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ABSTRACT: The enzyme nitroreductase, NfsB, from Escherichia coli has entered clinical trials for cancer gene
therapy with the prodrug CB1954 [5-(aziridin-1-yl)-2,4-dinitrobenzamide]. However, CB1954 is a poor
substrate for the enzyme. Previously we made several NfsB mutants that show better activity with CB1954 in a
cell-killing assay in E. coli. Here we compare the kinetic parameters of wild-type NfsB with CB1954 to those of
the most active single, double, and triple mutants isolated to date. For wild-type NfsB the global kinetic
parameters for both k., and K,,, for CB1954 are about 20-fold higher than previously estimated; however, the
measured specificity constant, ke,/ Ky, is the same. All of the mutants are more active with CB1954 than the
wild-type enzyme, the most active mutant showing about 100-fold improved specificity constant with CB1954
over the wild-type protein with little effect on k,,. This enhancement in specificity constants for the mutants is
not seen with the antibiotic nitrofurazone as substrate, leading to reversed nitroaromatic substrate selectivity
for the double and triple mutants. However, similar enhancements in specificity constants are found with the
quinone menadione. Stopped-flow kinetic studies suggest that the rate-determining step of the reaction is
likely to be the release of products. The most active mutant is also selective for the 4-nitro group of CB1954,
rather than the 2-nitro group, giving the more cytotoxic reduction product. The double and triple mutants

should be much more effective enzymes for use with CB1954 in prodrug-activation gene therapy.

Nitroreductases are NAD(P)H-dependent flavoproteins
found in many bacteria that catalyze the reduction of a wide
range of aromatic nitro compounds (Scheme 1; reviewed in ref /).
They have been proposed for use in bioremediation of toxic
products from industrial processes such as manufacture of
explosives, for biocatalysis for synthesis of dyestuffs and pesti-
cides, and for cell ablation. The NfsB enzyme from Escherichia
coli has been in clinical trials for use in cancer gene therapy in
combination with the prodrug CB1954' [5-(aziridin-1-yl)-2,4-
dinitrobenzamide] (2, 3). NfsB catalyzes the reduction of either
(but not both) of the two nitro groups of CB1954 in equal
proportions to the corresponding hydroxylamine derivatives.
The 4-hydroxylamine derivative of the prodrug is further acti-
vated in vivo and generates interstrand DNA cross-links (4).
These cross-links are poorly repaired and cause cell death in both
dividing and nondividing cells. Human cells are normally resis-
tant to the prodrug, but expression of nitroreductase from an
introduced gene can increase their sensitivity to CB1954 by over
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1000-fold (5). This forms the basis of a gene-directed enzyme
prodrug therapy (GDEPT) approach to cancer gene therapy (6, 7).
The cell cycle independent action of the NfsB/CB1954 combina-
tion may have advantages over other enzyme/prodrug systems for
cancer gene therapy such as thymidine kinase/ganciclovir and
cytosine deaminase/S-fluorocytosine that target only dividing
cells (8).

One limiting factor in the use of the NfsB/ CB1954 combina-
tion is the low affinity of nitroreductase for the prodrug substrate
and the low reaction rate (9, 10). The enzyme has a broad
substrate range and is ~10-fold more reactive with the antibiotic
nitrofurazone (Scheme 1C) and ~100-fold more reactive with the
quinone, menadione (Scheme 1D). The natural substrate is
unknown, but expression of NfsB is induced by oxidative stress,
suggesting it may be involved in detoxification reactions (/7). In
previous work we made a series of single mutations around the
active site of NfsB, based on our crystal structure of the
protein (/2), and assayed the mutants in vivo for killing bacterial
cells in the presence of CB1954 (10). We found that a number of
these mutations increase the activity of the enzyme for the
prodrug, the most active being F124N, where at residue 124
phenylalanine is replaced by asparagine. In a previous paper we
showed that purified enzymes with single mutations at six
different positions are also more active in vitro and show
enhanced selectivity for CB1954 over nitrofurazone (/3). We
also showed that a double mutant, N71S/F124K combines the
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activities of two single mutations and is more active than F124N
in vitro. This led us to combine several other favorable single
mutations to give a series of double mutants, which we have
tested in a bacterial cell assay (M. Jaberipour and P. F. Searle,
submitted). The most active of these double mutants is T41L/
N71S. More recently, we have used a phage selection system to
select NfsB mutants that induce the SOS response in bacteria
when challenged with low concentrations of CB1954 (/4). This
enabled us to select mutants from a large 1 bacteriophage library
containing combinations of up to three mutations. We found
several mutants that are more active than F124N in this assay, the
most active being the triple mutant T41Q/N71S/F124T (14).
Figure 1 shows the structure of the active site of the wild-type
protein complexed to the inhibitor nicotinic acid (/2) and the
positions of the mutations studied. In this paper we present a full
steady-state and stopped-flow kinetic characterization of the
reduction of CB1954 and nitrofurazone by our most active
single, double, and triple mutants and compare this with wild-
type NfsB. Our most active enzyme shows ~100-fold greater
specificity constant with CB1954 but similar activity with nitro-
furazone to the wild-type enzyme, leading to a reversal in
substrate preference between the two nitroaromatic substrates.
This mutant is also regioselective for the 4-nitro group of
CB1954, thus generating the more cytotoxic product.

