponential
and linear rates, respectively, and B is the final fluorescence.
The linear rate corrects for the small contribution of the slow
rate on the fast time scale. The slow rate was analyzed by
a single-exponential decay only, and the first 2 data points
(i.e., any contribution from the fast phase) out of a total of
1000 data points were excluded. A nonlinear fitting program
(Marquardt algorithm) was employed to fit the data.

In 1981, Cayley et al. proposed a model describing the
observed biphasic binding data. As depicted in Scheme I,
two interconvertible conformations of DHFR exist (E; and
E,); however, NADPH binds to only one of these forms (E;)
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with high affinity. The fast phase in fluorescence quenching
describes binding of NADPH to E, and the slow phase, the
interconversion of E; to E;.

Assuming that binding of NADPH to E, is a simple
bimolecular reaction as shown in Scheme I, then the observed
rate constant for the fast phase quench can be described by
the equation:

Ky, = ko,[INADPH] + kg 3)

where ko, and k. are association and dissociation rate
constants, respectively.

In a second independent method used to determine Ko,
fluorescence energy transfer was monitored in competition
experiments (Dunn et al.,, 1978). Binding of NADPH to
DHFR results in an increase in fluorescence at 450 nm due
to energy transfer from the protein to NADPH. For the
competition experiments, E-NADPH complex (1 uM enzyme
preincubated for 20 min with 3 uM NADPH) was mixed with
alarge excess of NADP* (1 mM). When NADPH dissociates
from E-NADPH, excess NADP* binds to free E, and the rate
of decrease in energy transfer describes ko for NADPH. This
experiment assumes Koi(NADPH) << Kon(naDPH[NADP*] >>
konnapp)[NADPH]. These conditions were confirmed by
altering NADP* concentrations, which did not affect the
observed rate. The decrease in fluorescence energy transfer
was monitored using a Corning 3-71 filter.

For hydride-transfer measurements, a solution of enzyme
and cofactor was mixed with dihydrofolate to give final
concentrations of 15 uM DHFR, 120 uM DHF, and 125 uM
NADPH. Fluorescence energy transfer was monitored, and
traces were fit to eq 2. In this experiment, the initial
exponential rate corresponds to the hydride-transfer rate while
thelinear rate describes the steady-state rate-determining step,
which is release of the product, tetrahydrofolate (Fierke et
al., 1987a).

All measurements were carried out at pH 7.0 in buffer
containing 50 mM Tris, 25 mM Mes, 25 mM acetic acid, 10
mM p-merceptoethanol, and 100 mM NaCl.

Circular Dichroism. Circular dichroism spectra of 10 uM
protein in 10 mM potassium phosphate, pH 7.0, buffer were
obtained at 22 °C using a Jasco J720 spectropolarimeter. The
cell path length was 2 mm. Ten spectra were acquired per
sample using 1-nm steps and 2-s integrations,and an averaged
spectrum was calculated. An essentially flat buffer base-line
scan was then subtracted from the average protein scan to
obtain the scans presented below. Spectral differences between
mutant DHFRs are not due to dilution effects as spectra for
each individual mutant are readily duplicated. The CD data
are described as the mean residue ellipticity by taking 111
g/mol as the mean residue molecular mass.

Concentrations were determined using the following ex-
tinction coefficients: 28 000 M~! cm™! at 282 nm for DHF
and folic acid (Blakley, 1960); 6220 M~! cm™! at 340 nm for
NADPH (Horecker & Kornberg, 1948); 22 100 M~'cm™' at
302 nm, pH 13, or 23 250 M~! cm™! at 258 nm, pH 13, for
MTX (Stone & Morrison, 1986); and 7250 M~' cm™' at 287
nm, pH 13, for TMP (Stone & Morrison, 1986). The molar
extinction coefficient used to assess DHFR reduction of DHF
was 12300 M-! cm™! (Baccanari et al.,, 1975). Enzyme
concentrations were determined by biuret assays, and all
proteins were homogeneous according to SDS-PAGE. En-
zyme inhibition titrations using the active-site inhibitor
methotrexate were also performed to determine wt DHFR
concentrations, Thelatter technique was not used todetermine
concentrations for mutant DHFRs containing the D27S
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FIGURE 1: Altered mobilities of the mutant DHFRs compared to wt
DHFR as determined by nondenaturing PAGE. The lanes contain
the following proteins: (A) wt DHFR; (b) D27S DHFR; (C)
D27S8+1155N DHFR; (d) D27S+F153S DHFR. The bottom of
the gelis theanode. Only one protein band is seen for these individual
samples in SDS-PAGE. The faster migrating, minor bands in the
wt and D27S DHFR (A and B) lanes are DHFRs, as determined by
activity stains. Partial N-formylation or minor proteolysis could
account for their altered mobilities. The bands for the double-mutant
DHFRs arc diffuse using both Coomassie and activity stains,
suggesting a larger range of conformations may be available to the
double-mutant DHFRs or a reduced stability or a greater tendency
to aggregate under these conditions.

