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ABSTRACT: Despite several similarities in structure and kinetic behavior, the bacterial and vertebrate forms
of the enzyme dihydrofolate reductase (DHFR) exhibit differential specificity for folate. In particular,
avian DHFR is 400 times more specific for folate than theEscherichia colireductase. We proposed to
enhance the specificity of theE. coli reductase for folate by incorporating discrete elements of vertebrate
secondary structure. Two vertebrate loop mutants, VLI and VLII containing 3-7 additional amino acid
insertions, were constructed and characterized by using steady-state kinetics, spectrofluorimetric
determination of ligand equilibrium dissociation constants, and circular dichroism spectroscopy. Remark-
ably, the VLI and VLII mutants are kinetically similar to wild-typeE. coli reductase when dihydrofolate
is the substrate, although VLII exhibits prolonged kinetic hysteresis. Moreover, the VLI dihydrofolate
reductase is the first mutant form ofE. coli DHFR to display enhanced specificity for folate [(kcat/Km)mutant/
(kcat/Km)wt ) 13]. A glycine-alanine loop (GAL) mutant was also constructed to test the design principles
for the VLI mutant. In this mutant of the VLI reductase, all of the residues from positions 50 to 60,
except the strictly conserved amino acids Leu-57 and Arg-60, were converted to either glycine or alanine.
A detailed kinetic comparison of the GAL and wild-type reductases revealed that the mutations weaken
the binding by both cofactor and substrate by up to 20-fold, but under saturating conditions the enzyme
exhibits akcat value nearly identical to that of the wild type. The rate of hydride transfer is reduced by
a factor of 30, with a compensating increase in the dissociation rate for tetrahydrofolate. Although key
stabilizing interactions have been sacrificed (it shows no activity toward folate), the maintenance of the
correct register between key residues preserves the activity of the enzyme toward its natural substrate.
Collectively, neither specific proximal point site mutations nor larger, more distal secondary structural
substitutions are sufficient to confer a specificity for folate reduction that matches that observed with the
avian enzyme. This is consistent with the hypothesis that the entire protein structure must contribute
extensively to the enzyme’s specificity.

Redesign of enzyme architecture has proven to be a useful
means of generating novel biological catalysts (Johnson &
Benkovic, 1990; Dunn et al., 1991; Fersht & Winter, 1992).
This approach assumes that the architecture of an extensively
characterized enzyme is a starting point for designing a new
catalyst. Many early efforts attempted to alter substrate
specificity with only a few changes in active site composition
(Johnson & Benkovic, 1990; Fersht & Winter, 1992). The
results of these experiments suggested that many alterations
are necessary at sites proximal and distal to the site of
chemical transformation. Recent studies with lactate dehy-
drogenase fromBacillus stearothermophilusand with trypsin
from rat demonstrate the extent to which an enzyme’s
architecture must be altered to optimize specificity for a new
substrate (Dunn et al., 1991; Hedstrom et al., 1992; Wilks
et al., 1992). With similar design principles in mind, we

have sought to define the structural features responsible for
differential substrate specificities exhibited by bacterial and
vertebrate forms of dihydrofolate reductase.

Dihydrofolate reductase (DHFR)1,2 catalyzes the reduction
of 7,8-dihydrofolate (H2F) to 5,6,7,8-tetrahydrofolate (H4F)
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1 Abbreviations: DHFR, dihydrofolate reductase; H2F, dihydrofolate;
H4F, tetrahydrofolate, NH or NADPH, nicotinamide adenine dinucle-
otide phosphate, reduced; NADP+ or N+, nicotinamide adenine
dinucleotide phosphate; MTX, methotrexate; DAM, 2,4-diamino-6,7-
dimethylpteridine; VLI, vertebrate loop I; VLII, vertebrate loop II; GAL,
glycine-alanine loop; CD, circular dichroism; L54G, leucine 54 inE.
coli dihydrofolate reductase mutated to glycine; L54N, leucine 54 in
E. coli dihydrofolate reductase mutated to asparagine; D27E, aspartate
27 in E. coli dihydrofolate reductase mutated to glutamate; L28F,
leucine 28 inE. coli dihydrofolate reductase mutated to phenylalanine.

2 The pKa of the E-NH complex can be determined by competitive
inhibition or fluorescence binding studies with 2,4-diamino-6,7-
dimethylpteridine (DAM; Cleland, 1977; Stone & Morrison, 1983; Taira
& Benkovic, 1988). Protonation of the inhibitor causes a quenching
of inhibitor fluorescence. However, in certain fluorescence binding
experiments with DAM, inhibitor fluorescence did not decrease with
the addition of enzyme. This observation suggests that DAM is not
protonated upon binding to VLI DHFR (Taira & Benkovic, 1988).
Therefore, inhibition studies would not necessarily yield the pKa of
Asp-27 in the E-NADPH complex.
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by transferring thepro-R-hydrogen of NADPH to C6 of the
pterin substrate (Blakley, 1985). DHFR will also catalyze
the reduction of folate to H4F, albeit less efficiently than
the reduction of dihydrofolate. Interestingly, specificity for
folate (kcat/Km) is higher for vertebrate forms of the enzyme
than bacterial DHFRs. For example, under identical condi-
tions of ionic strength and pH, chicken DHFR is ap-
proximately 400 times more specific for folate than the
Escherichia coliform of the enzyme.
We sought to enhance the specificity of theE. coli

reductase for folate by incorporating discrete elements of
vertebrate secondary structure. In designing and character-
izing the mutant bacterial reductases, we have relied heavily
on previous characterizations of both wild-type and mutant
DHFRs, as well as on statistical and structural classifications
of secondary structure. Three mutant DHFRs, vertebrate
loop I (VLI), vertebrate loop II (VLII), and a glycine-alanine
loop (GAL), were constructed and characterized by using
published methodologies [Fierke et al. (1987) and references
therein]. While all mutant reductases retained remarkable
catalytic activity toward H2F, only VLI DHFR exhibited a
13-fold increase in the rate of reduction of folate. The
analysis of pre- and steady-state kinetic data along with
thermodynamic measurements of ligand binding, however,
provided key insights into the nature and extent of global
interactions within the protein that are allied with its enzymic
activity.