EXPERIMENTAL PROCEDURES

Protein Preparation. Wild-type NfsB was expressed from E.
coli BL21(ADE3) transformed with a pET11c plasmid derivative
containing the nfsB gene, as described previously (/2). The
mutant proteins were expressed from E. coli UT5600 (nfsB™)
lysogens containing single copies of the 4 prophage vector
A JG3J1 carrying the nfsB gene, generated as described pre-
viously (/0). Construction of the F124N mutation (/0) and the
triple T41Q/N71S/F124T mutation (/4) was described pre-
viously. The double mutant T41L/N71S was made by combina-
tion of the two single mutations, using overlapping PCR frag-
ments, analogously to the N71S/F124K enzyme described pre-
viously (13). The proteins were purified using chromatography
on phenyl-Sepharose and Q-Sepharose columns as described
previously (9, /2) and were >90% pure based on Coomasie-
stained gels. Protein concentrations were determined by Bradford
assays, calibrated against bovine serum albumin (/5), or by using
a molar absorbance of 43000 M 'em™! at 280 nm, estimated
from its amino acid composition and FMN content (/6). To
check that the purified proteins were saturated with FMN, the
ratio of absorbance at 280 nm to that at 454 nm was measured.

Steady-State Kinetic Studies. All steady-state enzyme
kinetics experiments were monitored spectrophotometrically as
described previously (/7). Reactions were performed in 10 mM
Tris-HCI, pH 7.0, and 4.5% DMSO at 25 °C, and initiated
by addition of a small volume of enzyme (final concentration
~10nM). All substrates were dissolved in 90% DMSO and 10%
100 mM Tris-HCI, pH 7.0. Substrate concentration ranges were
0—1 mM NADH, 0—4.5 mM CB1954, 0—2.5 mM NFZ, and
0—1.6 mM menadione, estimated either from their molar absor-
bances (€420 = 6220 M~ cm™' for NADH (18), €357 = 11600
M~ em ™! for CB1954 (19), £400=12960 M~ cm ™" for NFZ (20))
or by weight.

For CB1954, the initial rate of formation of the 2- and 4-
hydroxylamine reduction products was monitored at 420 nm. At
this wavelength both reduction products have the same molar
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Scheme 1: Reactions Catalyzed by NfsB and Some of Its
Substrates: (A) Reduction of Nitro Groups to Hydroxylamines,
(B) the Substituted Enzyme Mechanism, (C) Structure of
CB1954 (Left) and Nitrofurazone (Right), and (D) Reduction
of Menadione
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absorbance (1200 M~ cm™"). For nitrofurazone, the initial rate
of disappearance of nitrofurazone was monitored, either at
420 nm, using Aego = 4300 M~ em ™!, or at 440 nm, using
Agaso = 880 M~' ecm™!. To monitor menadione reduction, a
coupled reaction was used. The assay mixture contained 100 uM
cytochrome c, in addition to the other reagents, and the reduction
of cytochrome ¢ by the reduced menadione was measured using
A €550nm =21100 M~" cm ™", This enhanced the sensitivity of the
assay and allowed measurements at low menadione concentra-
tions without substrate depletion. The rates obtained were
divided by 2 as menadione reduces 2 equiv of cytochrome c.
Control reactions showed that, under these conditions, the rates
measured in the presence of cytochrome ¢ were the same as in its
absence.