mutation, since this mutation decreases enzyme affinity for
MTX by a factor of 3000 (Howell et al., 1986).

RESULTS

Isolation and Identification of Mutants. Two different
revertants of the D27S DHFR gene carried in M13mp8 were
isolated using increased resistance to TMP as a selection and
relative activity in nondenaturing gels as a screening procedure.
The revertant genes were sequenced, and one gene was found
to possess a phenylalanine-153 (TTT codon) to serine (TCT)
mutation, and the second revertant gene an isoleucine-155
(ATT) to asparagine (AAT) mutation. In both these genes,
the D27S mutation was still present, and no other mutations
were found.

The mobilities of the D27S+F153S8 and D27S+I1155N
mutant DHFRs in nondenaturing PAGE were found to be
substantially altered as shown in Figure 1. Since neither of
these mutations involves a change in charge, alteration of
protein conformation must be associated with these mutations
(Hames, 1990). We note that a previously identified sup-
pressing mutation, F137S, only slightly decreases the mobility
of D27S DHFR, even though the crystal structure of the
D27S+F137S DHFR in complex with MTX suggests local
conformation changes occur (Howell et al., 1990; K. Brown
and J. Kraut, personal communication).

Steady-State Kinetics. Theeffectsof the F153SandI155N
mutations on D27S DHFR were initially evaluated using
steady-state catalysis. The keat, Km(pHF), and K, (NADPH) Values
at pH 7.0 for wt, D27S, and the various mutant DHFRs are
listedin Table I. The F153S or I155N suppressing mutations
increase ke 2—4-fold over D278 values, but only the F153S
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Table I: Steady-State Kinetic Values Determined at pH 7.0, 30 °C, for Various DHFRs
DHFR keat 571) Kanonur) (M) Kn(Napph) (4M) Kictmp) by Dy/K
wt 29 £ 14 1.1 £0.2° 0.94 & 0.369 20 + 8 pM? 1.2¢
D27S 0.41 £ 0.01¢ 56 & 2¢ 1.3%0.3¢ 2.9+ 0.4 uM* 3.34 3.1
D27S+F153S 1.56 +£ 0.02 372 1.1x0.1 11+3uM 3.45+0.04 3.09 £0.04
D27S+1155N 0.95 £0.02 55+2 1.3x0.3 S5+1uM 3302 40£0.3
F153S 228+04 2.5%£0.3 nd* nd nd nd
1155N 23504 4303 nd nd nd nd

% From Howell et al. (1990). ¢ From Stone and Morrison (1986). ¢ pH 6.0; from Fierke et al. (1987a). ¢ From Howell et al. (1987). ¢ Not determined.

mutation decreases Kmpur). The overall effects on the
apparent second-order rate constant [kcat/Kmopur] in D278
DHFR by the F153S and I155N suppressing mutations are
6-and 2-fold increases, respectively. However, when compared
to wt DHFR values, both double mutants display reduced
activity. The D27S+F153S double mutant is 600-fold less
efficient [kcat/ Kmpur)] and the D27S+1155N mutant is 1500-
fold less efficient than wt DHFR. In comparison, D27S
DHFR is 3600-fold less efficient than wt DHFR.