MATERIALS AND METHODS

Escherichia coli Strains, Biochemical Reagents, and DNA
Manipulations. E. coli strains were maintained and ma-
nipulated as described previously (Wagner et al., 1992). All
oligonucleotides were synthesized and purified by the Penn
State Biotechnology Facility. Manipulations and analyses
of recombinant DNA were carried out by using standard
protocols (Sambrook et al., 1989).
Substrates, Inhibitors, and Buffers. The substrates for

DHFR were prepared by using published methods (Blakley,
1960; Fierke et al., 1987; Andrews et al., 1989). NADPH
and NADP were purchased from Sigma. 5,6(S),7,8-Tet-
rahydrofolate (H4F) was prepared by enzymatic reduction
of H2F with E. coli DHFR and purified as previously
described (Curthoys et al., 1972). Concentrations of sub-
strates and inhibitors were determined spectrophotometrically
by using published extinction coefficients [see Fierke et al.
(1987) and references therein]. [4′(R)-2H]NADPH (NADPD)
was prepared by using alcohol dehydrogenase fromLeu-
conostoc mesenteroidesas described by Viola and co-workers
(Viola et al., 1979).
Construction of Mutant E. coli DHFRs. Mutant genes

were constructed by using a combination of oligonucleotide-
directed and cassette mutagenesis (Li & Benkovic, 1991;
Wagner et al., 1992). Specific details of their construction
are available upon request. Complete sequence analysis was
performed on each mutant gene.
Enzyme Purification. With the exception of the VLII

mutant, mutant and wild-typeE. coli DHFRs were purified
essentially as described by Baccanari and co-workers (Bac-
canari et al., 1977). After elution from the MTX affinity
column, the VLII mutant was purified to homogeneity on a
DEAE Sephacel column, using a stepwise gradient with KCl.
The mutant protein eluted at a salt concentration of 0.2 M.

Chicken liver dihydrofolate reductase was purified as
previously described (Kaufman & Kemerer, 1977; Stone &
Morrison, 1986). One kilogram of livers routinely yielded
4-6 mg of DHFR with a specific activity of 13-13.5 units/
mg (Kaufman & Kemerer, 1977).
All protein preparations were shown to be homogeneous

and free of contaminating ligands by SDS-polyacrylamide
gel electrophoresis and UV-visible absorbance spectroscopy,
respectively. Protein concentrations were determined by
active site titration with methotrexate (MTX).
Steady-State Kinetics. Kinetic assays were conducted in

MTEN buffer [50 mM 2-morpholinoethanesulfonic acid
(MES), 25 mM tris(hydroxymethyl)aminomethane (Tris), 25
mM ethanolamine, and 100 mM sodium chloride, pH 5.0-
10.0] at 25°C. Initial velocity studies for dihydrofolate and
folate reduction were carried out by using a Cary 219 UV-
visible spectrophotometer at 340 nm. Mutant and wild-type
DHFRs were preincubated with NADPH for 2-5 min prior
to initiation of the reaction with H2F or folate to eliminate
hysteretic behavior (Penner & Frieden, 1985). Preincubation
periods of 20-30 min were required with VLII DHFR to
completely eliminate hysteretic behavior. Initial rates were
calculated by using a molar absorbance change of 11 800
M-1 cm-1 (Stone & Morrison, 1982).
Michaelis parameters (kcat and Km) were determined at

several pH’s by varying either NADPH or H2F. Data were
analyzed according to eq 1 by using the nonlinear least-
squares regression program RS1 on a Vax microcomputer.

pH-independent values forkcatandKm were determined along
with standard errors by using eq 2, whereC is the
pH-independent value of the kinetic parameter,Ka is the acid
dissociation constant, and [H] is the proton concentration at
a particular pH. Unless explicitly noted, this equation was
used to fit all pH-dependent data.
Transient Kinetics. Transient binding and pre-steady-state

kinetic studies were conducted on a stopped-flow spectro-
photometer (Applied Photophysics, Inc.) with a 1.4-ms dead
time (Wagner et al., 1992). After mixing, fluorescence and
absorbance data were collected over a selected time interval
(20 ms to 5 min) and stored on an Archimedes personal
computer. Data were fit to a single-exponential model, a
single-exponential model followed by a linear rate, or a
double-exponential model by nonlinear least-squares regres-
sion with a computer program supplied by the instrument
manufacturer. Kinetic data were then transferred to a Vax
microcomputer for further analysis using the program KIN-
SIM (Barshop et al., 1983).
Equilibrium Dissociation Constants. Excitation ofE. coli

and avian reductases at 290 nm is accompanied by fluores-
cence emission at 340 and 325 nm, respectively. Thermo-
dynamic dissociation constants (Kd’s) were measured by
following the quenching of intrinsic enzyme fluorescence
upon the addition of ligand at 25°C in MTEN buffer. All
additions were allowed to reach equilibrium before the
fluorescence intensity was recorded (2-7 min). As a control

V )
kcatS

Km + S
(1)

y)
C[H]

Ka + [H]
(2)
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experiment, a known concentration of tryptophan was titrated
in parallel with the enzyme sample to correct for inner filter
effects due to absorbance of the added ligand. Measurements
were made by using an SLM8000 spectrofluorimeter (SLM-
Aminco Inc.).
Data were fit to the following equation:

where

FE andFEL are the initial and final fluorescence measure-
ments, respectively (Taira et al., 1987). [ET] and [LT] are
the total enzyme and ligand concentrations, respectively.
Acceptable determinations of dissociation constants were
made by using enzyme concentrations equal to or slightly
less than theKd.
Circular Dichroism Spectra. Circular dichroism spectra

were collected by using a AVIV 62DS spectropolarimeter
at 25°C in 10 mM phosphate, 0.2 mM EDTA, and 1 mM
â-mercaptoethanol (pH 7.8). Spectra were recorded from
180 to 350 nm using a 5-s averaging time and a 1-mm-path-
length cell containing 0.5 mg of protein/mL of buffer. Data
collected for protein samples were corrected by using spectra
obtained in the absence of protein and expressed in terms of
the mean residue ellipticity (MRE) using the following
equation:

where MW is the protein molecular weight, PL is the cell
path length in centimeters, PC is the protein concentration
in mg/mL, NR is the number of residues, and the factor of
100 derives from the conversion of the molar concentration
to the decimole/(centimeter)3 concentration unit (Schmid,
1990).