Analysis of kinetic data was performed using nonlinear
regression with equal weighting of the points using Sigmaplot
(SPSS, U.K.). In all cases, initial rates were measured with one
substrate held at a fixed concentration and varying the other
substrate, A. These rates v; were fitted to a simple Michaelis—
Menten equation:

Vi kcatapp [A]

[E] - Kinaapp+[A] M

where [E] is the concentration of enzyme, [A] is the concentration
of the variable substrate, kcapp 1S the apparent ey, and Kipaapp
is the apparent K, for substrate A at that concentration of
substrate B.

NfsB follows a bi-bi substituted enzyme mechanism
(Scheme 1B) where the bound FMN cofactor is initially
reduced by NAD(P)H, releasing NAD(P)*, and then the reduced
enzyme reacts with the nitroaromatic or quinone substrate. (9, 17,
21). To obtain the global kinetic parameters, kinetic measure-
ments were taken over a range of concentrations of each substrate
and fitted to eq 2, which describes the overall “ping-pong”
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FIGURE 1: Stereo representation of the structure of the active site of wild-type nitroreductase NfsB in complex with nicotinic acid(/2) and the
positions of the mutations in this study. The backbone of the enzyme is shown as a ribbon with the two subunits of the enzyme in red and blue,
respectively. The FMN cofactor, nicotinic acid (NIC), and side chains of F124, T41, and N71 are shown as ball and sticks. The enzyme is a
homodimer; both active sites are equivalent and contain residues from each subunit. The figure was prepared using PovRay and Molscript (32).

reaction (22):
i _ kcat [A] [B] (2)
[E] KmA [B] +KmB [A} + [A] [B]

where k., Kna, and K,p are the values for the Michaelis
constants of each substrate when the other substrate is at infinite
concentration. For a bi-bi substituted enzyme reaction, k., and
K., each contain kinetic terms from both oxidative and reductive
halves of the reaction; however, k../K is independent of the
second substrate and only contains kinetic terms from one-half of
the reaction.

Stopped-Flow Kinetic Measurements. Wild-type and mu-
tant enzymes were passed over a G10 column to remove excess
FMN and to exchange the buffer into 10 mM Tris-HCI, pH 7.0,
and 5% DMSO and diluted to ~40 uM. They were reduced in an
anaerobic chamber by addition of dithionite, monitoring the
absorbance of the enzyme-bound FMN cofactor at 454 nm, until
the solutions were almost colorless. Equal volumes of reduced
enzyme and either CB1954 or nitrofurazone (100 uM—2 mM)
were mixed in an Applied Photophysics stopped-flow spectro-
photometer (SX.17MV) at 25 °C, in an anaerobic cabinet, and
the reactions monitored at 454 nm to observe the reoxidation of
the bound FMN in a single turnover experiment. If the substrate
is at a much higher concentration than the enzyme, this reaction
is pseudo-first-order. The absorbance (4) of the enzyme-bound
FMN cofactor with time was fitted to a single exponential to
obtain a pseudo-first-order rate constant for the reductive half-
reaction:

A=4y+Ce™ (3)

where A is the initial absorbance after mixing, C'is the amplitude
of the reaction, k is the rate constant, and ¢ is the time after
mixing. The rate constants were plotted against substrate con-
centration and fitted either to a straight line or to a hyperbola (eq
1). The latter is analogous to the Michaelis—Menten equation for
this half-reaction alone (23).