The pH profiles for kcar and keat/ Kmpur) Were determined
for the double-mutant DHFRs and are shown in Figure 2.
Both mutants continue to show the same effects described
above throughout the pH range studied. At pH 5.0, the
activities of the double-mutant DHFRs are near wt DHFR
values, and the second-order rate constants [Kcat/ Km(pur)] for
D27S+F153S and D27S+1155N DHFRs are only 82- and
122-fold decreased with respect to wt values.

Since the F153S and I155N suppressing mutations were
selected due to their ability to confer an increased resistance
to TMP upon host E. coli, DHFR mutants that bind TMP
less tightly could result. Therefore, we briefly assessed
inhibition by TMP and obtained kinetic K; values for the
D27S+F153S and D27S+1155N DHFRs. Four different
TMP concentrations (4-75 uM) were added to the assays.
The DHF concentration was then varied in the presence of
saturating NADPH concentrations. A replot of slope (ob-
tained from Lineweaver—Burk plots) versus inhibitor con-
centration yielded K; values of 11 & 3 uM and 5.1 £ 1 uM
for D27S+F153S and D27S+1155N DHFRs, respectively.
For comparison, the TMP K;’s for wt and D27S DHFRs are
20 £ 8 pM and 2.9 £ 0.4 uM (Stone & Morrison, 1986;
Howell et al., 1987). The presence of the F153S or 155N
mutations in D27S DHFR weakens TMP binding by 4- and
2-fold, respectively. Apparently, the F153S and I155N
mutations both increase catalytic efficiency and weaken TMP
binding.

Isotope Effects. To evaluate whether these increases in
steady-state kca values for D27S+F153S and D27S+1155N
DHFRs have altered the rate-determining step in D27S DHFR
catalysis, primary isotope effects were determined using
NADPD. A substantial isotope effect [PV ~ 3 where PV =
keat(NaDPH)/ kcat(NaADPD)] On hydride-transfer rates is observed
from pH 5 to 9 for wt DHFR using stopped-flow techniques
(Fierke et al., 1987a). However, when steady-state rates are
monitored for wt DHFR, PV values of 3 are seen only at pH
29.0. These results support a change in the rate-determining
step in wt DHFR, such that hydride transfer is only rate-
determinig at high pH. In contrast, D27S DHFR shows a
substantial isotope effect (°V ~ 3) on steady-state rates from
pH 5 to 9, indicating hydride-transfer rates have been
decreased by the D27S mutation and hydride transfer is fully
rate-determining.

NADPD isotope effects for D27S+F153S and D278+
I155N DHFRs are listed in Table I. These results show that
even though the hydride-transfer rate is increased in these
mutant enzymes, it is still rate-determining.

Does either the F153S or the 1155N Mutation Affect Wt
DHFR Kinetics? The ability of the F153S and I155N
mutations to affect wt DHFR kinetics was evaluated by
constructing genes coding for single mutants. We might expect
effects on hydride-transfer rates as seen in the double-mutant
DHFRs. However,toevaluate any effects on hydride-transfer
rates in wt DHFR based mutants, steady-state kinetics at
high pH values or stopped-flow kinetics need to be performed
as the rate-determining step for wt DHFR catalysis at neutral
pH is release of tetrahydrofolate. Above pH 8.4, hydride
transfer becomes rate-determining.

Steady-state rates for wt, F153S, and I155N DHFRs at
pH7.0are29+1,22.8+0.4,and 23.5 £ 0.4571, respectively,
and Kinpur) values are 1.1 £ 0.2, 2.5 £ 0.5, and 4.3 £ 0.3
uM, respectively. At pH 9.4, k... values are 3.0 £ 0.1, 2,65
+0.04, and 2.68 £ 0.06 57!, respectively, and Knpur) values
are 1.4 £ 0.1, 2.2 £ 0.1, and 2.0 £ 0.1 uM, respectively.

Pre-steady-state hydride-transfer rates at pH 7.0 for wt,
F153S, and I155N DHFRs are 238 £ 9, 242 £+ 9, and 256
=957, repectively. Addition of NADPD, instead of NADPH,
routinely slowed down the hydride-transfer rates for all
enzymes by a factor of approximately 3. Neither the F153S
nor the I155N mutations have increased hydride-transfer rates;
therefore, neither mutationis additive in the wt DHFR context.