RESULTS

Design of VLI, VLII, and GAL E. coli DHFRs. The key
to altering the specificity (kcat/Km) of the bacterial enzyme
for folate is modifying the physical relationship between C4
of the pyridine ring and C7 of folate in the substrate ternary
complex.3 Theoretical and X-ray crystallographic studies
suggest that enzyme-catalyzed reductions of the 5,6- and 7,8-
double bonds proceed throughsynandanti transition states,
respectively (Wu & Houk, 1987, 1991; Bystroff et al., 1990;
Davies et al., 1990). Reduction of both bonds requires a
donor-acceptor distance of 2.6 Å. By using these criteria,
Bystroff and co-workers constructed a hypothetical Michaelis
complex (E-NH-H2F) for E. coli DHFR that required
reorienting enzyme residues and enforcing an upward pucker
at C7 in the otherwise planar pteridine ring (Bystroff et al.,
1990). By using folate binding data and their model for H2F
binding, these authors suggest that irrevocable misalignment

of the C7 of folate with the C4 of the coenzyme renders it
a poor substrate. In contrast, the vertebrate enzyme appears
to position both substrates in conformations that are optimal
for hydride transfer (Davies et al., 1990), perhaps due to the
slightly larger dimensions of its active site.
Despite a high degree of structural homology among

vertebrate and bacterial reductases (Figure 1; Volz et al.,
1982), vertebrate DHFRs contain additional residues in loops
and turns that connect elements of secondary structure. In
particular, vertebrate loop I (VLI) and vertebrate loop II
(VLII) are larger than their bacterial counterparts, and each
substructure could exert a significant influence on active site
dimension (Figure 2). The VLI sequence is a vital part of
the substrate binding site and serves to connectR-helix C to
â-strand C, secondary structures that contribute to both the
folate and coenzyme binding sites. This loop has previously
been implicated as a major contributor to the larger dimen-
sions of the active site in chicken DHFR, compared with
the E. coli form of the enzyme, and may contribute to
substrate specificity differences (Matthews et al., 1985). The
VLII substructure occurs 15-20 Å from the active site and
connectsR-helix B andâ-strand B. It is part of a “hinge”
region that connects the adenosine binding domain (residues
38-88,E. coli numbering) and the major domain (residues
1-37 and 89-159,E. coli numbering; Bystroff & Kraut,
1991). Both domains contain multiple contacts with the

3 After our work was completed, a revision of the structural model
for catalysis was published (Reyes et al., 1995). We consider aspects
of this new model in the Discussion section.

FIGURE 1: Superposition ofL. caseiand chicken DHFRs with the
inhibitor 2,4-diamino-5,6-dihydro-6,6-dimethyl-5-(4′-methoxyphe-
nyl)-s-triazine (MφT) and NADPH bound (Volz et al., 1982). The
filled-in backbone represents the chicken structure in regions where
insertions and deletions occur. The superposition of theE. coli
and chicken structures was nearly identical to that shown here. The
domains are labeled as described by Bystroff and Kraut (1991).

FIGURE 2: Alignment of wild-type and mutant sequences.

F )
FE - C(FE - FEL)

2[ET]
(3)

C) [ET] + [LT] + Kd - [([ET] + [LT] + Kd)
2 -

4 [ET][L T]]
1/2

MRE)
100(MW)

(PL)(PC)(NR)
(4)
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coenzyme and substrate. VLII may mediate important
conformational changes that optimize the proximity of the
reactants for hydride transfer, and its incorporation into the
bacterial enzyme might also add flexibility to the active site.
A principal difficulty in designing the VLI and VLII

mutants is deciding how much of the vertebrate structure to
incorporate into the bacterial enzyme. Recent efforts to
define the initiation and termination sequences of helices
have emphasized the importance of preserving the hydrogen-
bonding interactions between the helix and the secondary
structure preceding and following it in the peptide chain
(Presta & Rose, 1988; Richardson & Richardson, 1988;
Harper & Rose, 1993). Although there is experimental
support for these concerns [see Harper and Rose (1993) and
references therein], it has also been demonstrated that helix
boundaries can be “flexible” and dependent on ionic interac-
tions with the helix dipole (Fairman et al., 1989; Heinz et
al., 1993). Consequently, sequences flanking both VLI and
VLI were incorporated into the bacterial architecture (Figure
2).
A glycine-alanine loop (GAL) mutant was constructed

to ascertain the significance of the length of the VLI
substitution. Glycines and alanines were incorporated in
place of all vertebrate residues present in the VLI sequence,
except the strictly conserved residues Leu-67 and Arg-70
(vertebrate numbering, Figure 2). In this case, productive
interactions between these two residues and the folate
substrate may be preserved if the GAL acts as an effective
“spacer” betweenR-helix C andâ-strand C.
Circular Dichroism Spectroscopy. Circular dichorism

(CD) spectra were recorded for VLI and VLII DHFRs in an
effort to assess the impact of the inserted vertebrate sequences
on the structural integrity of the bacterial enzyme. Spectra
were collected for mutant and wild-typeE. coli DHFRs as
described in the Materials and Methods section. The data
collected for the wild-type enzyme are in agreement with
previously published data (Greenfield et al., 1972; Greenfield,
1975). Spectra for wild-type, VLI, and VLII DHFRs are
shown in Figure 3. It is apparent that the insertions have
had an effect on the global conformation of VLII but not
VLI relative to the wild-type DHFR.

Steady-State Kinetics. The steady-state parameterskcatand
Km were determined for mutant DHFRs by holding the
concentration of NADPH constant (100µM) and varying
the concentration of H2F or by holding the concentration of
H2F constant (30µM) and varying the concentration of
NADPH (Stone & Morrison, 1982; Fierke et al., 1987). For
all of the mutant enzymes, double-reciprocal plots were
linear over all concentrations of coenzyme and substrate (data
not shown).
The pH dependencies ofkcat andkcat/Km were determined

for all mutant DHFRs. The maximum values (pH indepen-
dent) of these parameters are listed in Table 1. For the VLI
and VLII mutants, the maximum values ofkcat andKm are
relatively unchanged with respect to the wild-type bacterial
enzyme; however, the pH dependencies of these parameters
differ significantly (Figure 4a,b). In the case of the VLII
mutant, a pH dependence is observed inKm for H2F at pH’s
greater than 7.0 (Figure 4b). As a result, the pKa observed
for kcat/Km is shifted approximately 0.6 unit below that of
wild-type E. coli DHFR (7.5 vs 8.1). On the other hand,
the pKa value for kcat is shifted 0.5 unit higher than the
bacterial enzyme.
Differences between the VLI mutant and the bacterial

enzyme are confined primarily to the pKa’s associated with
kcat and kcat/Km. Qualitatively, both profiles appear to
describe three pKa’s (Figure 4a); however, pre-steady-state
and transient binding studies suggest that the data can be fit
to a two-pKamodel, as described by eqs 5 and 6 (vide infra).