Analysis of CB1954 Reaction Regiospecificity. A reac-
tion mixture containing 200 uM CB1954, 1 mM NADH, and
1 uM NfsB in 10 mM Tris-HCI, pH 7.0, and 4.5% DMSO was
incubated for 5 min. The products from 20 uL of reaction were
separated by semipreparative reverse-phase HPLC, using a
Technicol C18 reverse-phase column (50 x 220 mm) with a
5—50% acetonitrile gradient over 25 min. All reactants were kept

anaerobic by degassing of solutions prior to reaction and
sparging with helium during incubation of the reaction mixture
and separation. Products were identified by their absorbance
measured simultaneously at four different wavelengths (246, 260,
310, and 397 nm), each at or close to absorbance maxima for one
or more product. The amount of 2- and 4-hydroxylamine pro-
duct isolated using this system was determined using &,gonm =
7880 M~! em™! for the 4-hydroxylamine and &ygn, = 5420
M~ em ™! for the 2-hydroxylamine (24).

RESULTS

Steady-State Data. We have previously isolated mutants of
NfsB that enhance the sensitivity of E. coli cells to CB1954. To
examine the molecular effects of these mutations, we have here
purified the most active single, double, and triple mutants as well
as the wild-type enzyme and determined their steady-state kinetic
parameters with CB1954. Figure 2a shows the rates of reduction
of different concentrations of CB1954 in the presence of 500 uM
NADH by the selected enzymes. All of the data have been fitted
to the simple Michaelis—Menten equation (eq 1). At this con-
centration of NADH both the wild-type enzyme and the F124N
single mutant show very high apparent K, values for CB1954.
For these enzymes, it is only possible to obtain the initial, almost
linear, part of the Michaelis—Menten curve, due to the limited
solubility of CB1954. This gives a good estimate of the specificity
constant, k., /K., for these enzymes but poor estimates of
apparent kg, or apparent K, individually. The triple mutant
(T41Q/N71S/F124T) shows a full Michaelis—Menten curve, with
a much lower apparent K, and higher apparent k., than the
wild-type protein, while the double mutant (T41L/N71S) has the
lowest apparent Ky, for CB1954 and a slightly lower apparent k.,
than the triple mutant.

To determine the full kinetic parameters for CB1954 reduction,
the steady-state kinetic experiments were repeated at a series of
NADH and CB1954 concentrations. Figure 2b shows a 3D plot
of all the kinetic data for reduction of CB1954 by the triple
mutant fitted to the full equation for a bi-bi substituted enzyme
reaction mechanism (eq 2). This allows the estimation of the
values for kca, Kincpioss, and Kynapy at saturation by each
substrate (Table 1). Because the K, values for CB1954 for the
wild-type and F124N mutant are much higher than the concen-
tration of prodrug achievable in solution, the kinetic parameters
for these enzymes are defined less precisely than for the double
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FIGURE 2: Steady-state kinetic data of the nitroreductase-catalyzed
reduction of (a, b) CB1954 and (c) nitrofurazone by NADH. (a) Plots
of initial rate (v;/[E]) vs CB1954 concentration at 500 uM NADH for
wild-type NfsB (black circles, solid lines), F124N (white circles,
dotted lines), T41L/N71S (black triangles, dashed lines), and
T41Q/N71S/F124T (white triangles, dotted and dashed lines). The
symbols show the data while the lines show the fits toeq 1. (b) 3D plot
of initial rate v;/[E] vs CB1954 and NADH concentrations for the
triple mutant. The symbols show the data, while the mesh shows the
fit to eq 2 using the parameters in Table 1. (c) Plots of initial rate
(vi/[E]) vs nitrofurazone concentration at 200 uM NADH for wild-
type and mutant nitroreductase enzymes, labeled as in panel a.

and triple mutant. However, the specificity constant, k.,/Kp,, for
CB1954 is well-defined for all of the enzymes. The specificity
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constant for CB1954 for the F124N mutant is about 4-fold higher
than that for the wild-type enzyme, in agreement with our
previous study at a single NADH concentration (/3). The triple
mutant shows a specificity constant about 40-fold higher than the
wild-type protein while the double mutant has the highest
specificity constant, 100-fold higher than the wild-type enzyme.
While the specificity constant of each of the mutants for CB1954
varies widely, the estimated k., for all of the proteins differ at
most by a factor of 2.