Stopped-Flow Kinetic Analysis. The transient binding of
ligands to DHFR has been previously studied by following
the time-dependent quenching of intrinsic enzyme fluorescence
upon complex formation or by the enhancement of NADPH
fluorescence resulting from energy transfer upon complex
formation (Dunn et al., 1978; Dunn & King, 1980; Cayley
et al.,, 1981). Binary complex formation with NADPH for
the E. coli enzyme is characterized by biphasic binding kinetics
as shown in Figure 3A,B, where the fast-phase quench is a
ligand concentration-dependent phase followed by a slow
ligand-independent process. Biphasickinetic traces have been
interpreted by Cayley et al. (1981) as describing two
interconvertible forms of the apoenzyme, E; and E,, and only
E; binds NADPH tightly. This model is depicted in Scheme
L

Apparent rate constants for the fast phase of NADPH
binding to wt and four mutant DHFRs increase linearly with
NADPH concentration as shown for three representative
enzymes in Figure 3C. For a plot of kg versus [NADPH],
the slope is kon and the intercept is k. The rate constants
determined by this method at pH 7.0 are given in Table II.
The values are in good agreement with previously published
numbers determined for wt, D27S,F137S,and D27S+F137S
DHFRs (Fierke et al., 1987a; Appleman et al., 1990; Dunn
et al., 1990). There were not any significant changes in ko,
for any of the mutant DHFRs studied.

Recently Adamsetal. (1989) have reported improved fitting
of the fast phase of NADPH binding to wt DHFR using an
equation that described two exponential processes. One
exponential component described binding of NADPH to Ej;
the second, binding of NADPH to E,. The latter interaction
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FIGURE 2: pH profiles of (A) kcar and (B) kcat/ Kim(our) for wild-type
DHFR (a), D27S DHFR (0), D27S+F153S DHFR (X), and
D27S+1155N DHFR (V). Best-fit values to eq 1 are listed under
Discussion.

had an approximately 100-fold decreased affinity with respect
to binding of NADPH to E;. We do not observe a better fit
of our fast-phase data to a two-exponential equation (Bev-
ington, 1969).

kogr values determined by the above method are subject to
large experimental errors (Appleman et al., 1990). To
determine k. values more accurately, competition experiments
were employed (Dunn et al., 1978) where a preequilibrated
enzyme-NADPH complex is mixed with a large excess of a
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FIGURE 3: Representative stopped-flow kinetic traces of fast (A)
and slow (B) phases of NADPH binding to the wild-type enzyme,
showing the quenching of intrinsic protein fluorescence at pH 7.0.
The traces were recorded independently at two different time scales,
and data were fit as described under Materials and Methods.
Residuals for the fits are additionally shown. The final DHFR and
NADPH concentrations were 0.4 and 4 uM, respectively. Panel C
shows the concentration dependence of the observed rate constant,
Kobs, for the fast phase of NADPH binding to wt DHFR (A), D278
DHFR (0O), and D27S+F153S DHFR (O). The data were fit to eq
3 as described in the text. Calculated rate constants are listed in
Table 1I.

competing ligand, NADP*, and the decrease in fluorescence
energy transfer is measured. This method requiresa difference
in fluorescence energy transfer between E-NADPH and
E-NADP?* complexes. The results from these experiments
are listed in Table II. The most significant effects are seen
with F153S and D27S+F153S mutant DHFRs where 2.5-
and 1.8-fold increases for release of NADPH are observed
over wt and D27S DHFR values.

Previously, Dunn et al. (1990) have interpreted large
differences between ko determined by relaxation and com-
petition methods to support an alternate scheme where
isomerization of E;-NADPH to a second complex, E*.
NADPH, occurs. We cannot exclude this possibility since
our kot values determined by these two methods differ by up
to 20-fold.

Rates for the conversion of E; to E; calculated from the
slow phase are 0.039 £ 0.002, 0.023 £ 0.002, 0.044 % 0.002,
0.023 % 0.002, 0.027 % 0.003, and 0.055 % 0.004 s~! for wt,
D27S, D27S+F153S, D27S+I155N, I155N, and F153S
DHFRs, respectively.