In eq 5,B is the maximum value ofkcat over the entire pH
range, andB′ is the value ofkcat at pH< 5.0. Ka andKb are
the apparent acid and base dissociation constants, respec-
tively. With the exception ofB′, values for these parameters
are displayed in Table 1, with the parameterB representing
the maximum value ofkcat. The parameterB′ was determined
to be 3.0( 0.4 s-1. In the absence of a measurable pH
dependence in theKm for H2F, kcat/Km follows the same
dependence on pH askcat.
In eq 6,C′ is the plateau value ofkcat/Km at low pH, and

C is the maximum value of this parameter. The following

parameters were determined by fitting the data to eq 6:C
) 11( 1 µM-1 s-1, C′ ) 3 ( 0.5 µM-1 s-1, pKa ) 8.7(
0.1, and pKb ) 6.9( 0.3. The pKa’s determined here are
apparent values and are a function of pH dependencies in
hydride transfer (pK1) and product release (pK2; see Discus-
sion).
For the GAL mutant, theKm for H2F and the pKa’s for

kcat andkcat/Km are dramatically different from those of the
wild-type E. coli enzyme. TheKm for H2F is increased by
roughly 55-fold, and the pKa’s for kcat/Km andkcat are shifted
approximately 0.9 and 1.7 units lower, respectively (Table
1).
All of the loop mutants were assayed for enhanced

specificity for folic acid reduction at pH 6, and those results
are presented in Table 2. VLI DHFR exhibited a 13-fold
increase in specificity for folate, which can be mainly

FIGURE 3: Circular dichroism of wild-type and mutant DHFRs.
Each spectrum was collected as described in the Materials and
Methods section (see text). The spectra shown are delineated as
follows: wild-type E. coli, bold solid line; VLI, thin solid line;
VLII, dashed line.

kcat)
B+ B′([H]/Kb)

[1 + ([H]/Kb)][1 + (Ka/[H])]
(5)

kcat/Km )
C+ C′([H]/Kb)

[1 + ([H]/Kb)][1 + (Ka/[H])]
(6)
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accounted for by a 10-fold decrease inKm. The VLII and
GAL DHFRs did not reduce folate at a measurable rate.
Consequently, we chose to characterize only the VLI and
GAL DHFRs more extensively.
Thermodynamic Binding Constants. The binding of MTX,

NADPH, NADP, folate, H2F, and H4F to DHFR is ac-
companied by a decrease in intrinsic protein fluorescence at
340 and 325 nm for bacterial and vertebrate reductases,
respectively (Fierke et al., 1987; Taira & Benkovic, 1988;
Appleman et al., 1990a; Thillet et al., 1990). Fluorescence
titration curves were generated for several ligands bound to
the various DHFRs, and the calculated thermodynamic
dissociation constants are shown in Table 3.
Relaxation Experiments. The formation of binary com-

plexes of DHFR with the coenzyme, H2F, or folate results
in a quenching of intrinsic protein fluorescence. Under
pseudo-first-order conditions, two exponential decays are
typically observed: a rapid, ligand-dependent phase and a
slower, ligand-independent phase (Dunn et al., 1978; Dunn

& King, 1980; Cayley et al., 1981). For binding of the
coenzyme, a simple mechanism was suggested in which
NADPH preferentially binds to one of two enzyme conform-
ers (E1) and interconversion between the conformers is slow
(Scheme 1). The ratio of the amplitudes for the fast and
slow phases is indicative of the E1/E2 equilibrium (Keq).
Over a wide range of concentrations (1-200µM), binding

of the coenzyme to VLI and GAL DHFRs could be described
by this two-exponential model (Figure 5). The observed rate

Table 1: Steady-State Parameters for Chicken andE. coli Reductases

dihydrofolate reductase

parameter E. colia VLI GAL VLII avian

kcat (s-1) 12.3 11.2( 1.1 16.0( 2.0 4.5( 0.5 9.8b

Km (H2F, µM) 0.7 1.0( 0.1 36.7( 0.5 1.4( 0.2 0.12b

pKa (kcat) 8.4 8.7( 0.1 6.7( 0.2 8.9( 0.1 8.6b

pKb (kcat) 6.9( 0.1
kcat/Km (µM-1 s-1) 18 11( 2 0.44( 0.08 3.9( 0.6 80b

pKa (kcat/Km) 8.1 8.7( 0.1 7.2( 0.1 7.5( 0.1 7.9b

pKb (kcat/Km) 6.9( 0.3
HV/DV 1.0 (pH 6.0) 0.9( 0.1 (pH 6.0) 2.9( 0.2 (pH 6.0) 1.2( 0.1 (pH 6.3) 1.0( 0.1 (pH 6.0)
HV/DV 3.2 (pH 10.0) 2.5( 0.1 (pH 9.0) 2.8( 0.1 (pH 9.8) 2.5( 0.1 (pH 9.0)
a Fierke et al. (1987) and references therein.bMorrison and Stone (1986).

FIGURE 4: pH dependencies ofkcat andKm for VLI DHFR (a) and VLII DHFR (b). The relationship of the apparent pKa’s (pKa and pKb)
observed for VLI DHFR is considered in detail in the Discussion section, with references to Figures 6 and 7 (see text).

Table 2: Folate Reduction byE. coli and Chicken DHFRs at pH
6.0

dihydrofolate reductase

parameter E. coli VLI VLII a GAL avianb

kcat× 103 (s-1) 3.7( 0.2 4.6( 0.2 <1.0 <1.0 160
Km (µM) 9.4( 1.5 0.9( 0.2 ND ND 1.1
V/K × 102 (M-1 s-1) 3.9( 0.6 51( 11 ND ND 1500

aNot Determined.b Taken from Morrison and Stone (1986).

Table 3: Equilibrium Binding Constants at pH 6.0

Kd (nM)

ligand E. colia VLI GAL b VLII avian

H2F 220 23( 2 393( 46 10( 1.4
folate 1000( 100 161( 6 1240( 140 140( 9
NADPH 330 153( 3 970( 30 3020( 260 36( 3
NADP 24000 21000( 140

a Taken from Fierke et al. (1987).bExcept for NADPH, fluorescence
quenching by ligands was too small to permit the determination of
thermodynamic dissociation constants.