To examine the substrate specificity of the enzymes, similar
steady-state kinetic experiments were done with nitrofurazone as
the substrate, instead of CB1954. Figure 2¢ shows the data at
200 uM NADH. In contrast to CB1954, the specificity constants
for the triple mutant and F124 enzymes with nitrofurazone are
similar to that for the wild-type enzyme, while that for the double
mutant is only 2-fold higher than that of the wild type. The global
parameters obtained for the reduction of nitrofurazone (Table 2)
suggest that for F124N and the triple mutant both k., and K, are
about half of those for the wild-type enzyme, leading to similar
specificity constants for all three enzymes. For T41L/N71S the
Ky, for nitrofurazone is approximately 7-fold lower than for the
wild-type enzyme; however the k., is also lower, so overall the
specificity constant is only a factor of 2 higher.

For menadione, kinetic assays were measured solely at 500 uM
NADH in order to determine the specificity constants (Table 3,
Supporting Information Figure 1). For this reaction, F124N and
the triple mutant have specificity constants ~4-fold and ~27-fold
higher than the wild-type enzyme, respectively, with small effects
on k¢,. The double mutant again has lower apparent k., than the
wild type, but an extremely low apparent K, leading to a
specificity constant for this enzyme ~30-fold higher than the
wild-type enzyme.

Stopped-Flow Kinetics. Nitroreductase shows bi-bi substi-
tuted enzyme kinetics, whereby the flavin cofactor (which is
tightly bound to the enzyme) is initially reduced by NAD(P)H
and, in a second step, the nitroaromatic substrate is reduced
(Scheme 1B) (9, 17, 21). To elucidate further the effect of the
mutations, stopped-flow kinetic measurements were taken of the
reduction of CB1954 by reduced enzymes. The FMN cofactor
bound to wild-type and mutant enzymes was reduced in an
anaerobic chamber by addition of dithionite, followed by re-
moval of the excess dithionite using a gel filtration column. The
enzymes were then reacted with differing concentrations of
CB1954 and the reactions monitored by observing the oxidation
of the bound cofactor, using a stopped-flow spectrophotometer.
As expected, the reactions showed pseudo-first-order kinetics
(Supporting Information Figure 2). Figure 3a shows the plots of
the first-order rate constants as a function of CB1954 concentra-
tion for the wild-type enzyme and the different mutants. For all of
the enzymes the plots show only the initial, almost linear part, of
the expected hyperbola, showing that these concentrations are
well below saturation of the enzyme by CB1954. For the wild-
type protein and the F124N protein, it was not possible to
increase the CB1954 concentration due to its insolubility. In
contrast, for the double and triple mutants it was not possible to
obtain data at higher CB1954 concentrations as the reaction was
nearly complete in the dead time of the instrument. Hence for all
of the enzymes it is only possible to obtain the initial slopes of the
plots, giving the second-order rate constant k;/Ky for this step,
not the individual values of the maximum rate constant for the
reduction of CB1954 (k) nor its dissociation constant, Ky. The
second-order rate constants obtained from this plot for all of
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Table 1: Kinetic Parameters for Reduction of CB1954 by Wild-Type and Mutant NfsB*

protein ket (571 Kincrigsa (uM) kea/Kmcpioss (uM ™' s7") Knnaph (uM) keai/Kunapn M ™'s7")
wild type 140 £ 32 17200 + 4800 0.007 +0.0006 40+ 12 346+0.6
F124N 95+ 7 3080 465 0.031+0.006 5547 1.73+0.018
T41L/N71S 1538 216+ 33 0.71+0.08 253 +41 0.624+0.08
T41Q/N71S/F124T 181 £7 569 +45 0.318 £0.016 136 £ 12 1.33+£0.077

“Initial rates were monitored at 420 nm at a series of CB1954 and NADH concentrations and fitted to the full Michaelis—Menten equation for a bi-bi
substituted enzyme mechanism (eq 2) using nonlinear regression in Sigma Plot, with equal weighting of points. Errors shown are those for the fits to the
equation.