In the absence of bound ligand, the equilibrium between
conformers can be determined from a ratio of amplitudes for
the slow and fast phases (=Kj; see Table II). The equilibrium
shifts by approximately 2-fold for the five mutant DHFRs so
that less of the enzyme population exists in the E; form at pH
7.0. The D278, F153S, or I155N single mutations all affect
this ratio when added to the wt DHFR context. Since the
D278, F1538S, and I155N mutations affect K, to the same
degree, the effects on Kpare not additive in the double mutants.
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Table II: Rate Constants for NADPH Binding in Wt, D27S, D27S+F153S, D27S+1155N, F1538S, and [155N DHFRs According to Scheme I

(pH 7.0, 25 °C)

rate constant wt D27S D27S+F153S D27S+I155N F153S I155N
kon (uM-1571) 18 £ 0.06 16+3 18+1 1432 22+2 21+2
kott® (s°1) 143 69+ 15 5446 93+ 10 16+ 11 T+7
kot (s71) 4.2 %007 3.5£0.1 6.520. 46 +0.1 1003 50£02
Ko = k_o/ko* 0.80 £+ 0.03 1.6£0.2 14%0.1 1.8+0.1 1.5%0.1 1.9+0.2

9 Determined from fast-phase relaxation experiments. > Determined from competition experiments. ¢ Estimated from fluorescence amplitudes; K
= (amplitude of quench for slow phase)/(amplitude of quench for fast phase).
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FiGURE4: Circular dichroism spectra for wt (—) and double-mutant
(- - -)DHFRs. (A)D27S+F153S DHFR; (B) D27S+1155N DHFR.
@ is the molar ellipticity expressed in degrees cm? per decimole. An
average spectrum calculated from 10 scans (minus a buffer base
line) is shown for each protein. Spectra were readily reproduced.

Circular Dichroism Spectra. To assess the effects of the
F153S and I155N mutations on D27S DHFR structure,
circular dichroism spectra were obtained and are shown in
Figure 4. The spectrum for wt DHFR (average of 10 scans)
compares well with that determined by Kuwajima etal. (1991).
The D27S DHFR spectrum differs only slightly from wt
DHFR spectra (data not shown). However, both D27S+
F153S and D27S+1155N double-mutant DHFRs consistently
exhibit altered CD spectra. The spectral changes are not just
intensity changes, since spectral shape changes are also
observed. These results are compatible with structural
perturbations.

DISCUSSION

Location of F153 and 1155 Residues in E. coli DHFR.
The partial ability of the F153S and I155N mutations to
suppress the effect of the D27S lesion is surprising since the
a-carbons of these amino acids are 8.2 and 13.6 A distant
from the a-carbon of D27S. Asshown in Figure 5A, residues
153 and 155 occur on the surface of E. coli DHFR in 8-strand

H near the C-terminus (residue 158). 1155 (along with V136,
F137) is a member of an unusual structural element, a classic
B-bulge. This local environment is depicted in Figure 5B. A
B-bulge occurs when an additional amino acid is inserted into
a B-strand and disrupts the normal hydrogen-bonding pattern
(Richardson et al., 1978).

The role of §-bulges is not known. They may facilitate
insertion or deletion of amino acids in 8-strands rather than
forcing changes in register (Richardson et al., 1978; Sondek
& Shortle, 1990, 1992). Alternatively, 5-bulges may be a
way to twist strands in a right-handed direction which may
have functional consequences (Matthews et al., 1989).

We have previously isolated a F137S mutation and identified
itasa partialsuppressor of D27S DHFR (Howell et al., 1990).
F137 is a member of the same 8-bulge as 1155. This 8-bulge
is conserved in Lactobacillus casei DHFR although the amino
acids involved are not the same. In chicken and human
DHFRs, a -blowout (six amino acids inserted) is observed.
The observed clustering of three second-site mutations strongly
suggests this area of the structure is more important than
previously recognized.

All three suppressing mutations (F137S, F153S, F155N)
flank W30, 2 member of a-helix B (residues 25-35). In wt
DHFR, F153 and I155 stack directly with W30, and F137
interacts in an edge-on manner (Burley & Petsko, 1985). Since
all three mutations substitute a hydrophilic amino acid for a
hydrophobic one, changes in stacking behavior could alter the
position of W30 and permute the conformation of the active
site by moving a-helix B.