Scheme 1

L + E1

E2

E1 – L
kon

koff

Keq

Keq = [E1]/[E2] = kiso/kiso′
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constant for the ligand-dependent phase was found to
increase linearly with ligand concentration, without showing
any signs of saturation (data not shown). The observed E1/
E2 equilibrium (Keq) was 2.1( 0.1 for the VLI mutant and
0.94 ( 0.1 for the GAL mutant. In both cases, the rate
constant for the E2 to E1 conversion was similar to that of
the wild-typeE. coli enzyme (VLI, 0.059( 0.006 s-1; GAL,
0.048( 0.005 s-1; wild type, 0.032( 0.002 s-1). Data for
NADPH binding to VLI and GAL are presented in Table 4.
Similar experiments were carried out for the binding of

H2F and folate. Binding of either ligand to GAL could not
be characterized due to low fluorescence quenching upon
complex formation. For VLI DHFR, a rapid ligand-
dependent phase and a slower ligand-independent phase were
observed in relaxation experiments with H2F and folate.
Kinetic data for folate and H2F binding are shown in Table
4 for wild-typeE. coli and VLI DHFRs.
For the binding of H2F, NADPH, and folate to the parent

bacterial reductase, the equilibrium between unliganded
conformers is 1.0 (Keq ) E1/E2, Scheme 1; Cayley et al.,
1981; Fierke et al., 1987). In the case of the VLI mutant,
the ratio of the amplitudes of the fast and slow phases for
the binding of H2F or folate (Keq) was 9.8( 1.0, not the
anticipated 2.2. The difference in conformer distribution
observed between binding experiments with NADPH and
the pterin substrates is not readily explained from these data.
However, a similar observation has been made for the wild-
type E. coli DHFR and a mutant of this enzyme (D27N)
binding to NADPH and MTX (Appleman et al., 1988). For
both enzymes, a significantly larger population of conformers
rapidly bind to the latter ligand. Therefore, it should be borne
in mind that while the designations “E1” and “E2” are useful
in describing the kinetics of binding of a particular ligand,
the conformations that they represent are ligand dependent
and may not be the same.
Competition Experiments. Competition experiments mea-

sure the off rate (k-1) of a particular ligand from a complex
with DHFR (Scheme 2; Dunn et al., 1978; Birdsall et al.,
1980). Dissociation rate constants determined for various
binary and ternary complexes GAL and VLI by this method
are displayed in Table 5. These data were generally in good
agreement with those measured by relaxation; however, for
valueskoff < 5 s-1, the competition method provides the more
accurate values and these are incorporated in Table 4.
From these results, Scheme 1 is adequate to describe the

binding of NADPH, H2F, and folate to the mutant reductases.
According to this mechanism, theKd is given by eq 7 and

should be predicted by the rate constants determined by
relaxation and competition methods. The calculated ther-

modynamic dissociation constants are generally in good
agreement with the observedKd’s for NADPH, H2F, and
folate binding to VLI and GAL DHFRs (Table 4).

An important feature of the mechanism for wild-typeE.
coli DHFR is a dominant pathway for product release
(Scheme 3). Following the hydride-transfer step, NADP
rapidly dissociates from the product ternary complex to
generate E-H4F. Less than 1.3% of the enzyme forms
E-NADP as a result of dissociation of H4F from the product
ternary complex. Subsequent binding of NADPH to E-H4F
accelerates the dissociation of H4F by 9-fold compared to
its dissociation from the binary complex. Thus, during the
catalytic cycle, no free enzyme is generated. This binding
antagonism between H4F and NADPH also accelerates the
dissociation of NADPH from the mixed ternary complex (E-
NADPH-H4F). The off rates of NADPH from the binary
and mixed ternary complexes are 3.5 and 85 s-1, respectively.

The off rates (Table 5) measured for VLI DHFR indicate
that the same dominant pathway for product release is
operative under steady-state conditions. Less than 2% of
the enzyme is converted to E-NADP following hydride
transfer. The remaining enzyme forms E-H4F as a result
of rapid dissociation of NADP from the product ternary
complex (125 s-1).

At pH 6.0, however, the binding antagonism between
NADPH and H4F is no longer reflected in the rate constants
for the pertinent complexes. Although dissociation of
NADPH from the mixed ternary complex is still rapid (110
s-1), the off rates of H4F from the binary and mixed ternary
complexes are comparable (2.6 vs 3.5 s-1). Measurement
of the off rate of H4F from E-NADPH-H4F as a function
of pH shows that it increases in a sigmoidal fashion from
3.5 s-1 at pH 5.0 to 27 s-1 at pH 9.0 (Figure 6). At pH’s
between 5.0 and 7.0, this off rate closely approximates the
observed steady-state rate. Therefore, the E-NH-H4F
complex must be the species that accumulates in the steady
state over this pH range.

We and others have interpreted this pH dependence to arise
from a single ionization, as described by Scheme 4 (Li &
Benkovic, 1991; Appleman et al., 1992). In a helix-exchange
experiment, Li noted the possibility that Asp-27 is the
ionizing residue on the basis of the observation that none of
the new residues incorporated intoE. coli DHFR could
account for the observed pKa. Although a new acidic residue
is present in VLI DHFR (Figure 2), this residue (E52) should
be near the surface of the protein and does not interact
directly with bound folate (Davies et al., 1990). It has been
suggested that the pH dependence may be due to a global
ionization consisting of several residues (Appleman et al.,
1992; Chen, et al., 1994).

The pH dependence of the off rate from Scheme 4 is given
by eq 8, wherekoff′ and koff are the rate constants for
dissociation of H4F from the ionized and un-ionized forms
of E-NADPH-H4F, respectively, andKb is the ionization
constant of a group on the enzyme. For VLI DHFR,koff,
koff′, and pKb were determined to be 3.5 s-1, 27 s-1, and 7.5,

FIGURE 5: Binding of NADPH to VLI DHFR. Relaxation data
were collected for VLI DHFR and NADPH over two time scales.
Final conditions were as follows: 1.0µM DHFR and 7.5µM
NADPH in MTEN, pH 6.0.