Table 2: Kinetic Parameters for Reduction of Nitrofurazone by Wild-Type and Mutant NfsB*

protein kcal (S_l) KmNFZ (/'{M) kcal/KmNFZ (ﬂM_I S_I) KmNADH (MM) kcal/KmNADH (‘MM_I S_l)
wild type” 225434 1850 =400 0.15£0.02 350 £75 0.64 £0.17
F124N 110£12 972 £208 0.114£0.01 315£59 0.35£0.05
T41L/N71S 10338 237439 0.38£0.03 343451 0.30£0.03
T41Q/N71S/F124T 142 £21 1040 £ 261 0.137£0.02 347+£96 0.41£0.07

“Initial rates were monitored at 420 or 440 nm at a series of nitrofurazone and NADH concentrations and fitted to the full Michaelis—Menten equation for a
bi-bi substituted enzyme mechanism (eq 2) using nonlinear regression in Sigma Plot, with equal weighting of points. Errors shown are those for the fits to the

equation. ” From Race et al. (17).

Table 3: Kinetic Parameters for Reduction of Menadione by Wild-Type
and Mutant NfsB at 500 uM NADH*

protein kcatapp (Sil) Kmapp (#M) kcal/Km (‘qul Sil)
wild type 103+3 150+15 0.69+0.05
F124N 73.7£5.0 243463 3.0+ 0.6
T41L/N71S 42.5+2.4 20+04 21.0£3.7
T41Q/N7IS/F124T 13846 73414 18.843

“Initial rates were monitored at 550 nm, via the coupled reduction of
cytochrome ¢, at a series of menadione concentrations and fitted to the
simple Michaelis—Menten equation (eq 1) using nonlinear regression in
Sigma Plot, with equal weighting of points. Errors shown are those for the
fits to the equation.

the enzymes are given in Table 4. As expected, the effects of the
mutations on kj/Ky are similar to those on the steady-state
specificity constants, k.,/Ky. For a simple substituted enzyme
reaction these parameters contain the same elementary rate
constants. The double mutant is about twice as active as
the triple mutant, and both of these are much more active than
the single mutant and the wild-type protein.

Similar stopped-flow experiments were also done with nitro-
furazone as the substrate for the reduced enzyme. Again, linear
plots of first-order rate constant vs nitrofurazone concentration
were obtained (Figure 3b), but the second-order rate constants of
the mutants vary much less than those for CB1954. The F124N
mutant shows ~2-fold lower activity than the wild-type protein
while the double mutant shows ~2-fold enhanced activity over
the wild type and triple mutant (Table 4). For menadione as
substrate with the wild-type enzyme, the reaction was complete
within the dead time of the instrument, and so the rate constants
could not be measured.

Regiospecificity of Reaction with CB1954. The lack of
selectivity of NfsB for the two nitro groups of CB1954 results in
only 50% yield of the more cytotoxic 4-hydroxylamine product,
with 50% of the 2-hydroxylamine derivative. In our studies of
single mutants we have shown that while most mutants show a
similar lack of selectivity as the wild type, the T41L mutant tips
the product ratio 3:1 in favor of the more cytotoxic deriva-
tive (13). To determine the selectivity of the double and triple

mutants in this study, the products of CB1954 reduction were
separated by HPLC and monitored at four different wavelengths
to determine their identity. Figure 4 shows the HPLC traces of
the reaction products of the wild-type enzyme and the T41L/
N71S mutant with CB1954. For the double mutant, the pre-
dominant product was the 4-hydroxylamine, with negligible
amounts of the 2-hydroxylamine; however, the triple mutant
T41Q/N71S/F124T showed no selectivity for either of the two
nitro groups (data not shown).

DISCUSSION

We have examined the kinetics of wild-type NfsB and three
NfsB mutants with CB1954, nitrofurazone, and menadione. For
the wild-type protein, our estimates of the global k., and K, for
CBI1954 are about 20-fold higher than those reported by
Anlezark et al. (9). However, the specificity constant, ke,i/Kp,
which is the key parameter determining the rate of reaction at
low substrate concentrations, agrees with that determined
previously (9). We previously found a similar (approximately
20-fold) discrepancy between the global kinetic values of the
Michaelis constants for nitrofurazone for the wild-type enzyme
determined by Anlezark, using a stopped assay, and by our
group, using a continuous spectroscopic method (17). We
attribute the differences between the estimates as due to substrate
depletion at the high enzyme concentrations and long times used
in the stopped assays. The low specificity constant for CB1954
found in both studies shows that the prodrug is a poor substrate
for the wild-type enzyme. The ~4-fold increased specificity
constant of the F124N mutant for CB1954 over the wild-type
enzyme is in agreement with our previous study at 60 uM
NADH (/3). By determining the global kinetic parameters, we
show here that there is little difference in k., for CB1954 between
the two enzymes. This study further shows that the double and
triple mutants isolated have much greater increases (50—100-
fold) in specificity constant for CB1954 over the wild-type NfsB,
again with little effect in k., for the prodrug.