In fact, an X-ray structure of D27S+F137S DHFR in
complex with methotrexate indicates the F137S mutation
affects the active site (K. Brown and J. Kraut, personal
communication). Specifically, the 8-bulge is still present;
however, residues 26, 27, 28, and 30 move approximately 0.3
A. When the edge-on interaction between F137 and W30 is
lost due to the F137S mutation, the indole ring of W30 flips
approximately 180° into the active site. When W30 moves,
it moves other members of the B a-helix. Another effect due
to flipping of the indole ring is loss of a “conserved” water
molecule (405). If these structural changes also occur when
DHEF is bound, altered contacts could explain the observed
2-fold decrease in Kmpur) and concomitant 3-fold increase
in kcat for D27S+F137S DHFR. Whether the D27S+F153S
and D27S+1155N mutant DHFRs also affect the position of
W30 is not clear, however. More substantial changes might
be expected since the mobilities of D27S+F153S and
D27S+1155N DHFRs on nondenaturing PAGE gels are
considerably altered, as are the CD spectra.

In human DHFR (hDHFR), Ratnam et al. (1988) have
investigated the role of the homologous 8-blowout (residues
164-169) using monoclonal antibodies against residues 140~
186. Addition of this antibody to hDHFR surprisingly
decreases activity, and, conversely, prior binding of ligands to
hDHFR reduces antibody binding. More recently, Bullerjahn
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FIGURE 5: (A) a-Carbon backbone for the binary complex of E. coli
D27S DHFR with methotrexate. Methotrexate and the side chains
of S27, W30, F137, F153, and I155 are traced in heavy black.
Approximate values for the shortest distances between these hy-
drophobic residues are the following: W30 to F137, 4.2 A; W30 to
F153, 3.5 A; W30 to 1155, 4.4 A; F137 to F153, 5.2 A; and F137
to1155,4.1 A. (B) Peptide backbone describing the local environment
of a classic 8-bulge composed of V136, F137, and 1155. Hydrogen
bonds are denoted by dashed lines; side chains are not shown for
clarity. The alternating narrow, wide pairs of hydrogen bonds
associated with antiparallel §-strands are seen at the top of the picture.
The insertion of F137 into g-strand G causes the g-strand twist at
the bottom of the picture.

and Freisheim (1992) have deleted two, four, and six amino
acids from the 8-blowout. Deletion of sixamino acids abolishes
enzyme activity and destabilizes hDHFR. Deletion of two or
four amino acids decreases enzyme activity by approximately
33 or 38% and concurrently increases both Kp’s approximately
10-fold. Freisheim and co-workers concluded the deletion
mutants were less flexible and that conformational changes
occurred at the 3-blowout during ligand binding and catalysis.

Steady-State Kinetics. pH profiles for the double-mutant
DHFRs as well as D27S DHFR differ drastically from wt
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DHFR profiles. Simple mechanisms describing both types of
pH profiles have been previously described (Howell et al.,
1987, 1990; Bystroff et al., 1990; Stone & Morrison, 1984).
To summarize, the Asp27 residue in wt DHFR indirectly
donates a proton through an intermediate water molecule to
NS5 of bound unprotonated DHF. This mechanism can be
described by HE + S = HES — products. Incontrast, D27S-
based DHFRs must utilize a proton from solution since they
lack a proton donor. Therefore, protonated DHF [pK,(N5)
= 2.59; Maharaj et al., 1990] is the substrate for D27S-based
DHFRs, and this situation can be described by E + HS =
EHS — products. Increased activity at low pH corresponds
to increasing concentrations of protonated DHF as the pK,
of N5 is approached.