Kd ) (koff/kon)(1+ 1/Keq) (7)
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respectively.

kobs)
koff + koff′([H]/Kb)

1+ ([H]/Kb)
(8)

In contrast to the results with VLI DHFR, a dominant
pathway for product release does not appear to be operative
for the GAL mutant (Table 5). Approximately 50% of the
enzyme is converted to E-NADP following hydride transfer,
while the remainder loses NADP to generate E-H4F.
Moreover, NADPH increases the off rate of H4F by only
3-fold compared to the off rate from the binary complex.
Pre-Steady-State Kinetics. Pre-steady-state experiments

were conducted by observing the change in absorbance at
340 nm. For VLI DHFR, a burst of product formation is
observed followed by a linear steady-state rate. By using a
simple model of single-exponential decay followed by linear
decay, the observed kinetic parameters were as follows for
data collected at pH 7.0 and 25°C: kburst ) 152( 10 s-1,
kss ) 7.6( 0.5 s-1, and ampburst/[E] ) 0.7( 0.1 (data not
shown). A full primary deuterium isotope effect of 3.2(
0.3 was observed when the experiment was repeated with
[4′(R)-2H]NADPH in place of NADPH. This confirmed that
the burst is in fact due to hydride transfer. Data collected

and analyzed on the stopped-flow computer were subse-
quently transferred to a Vax microcomputer, where the
forward rate of hydride transfer was determined by using
the simulation program KINSIM (Barshop et al., 1983) and
Scheme 5. The rate constants used in these simulations were
taken from Tables 4 and 5 (Fierke et al., 1987) and Scheme
4. The remaining rate constants,k2, k3, k4, andk-hyd, were
assumed to be the same as the wild-typeE. coli enzyme
(Fierke et al., 1977). All are collected in the legend to Figure
7. Hydride-transfer rates then were estimated at several pH’s
(Figure 7). Fitting of the data to eq 2 yielded an intrinsic
pKa of 6.6( 0.1 for Asp-27 in the substrate ternary complex
and a maximal hydride-transfer rate of 500( 43 s-1.
Previous studies have attributed the pH dependence

observed in hydride transfer to the ionization state of Asp-
27, the only acidic residue in the folate binding pocket
capable of donating a proton to N5 (Fierke et al., 1987). A
recent study has proposed that the observed pKa is due to
the ionization of N5 of H2F in the E-NADPH-H2F complex
(Chen et al., 1994). The authors argue that Asp-27 is ionized
from pH 5 to 10 and serves as an “ion anchor” that stabilizes
the surrounding water structure. The proton is presumably
supplied by the ambient solution via a bound water molecule

Table 4: Summary of Ligand Binding Experiments

DHFR ligand Keq kon (µM-1 s-1) koff (s-1) Kd (nM) Kd (nM), predicted

wt NADPH 1.0 20 (E1) 3 330 297
5 (E2) 70

VLI NADPH 2.1 ( 0.1 29.5( 0.9 2.8( 0.2 153( 3 142
GAL NADPH 0.9( 0.1 41( 5.7 47( 0.6 970( 30 2000
wt H2F 1.0 42 22 220 1000
VLI H 2F 9.8( 1.0 20( 0.4 0.87( 0.07 23( 2 47
wt folate 1.0 57( 5.0 35( 12 1000( 100 1230
VLI folate 9.5( 1.0 19( 1.0 3.5( 0.2 161( 6 203

Scheme 2

E–A E + A

E–BE + B

k–1

k1

k2

k–2

Table 5: Ligand Dissociation Rate Constants

koff (s-1)a

ligand enzyme species
trapping
ligand E. colib VLI GAL

NADPH E-NADPH NADP 3.5 2.8( 0.2 47( 0.6
folate E-folate H2F 3.5( 0.2
H2F E-H2F folate 22 0.87( 0.07
H4F E-H4F MTX 1.4 2.6( 0.3 86( 1
H4F E-NADPH-H4F MTX 12.0 3.5( 0.1 251( 9
H4F E-NADP-H4F MTX 1.7 2.5( 0.1 103( 4
NADP E-NADP-H4F NADPH 200 125( 5 120( 1
NADPH E-NADPH-H4F NADP 85 110( 13

aMTEN, pH 6.0.b Taken from Fierke et al. (1987).

Scheme 3

FIGURE 6: pH dependencies of the off rates of H4F from
E-NADPH-H4F and E-H4F for VLI DHFR. Data are shown as
the logarithm ofkobs vs pH for E-H4F (9) and E-NADPH-H4F
([). The pH dependence ofkcat (O) is determined by the off rate
of H4F from E-NADPH-H4F.

Scheme 4
koff

koff′

Kb H

ENH

HENH

ENH + H4F

HENH + H4F
H4F

H4F
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proximal to N5. The two rationales are kinetically indis-
tinguishable. How the holoenzyme raises the pKa of N5 from
its solution value of 2.6 to 6.5 on the enzyme is not clear.
The rate constants determined by transient binding and

pre-steady-state kinetics should predict steady-state turnover
at any ligand concentration or pH (Fierke et al., 1987). In
the case of VLI, values forkcat were determined at several
pH’s by using Scheme 5 (Figure 7). Discrepancies between
simulated and observed values ofkcat at high pH are probably
a result of the difficulty in determining the pKa governing
the hydride-transfer step. Due to poor signal to noise ratios,
data were not obtained at pH> 7.5.
A burst of product formation was not observed for GAL

DHFR under pre-steady-state conditions. The observed rate
was pH dependent, and analysis of the data by using eq 2
yielded a maximum rate of hydride transfer of 24( 2 s-1

and an intrinsic pKa of 6.4 ( 0.1 (data not shown). A
primary deuterium isotope effect of 3.0( 0.3 was observed
in experiments conducted with NADPH and repeated with
[4′(R)-2H]NADPH. These results confirm conclusions made
on the basis of steady-state data and primary deuterium
isotope effects onkcat. In particular, hydride transfer is rate
limiting for steady-state turnover at all pH’s, and the pKa

observed for kcat is in fact the intrinsic pKa of the E-NADPH-
H2F complex.