In contrast, there is much less variation in specificity constants
between the wild-type enzyme and the mutants with the antibiotic
nitrofurazone, the greatest effect being an ~2-fold increase for
the double mutant. This leads to reversed substrate selectivity in
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the most active mutants. Whereas the wild-type enzyme has a
20-fold higher specificity constant for nitrofurazone than
CBI1954, the double and triple mutants have ~2-fold greater
specificity constant for CB1954, the triple mutant showing
slightly greater selectivity than the double mutant (Table 4). As
in our study of the single mutants, we attribute this difference in
the effects of the mutations to the different steric requirements of
the two nitroaromatic substrates. CB1954 is a six-membered ring
with four side chains around it, and so steric effects at the active
site of the enzyme may affect binding of this substrate more than
that of nitrofurazone, a five-membered ring with a single, long
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FI1GURE 3: Stopped-flow kinetic assays of the reduction of CB1954
and nitrofurazone by reduced wild-type and mutant nitroreductase
enzymes. (a) Plots of the apparent first-order rate constants vs
CB1954 concentration for wild-type and mutant enzymes: wild-type
NfsB (black circles, solid lines), F124N (white circles, dotted lines),
T41L/N71S (black triangles, dashed lines), and T41Q/N71S/F124T
(white triangles, dotted and dashed lines). Symbols show the mea-
sured rates with lines showing the fits, either to a straight line or to eq
1. (b) Plots of the apparent first-order rate constants vs nitrofurazone
concentration for wild-type and mutant enzymes, labeled as in (a).
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side chain. This interpretation is supported by the effect of the
mutations on the reduction of menadione. Menadione contains
two fused 6-membered rings, and the mutations affect the
specificity constants for reduction of this substrate in a similar
way, but to a slightly lesser extent, to their effect on CB1954.
The effects of the mutations seen in the steady-state measure-
ments of specificity constants k,/K, are mirrored in the
stopped-flow measurements of the second-order rate constant,
k1/Ky, confirming the effects. In addition, the isolation of the
reduced enzyme and its reactivity with the substrates in the
stopped-flow assays prove conclusively that the reaction goes via
a substituted enzyme mechanism, as expected from steady-state
kinetic measurements (9, 17, 21). Although we obtained estimates
of the second-order rate constant, we were not able to measure
the dissociation constants Ky for CB1954 or nitrofurazone, nor
the rate constants for reduction of these substrates at saturation.
However, the highest rates of FMN oxidation observed in the
stopped-flow assays for the double and triple mutants for
CB1954 (350—550 s~ ") and for the double mutant with nitrofura-
zone (500 s~") are much higher than the global steady-state rate
constants for the reactions (100—200 s~'). This shows that the
steady-state rates for these reactions are determined by a step
other than the chemical reduction observed in the stopped-flow
reaction. For wild-type enzyme we have also measured the rate of
reduction of FMN by NADH. Here again, the maximum rate
measured was limited by the dead time of the stopped-flow
instrument (> 500 s~'), much faster than the steady-state rate of
the reactions (data not shown). Interestingly, the global steady-
state rate constants for all four enzymes with both CB1954 and
nitrofurazone are similar. We suggest that for all of the reactions
the rate is likely to be limited by product release (either NAD™ or
nitroso aromatic) occurring at the global steady-state rate mea-
sured, ~150 s, for all of the enzymes. This rate may be limited
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FiGure 4: HPLC chromatogram of the reaction products of nitro-
reductase with CB1954 and NADH monitored at 246 nm. Main trace:
Products and reactants from reaction with the wild-type enzyme.
Inset: Comparison of products following incubation with wild-type
NfsB (upper trace) and the T41L/N71S enzyme (lower trace).