Steady-state kinetics data show the F153S and I155N
suppressing mutations increase k.., when added to the D278
DHFR context; however, only the F153S mutation decreases
Km for dihydrofolate. Fitting of the pH profile (Figure 2) to
eq 1 yielded best-fit values for D27S, D27S+F133S and
D27S+1155N DHFRs of ke max = 330 £ 42, 656 + 41, and
937 £ 54571, respectively, with x =4.5+ 0.1, 4.0 £ 0.05, and
4.8 = 0.06, respectively. A x of 10 corresponds to a slope of
1. The differences in the pH-independent values for kca max
indicate 2- and 3-fold increases in hydride-transfer rates for
D27S+F153S and D27S+1155N DHFRs. Hydride transfer
is still rate-determining in these enzymes as NADPD isotope
effects yield PV values of approximately 3.

The F153S and 1155N mutations do not affect hydride-
transfer rates in the wt DHFR context as measured by both
stopped-flow technqiues at pH 7.0 and steady-state rates at
pH 9.4.

Ligand Binding. Rates for binding and release of NADPH
from the wt and mutant DHFRs have been determined and
compiled in Table II. No significant changes in ko, are
observed. When k. values from competition experiments
are compared, both the F153S and D27S+F153S mutant
DHFRs display an approximately 2-fold increase in off rates
when compared to wt and D27S DHFRs. Since the F1538
mutation is distant from the NADPH binding site, there must
be long-range effects associated with this mutation,

Another indication of long-range effects can be seen by
shifts in the equilibrium between the E, and E; conformers
of the apoenzyme (Kj in Table II). All three single-mutant
DHFRs (D27S,F153S,1155N) show altered ratios, indicating
numerous mutations at various points in the DHFR structure
can affect this equilibrium.

Are Conformational Changes Associated with the F153S
and 1155N Mutations? Numerous observations support the
notion of conformational changes occurring in D27S+F153S
and D27S+1155N DHFRs. First, the nonadditivity of the
F153S and 1155N mutations to the wt and D27S DHFR
contexts as measured by steady-state and stopped-flow kinetic
techniques indicates conformational changes (Wells, 1990;
Carter et al., 1984). Second, effects on release of NADPH
in both the F153S and D27S+F153S DHFRs imply long-
range effects perturbing the NADPH binding site. Third,
migration in native PAGE gels monitors changes in protein
charge and conformation. Both double mutants migrate much
more slowly than either wt, D27S, or D27S+F137S DHFRs
(Figure 1). Finally, changes in circular dichroism spectra
indicate changes in protein conformation are associated with
the D27S+F153S and D27S+1155N DHFR structures.

Changesin the position of W30 as seen for the D27S+F137S
DHFR (K. Brown and J. Kraut, personal communication)
could be associated with the F153S and 1155N mutations as
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these residues also flank W30. However, other changes in
these double mutants might be expected since larger changes
in CD spectra and also larger changes in mobility on native
PAGE are observed.

Any detailed analysis of structural changes must await
crystallization of these mutant enzymes. However, it is
interesting to speculate that altered CD intensity could
correspond to decreased 8-strand twist, altered contributions
of aromatic side chains, and/or changes in amino acid register
that might accompany loss of a 8-bulge (Applequist, 1982;
Brahms & Brahms, 1980; Woody, 1985; Sondek & Shortle,
1990, 1992). An engineered deletion of F137 in the D27S
DHFR gene has been constructed (unpublished results) to
delete the 8-bulge. A CD spectrum ofthe D27S+A137 DHFR
is similar to the spectra for D27S+F153S and D27S+1155N
DHFRs, suggesting loss of the 8-bulge structure in all three
mutant enzymes. Alsosupporting this hypothesis, the observed
electrophoretic mobility of D27S+AF137 DHFR is similar
tothe mobilities of D27S+F135S and D27S+1155N DHFRs.

Conclusion. Second-site suppressors have been generated
in other mutant enzymes, for example, ricin, T4 lysozyme,
triosephosphate isomerase, and tryptophan synthetase (Kim
etal,, 1992; Poteeteet al., 1991; Blacklowet al., 1991; Nagata
etal., 1989). Sincethesuppressing mutations in these enzymes
all occur in or near the catalytic site, minor restructuring of
the catalytic site has been proposed as the mechanism for
restoring partial activity. In contrast to these studies, our
partial suppressors of D27S DHFR, 8-16 A distant from the
catalytic site, underscore the potential importance of residues
outside the “traditional active site” in enzyme function.
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