DISCUSSION

Preliminary Characterization of Mutant and Wild-Type
DHFRs. The VLII mutation results in a mildly impaired
reductase that has an apoenzyme structure that significantly
differs from that of the parent enzyme (Figure 3). However,
preincubation with substrate or coenzyme appears to induce
a catalytically competent complex. A small primary deu-
terium isotope effect at low pH suggests that hydride transfer
is still rapid and only partially rate limiting for steady-state
turnover. Despite perturbations in NADPH binding (Table
3), no evidence was obtained for branched pathways for
product release and/or substrate binding (Adams et al., 1989;
Appleman et al., 1990b). Collectively, these observations
suggest that the pathway for turnover is the same as that for
the parent enzyme (Scheme 3). Given the location of the
mutation (Figure 1) and the extent of the modifications to
the bacterial architecture (seven inserted residues and four
flanking substitutions), the kinetic and thermodynamic
properties of this mutant are remarkable.
Nevertheless, the structure of the apoenzyme is signifi-

cantly different from that of the wild-typeE. coli reductase
(Figure 3). This, in conjunction with the prolonged kinetic
hysteresis and its inability to reduce folate, precluded in-
depth kinetic analysis. One may conjecture as to how a loop
of this size might be accommodated by the bacterial
architecture. Medium-sized loops (6-10 residues in length)
can be stabilized by packing of a residue on the loop into
the protein, hydrogen bonding of inward-pointing main chain
polar groups, and/or contacts with other elements of second-
ary structure on the protein surface (Tramontano et al., 1989).
Alternatively, the inserted residues may have dictated new
boundaries for secondary structure throughout this region of
the protein, and, consequently, the vertebratesequencedoes
not necessarily exist as the vertebratesubstructurein the
mutant reductase. The latter possibility has been illustrated
in mutagenesis studies of staphylococcal nuclease and
bacteriophage T4 lysozyme (Sondek & Shortle, 1990;
Sondek & Shortle, 1992; Heinz et al., 1993).
Crystallographic data for chicken and human DHFRs and

the dynamic data described here leads us to favor the former
possibility. The crystal structure for the chicken reductase
reveals that VLII makes contact with another loop that
connectsR-helix E andâ-strand E (residues 100-110, Figure
1). It has been suggested that this contact stabilizes VLII
(Volz et al., 1982). Given the large size of this substructure
compared to bacterial loop II, contacts between VLII and
other parts of the bacterial enzyme are probable. It has been
argued that this region of the protein should have a nominal
effect on the flexibility of the molecule and catalytic

Scheme 5

FIGURE 7: pH dependence of hydride transfer and simulation of
steady-state turnover for VLI DHFR. Data are shown as the
logarithms ofkhyd (O) andkcat ([) vs pH. The dashed line is the
best fit for khyd as a function of pH using eq 2 (see text). The
heavy solid line is the simulated pH dependence ofkcat using
Scheme 5. The following rate constants were incorporated into
simulations with Scheme 5 (varying [H+]): khyd ) 500 s-1, k-hyd
) 0.06 s-1, k2 ) 5 µM-1 s-1, k-2 ) 125 s-1, k3 ) 8.5 µM-1 s-1,
k-3 ) 110 s-1, k4 ) 2 µM-1 s-1, k-4 ) 27 s-1, k4′ ) 5 µM-1 s-1,
k-4′ ) 3.5 s-1, pK1 ) 6.6, and pK2 ) 7.5. In all simulations, it
was assumed that the pKa’s of the binary and ternary substrate
complexes are the same, since a pH dependence was not detected
in theKm or Kd of H2F (Fierke et al., 1987).
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efficiency (Bystroff & Kraut, 1991). Clearly, this cannot
be the case for the apoenzyme form of the mutant, as
evidenced by its circular dichroism spectrum (Figure 3) and
hysteretic behavior. The apoenzyme structure is different
from, and catalytically less efficient than, the corresponding
structure of the wild-type bacterial DHFR. However, active
site titration of the holoenzyme with MTX demonstrated that
g90% of the protein is active. The apoprotein may be in a
stable, but partially unfolded conformation. On the basis of
the relatively small perturbations in theKd’s and the kinetics
of the holoenzyme (E-NADPH), a multiplicity of favorable
enzyme-ligand interactions may dictate a catalytically
competent and conceivably wild-type-like structure. Struc-
tural studies of the apo- and holoenzyme structures of the
mutant should prove enlightening on this point.
In contrast, the results obtained with the VLI mutant are

promising relative to the objective of conferring folate
specificity. The effect of the mutation has not produced
severe global alterations in the bacterial structure (Figure
3). The effects of the mutation are localized to the pterin
binding site and have produced a reductase with hybrid
properties. The affinity of the mutant enzyme for folate and
H2F is comparable to that of the chicken enzyme (Table 3).
Enhanced specificity for folate relative to theE. coli enzyme
is observed that is a consequence of increased affinity of
the mutant E-NADPH complex for folate (Table 2). To
date, this is the only mutation ofE. coli DHFR to result in
an increase in affinity and specificity for folate.
The GAL mutant was designed to test the validity of our

considerations in the design of VLI DHFR. In essence, we
assumed that the sequence integrity of the loop conformation
is unimportant in allowing conserved residues (Leu-54 and
Arg-57,E. coli numbering in Figure 2) to interact produc-
tively with the substrate. As evidenced by both the
thermodynamic and kinetic data, the sequence within the loop
conformation is vital for binding and catalysis. A large
primary deuterium isotope effect with [4′(R)-2H]NADPH
demonstrates that steady-state turnover is limited by hydride
transfer at all pH’s. The inability to measure an equilibrium
dissociation constant for H2F, however, suggests a reorga-
nization of the pterin binding site. However, a large
conformational change was not indicated in its CD spectrum
when compared with that of the wild-type enzyme (data not
shown).
Binding and Catalysis by GAL and VLI DHFRs. The

effect of both mutations is primarily localized to the pterin
binding site. In binary complexes, the binding energy of
VLI DHFR for H2F and folate is increased by 1.3 and 1.0
kcal/mol, respectively. For VLI DHFR, the increased affinity
is primarily due to large decreases (>25-fold) in the off rate
of both substrates and also due in part to a 5-fold decrease
in the population of low-affinity apoenzyme conformers
(represented by E2, Scheme 1). On the other hand, theKm

for H2F binding to GAL DHFR is less favorable by 3.0 kcal/
mol. By assuming that theKm is equal to theKd and the
association rate constant is unchanged (40µM-1 s-1), the
calculated off rate would be 740 s-1, a value 34 times larger
than the off rate of the wild-type reductase.
Binding of H4F to product examples and mixed ternary

complexes is affected in a similar fashion. Off rates of H4F
from E-NADPH-H4F, E-NADP-H4F, and E-H4F are
increased by 21-, 41-, and 61-fold, respectively, for GAL
DHFR compared to the parent reductase. With the loss of