Table 4: Apparent Second-Order Rate Constants (k/Ky) for the Reoxidation of Wild-Type and Mutant Nitroreductase Enzymes with CB1954 or

Nitrofurazone®
protein ky/Kq for CB1954 (a) uM ' s™")  ky/Kq for nitrofurazone (b) (M ~'s™")  selectivity for CB1945 over nitrofurazone, ratio a/b
wild type 0.029 4+ 0.001 0.38+0.06 0.076
F124N 0.108 £ 0.002 0.16540.007 0.65
T41L/N71S 1.6+0.1 0.9+0.1 1.77
T41Q/N71S/F124T 0.76 +0.02 0.39+0.04 1.95

“The first-order rate constants were fitted either to a linear equation or to a hyperbola (eq1) using nonlinear regression in Sigma Plot, with equal weighting of

the points. Errors shown are those for the fits to the equations.
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by a conformational change as seen in a number of enzymes
including E. coli dihydrofolate reductase (reviewed in ref 25).

The effects of the mutations are unlikely to be due to
conformational changes as, in our previous study, we showed
that the single mutations T41L, F124N, and F124K affect the
protein primarily only at the mutated amino acid, with
minimal changes elsewhere. The N71S mutation replaces a
direct hydrogen bond from the asparagine side chain to the
FMN cofactor by one from a solvent water molecule, hydro-
gen bonded to the serine, while the double mutant N71S/
F124K combines the structural changes seen for each of the
single mutations (/3). The effects of the mutations are there-
fore likely to be either steric or due to changes in polarity at the
active site. In addition to its enhanced activity with CB1954,
the T41L/N71S mutant, like the T41L mutant (/3), shows
greater regioselectivity for the 4-nitro group of the substrate.
This regioselectivity is not seen for the T41Q/N71S/F124T
triple mutant, suggesting that this discrimination is likely to be
due to the hydrophobicity of the leucine side chain at position
41. A recent computational study suggests that the mechanism
of reduction of CB1954 by NfsB is by electron transfer from
FMN to the nitroaromatic ring, followed by protonation from
solvent (26). This implies that the product distribution de-
pends on the solvent accessibility of the two nitro groups. In
addition, the backbone NH group of T41 may hydrogen bond
to the amide group of CB1954. In the T41L mutants the
backbone NH remains; however, the leucine side chain could
either affect the orientation of CB1954 or, alternatively, affect
the solvent distribution at the active site of the enzyme so
changing protonation of the product.

The 50—100-fold enhancement in specificity constant for
the prodrug CB1954, seen with the double and triple mutants
in this study, contrasts with mutational experiments optimiz-
ing thymidine kinase or cytosine deaminase for their pro-
drugs (27, 28). For these enzymes the mutants selected had
reductions of 20—200-fold in specificity constant for their
natural substrates, thymine and cytosine, respectively, with
little improvement (maximum 2—5-fold) in the specificity
constants for the prodrugs. The major effect of these muta-
tions is therefore to reduce competition from the natural
substrates in vivo. In this study, the increase in specificity
constant for CB1954 of the double and triple mutants makes
these mutants much more effective catalysts for reduction of
the prodrug.

As the concentration of CB1954 achievable in patients is
very low (~10 uM) (29), much lower than its Ky, the rate of
reaction should be proportional to the specificity constant of
the enzyme. Hence the double and triple mutant enzymes
should be much more reactive than wild-type NfsB, in vivo.
While the 4-hydroxylamine derivative of CB1954 is more
cytotoxic than the 2-hydroxylamine product (30), the latter
shows a greater bystander effect, killing neighboring cells that
do not express the enzyme (31). This is important for GDEPT
as not all tumor cells will be infected with the viral vector
containing the gene for the prodrug-activating enzyme. There-
fore, both of these mutant enzymes are of potential interest for
GDEPT with CB1954 while the double mutant may be of
interest for selective cell ablation.
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SUPPORTING INFORMATION AVAILABLE

Two figures showing (1) the steady-state kinetic data of the
rate of reaction vs menadione concentration at 500 uM NADH
by the four nitroreductase enzymes and (2) the stopped-flow
kinetic data of absorbance of bound FMN vs time at different
concentrations of CB1954 for reduced F124N nitroreductase.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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