binding antagonism between NADPH and H4F, a dominant
pathway for substrate binding and product release no longer
dictates steady-state turnover. For VLI DHFR and wild-
type enzyme, a pathway involving NADPH-mediated H4F
release is prominant below pH 7. The binding of H4F to E,
however, appears to improve with increasing pH, while the
opposite trend prevails for the binding of H4F to E-NADPH.
The latter pH dependency results in dissociation rates from
E-H4F and E-NADPH-H4F that are coincident with
steady-state turnover at pH’s between 5 and 7. In general,
there is close quantitative correspondence between these rate
constants and those for the wild-type enzyme.
At least two explanations may account for the unusual pH

dependence in this dissociation rate observed for the VLI
mutant. After hydride transfer, H4F may equilibrate to a
conformation on the enzyme where direct interaction with
the coenzyme is minimized. X-ray crystallographic studies
of the wild-typeE. coli reductase have postulated that binding
cooperativity observed for coenzyme and substrates, prod-
ucts, and inhibitors is largely determined by the degree of
overlap between the two binding sites (Bystroff & Kraut,
1991). For example, the major difference in the binding
geometries of the inhibitor MTX and H2F in ternary
complexes with NADPH is a 180° rotation of the pterin ring
about an axis of rotation passing through the C6-C9 bond
(Bolin et al., 1982; Bystroff et al., 1990). It has also been
inferred that the close contact of the nicotinamide and pterin
rings in the mixed ternary complex also accounts for the
negative cooperativity observed for NADPH and H4F
(Bystroff & Kraut, 1991; Reyes et al., 1995). In the case of
VLI DHFR, it is plausible that H4F equilibrates to a binding
geometry approximating that of MTX prior to dissociation
from the enzyme and that protonation is important for
mediating this conformational change. This argument is
summarized in Scheme 5, where the individually measured
rate constants predict different intrinsic pKa’s for the substrate
ternary complex and the mixed product ternary complex (E-
NH-H4F).
Secondly, it has also been suggested that several distal

ionizations cause structural perturbations that in turn alter
affinity for H4F in the mixed ternary complex (Appleman et
al., 1992). The fact that the off rate for NADPH from the
E-NADPH-H4F complex is largely unaffected in the VLI
mutant suggests that ligand cooperativity is probably more
complex than structural studies have indicated. Given the
feasibility of structural characterization of H4F analogues
bound toE. coli DHFR (Reyes et al., 1995), it should be
possible to determine the interactions that dictate the kinetics
of H4F dissociation.
The effects of the GAL mutation on binding and catalysis

are surprisingly similar to those described for a series of point
mutations at Leu-54 [Table 6; Murphy & Benkovic, 1989).
Leu-54 is a strictly conserved residue in bacterial and
vertebrate DHFRs that occurs in the loop betweenR-helix
C andâ-strand C where the glycine and alanine substitutions
and insertions were made to construct GAL DHFR (E. coli
numbering, Figure 2). When Leu-54 is mutated to isoleu-
cine, asparagine, or glycine, theKm constants for H2F increase
in the order of Leu< Ile < Asn < Gly. For the mutants,
the extremes are represented by the isoleucine and glycine
substitutions, which result in 10- and 1700-fold increases in
Kd or Km, respectively (Table 6). Unexpectedly, the activa-
tion energy for hydride transfer was increased by ap-
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proximately 2.0 kcal/mol for all mutations at this position.
As a result, the chemical step is rate limiting for steady-
state turnover at all pH’s. The GAL mutation effectively
replaces all of the polar residues in the VLI sequence with
hydrophobic residues, except Arg-60 (VLI numbering, Figure
2). One would expect substantial repacking of this otherwise
solvent-exposed region, with rather dramatic consequences
for binding and catalysis. However, GAL DHFR binds H2F
better than the L54G and L54N mutants and catalyzes
hydride transfer at a rate comparable to all of the point
mutations at this position (Table 6). In addition, the binding
of NADPH is only mildly weakened, the equilibrium between
apoenzyme conformers is still 1.0, and the intrinsic pKa of
the E-NADPH-H2F complex is unaltered. Clearly, the
structural transition between ground-state binding and transi-
tion-state stabilization is complicated. Yet in terms of
binding and catalysis, the global structure of the enzyme
appears to limit the effects of all mutations within this region
to 2-3 kcal/mol.
In the context of VLI DHFR, the roles of Leu-54 and Arg-

57 appear to be remarkably preserved. The activation energy
for hydride transfer was increased by only 0.4 kcal/mol, and
the dynamics of product release and substrate binding are
only mildly perturbed. In addition, the binding of H2F to
E-NADPH is improved by roughly 10-fold (assumingKm

) Kd).
Folate Reduction. On the basis of these results, we

considered two additional mutants of the VLI DHFR gene
on the basis of available structural and kinetic data of the
enzyme from avian or murine sources. These proteins
feature glutamate and phenylalanine substitutions at positions
-27 and-28 for key active site residues involved in the
protonation of the pterin ring and its positioning relative to
NADPH in the avian enzyme. Neither D27E/VLI nor D27E/
L28F/VLI DHFR catalyzed the reduction of folate as well
as wild-typeE. coli DHFR (data not shown), and in both
cases, specificity for H2F was affected. It is interesting to
note that specificity for H2F was largely preserved in D27E/
VLI DHFR as compared to the D27E mutation alone (Table
6). The VLI mutation appears to alter the active site
dimensions to accommodate the role of the larger acidic
residue in ground-state binding and most likely hydride
transfer.
In view of the results obtained from VLI DHFR and its

derivatives, it seems likely that several nonconserved features
of the bacterial and vertebrate structures determine the

differential specificity displayed by three reductases for
folate. Perhaps the inability of the bacterial enzyme to
protonate N8 of folate is repsonsible for the difference in
specificity observed forE. coli and chicken DHFRs (Reyes
et al., 1995). It may be necessary to incorporate several
combinations of the nonconserved regions of the vertebrate
reductase into the bacterial architecture to alter substrate
specificity (Figure 1). In addition to loop and turn substruc-
tures, helix exchange may be required as well (Li &
Benkovic, 1991). Of course, the exchange of structural
elements is certainly complicated by determining how much
of the vertebrate substrate to incorporate into the bacterial
enzyme such that structural initiation and termination motifs
are preserved. Given the complexity of the problem and
the labor involved in constructing and characterizing each
mutant, a screening or selection strategy must be developed
to facilitate characterization (Howell et al., 1986; Hermes et
al., 1987; Fetrow et al., 1989; Oliphant & Struhl, 1989;
McCafferty et al., 1990; Barbas et al., 1991; Kang et al.,
1991; Poole et al., 1991; Hoogenboom et al., 1992).
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