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ABSTRACT: N-Formimino-L-glutamate iminohydrolase (HutF) fromPseudomonas aeruginosacatalyzes
the deimination ofN-formimino-L-glutamate in the histidine degradation pathway. An amino acid sequence
alignment between HutF and members of the amidohydrolase superfamily containing mononuclear metal
centers indicated that residues Glu-235, His-269, and Asp-320 are involved in substrate binding and
activation of the nucleophilic water molecule. The purified enzyme contained up to one equivalent of
zinc. The metal was removed by dialysis against the metal chelator dipicolinate with the complete loss of
catalytic activity. Enzymatic activity was restored by incubation of the apoprotein with Zn2+, Cd2+, Ni2+,
or Cu2+. The mutation of Glu-235, His-269, or Asp-320 resulted in the diminution of catalytic activity by
two to six orders of magnitude. Bell-shaped profiles were observed forkcat andkcat/Km as a function of
pH. The pKa of the group that must be unprotonated for catalytic activity was consistent with the ionization
of His-269. This residue is proposed to function as a general base in the abstraction of a proton from the
metal-bound water molecule. In the proposed catalytic mechanism, the reaction is initiated by the abstraction
of a proton from the metal-bound water molecule by the side chain imidazole of His-269 to generate a
tetrahedral intermediate of the substrate. The collapse of the tetrahedral intermediate commences with the
abstraction of a second proton via the side chain carboxylate of Asp-320. The C-N bond of the substrate
is subsequently cleaved with proton transfer from His-269 to form ammonia and theN-formyl product.
The postulated role of the invariant Glu-235 is to ion pair with the positively charged formimino group
of the substrate.

N-Formimino-L-glutamate iminohydrolase (HutF) cata-
lyzes the formation of ammonia andN-formyl-L-glutamate
from N-formimino-L-glutamate (1) as shown in Scheme 1.
This reaction sequence is the penultimate step in one of the
three known pathways for the degradation ofL-histidine to
L-glutamate (1). In one of the bacterial catabolic pathways,
L-histidine is initially converted to urocanate and ammonia
by histidine ammonia-lyase (HutH1). Urocanase (HutU) then
transforms urocanate toL-5-imidazolone-4-propionate, which
is subsequently hydrolyzed toN-formimino-L-glutamate by
imidazolone propionate amidohydrolase (HutI). HutF cata-
lyzes the formation ofN-formyl-L-glutamate, which is then
hydrolyzed by HutG to generate formate andL-glutamate.
In Pseudomonas aeruginosawe have demonstrated that
Pa5106 (gi: 15600299) is HutF and that Pa5091 is HutG
(2). P. aeruginosacan also hydrolyzeN-formimino-L-
glutamate directly toL-glutamate and formamide by the
action of Pa3175 (2).

HutF has been identified as a member of the amidohy-
drolase superfamily (AHS). This superfamily was first
recognized from the three-dimensional structural similarities
found within the active sites and protein folds of urease
(URE), phosphotriesterase (PTE), and adenosine deaminase
(ADA) (3). Members of this functionally diverse superfamily
are found in every organism sequenced to date (4, 5) and
are characterized by a mono- or binuclear metal center
embedded within theC-terminal end of a (â/R)8 barrel
structural fold (3). HutF most closely resembles the se-
quences possessed by enzymes that catalyze the deamination
of the heterocyclic base, cytosine (2), and the herbicide,
atrazine (3). The structural similarity within these three
substrates is shown in Scheme 2.

Relatively little is known about the reaction mechanism
for the deimination ofN-formimino-L-glutamate by HutF.
Based upon the sequence alignment of HutF with the two
most closely structurally characterized analogues, it is
anticipated that this enzyme will possess a mononuclear
metal center in the active site. The single divalent cation
will be ligated to His-56 and His-58 from the end ofâ-strand
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1, His-232 fromâ-strand 5, and Asp-320 fromâ-strand 8.
A water molecule will function as the fifth ligand to the lone
divalent cation. This water molecule will be hydrogen bonded
to His-269 from the end of strand 6 and to the carboxylate
of Asp-320 that also interacts with the divalent cation. The
remaining invariant residue within the active site of HutF is
Glu-235. This residue is located at the end of strand 5 within
an HxxE motif that is found in members of the AHS that
catalyze the deamination of aromatic bases such as adenosine,
guanine, and cytosine. The purported function of the
analogous residue in adenosine and cytosine deaminase is
for proton donation to the aromatic base upon nucleophilic
attack by water. A homology model for the active site of
HutF based upon these considerations is presented in Figure
1.

The current investigation presents the biochemical char-
acterization of the mechanism of reaction of HutF fromP.
aeruginosa. This reaction mechanism was probed to enhance
our current understanding of the breadth of the reactions
catalyzed by members of the amidohydrolase superfamily.
The active site core of HutF most closely resembles those
enzymes that catalyze a nucleophilic aromatic substitution.
How these highly conserved residues are marshaled together
within the active site of HutF to catalyze the deimination of
an N-formimino group will aid in our attempt to correctly
annotate enzymes of unknown function within this diverse
superfamily of enzymes. The functional roles of those
residues anticipated to be directly involved in catalysis and
substrate specificity were addressed by the construction and
characterization of site-directed mutant enzymes. The proton-
transfer steps in the catalytic transformation were probed by
the measurement of the kinetic constants as a function of
pH. The role of the active site metal was interrogated by
formation and reconstitution of apo-HutF with a variety of
divalent cations.

MATERIALS AND METHODS

Materials. All chemicals were obtained from Sigma-
Aldrich, unless otherwise stated. The genomic DNA from
P. aeruginosawas purchased from the American Type
Culture Collection (ATCC). The oligonucleotide synthesis
and DNA sequencing reactions were performed by the Gene
Technology Laboratory of Texas A&M University. The
pET30a(+) expression vector and the BL21(DE3)star cells
were acquired from Novagen. The Quick Change site-
directed mutagenesis kit was purchased from Stratagene.

Cloning and Site Directed Mutagenesis. The gene encod-
ing for Pa5106 (HutF) was cloned fromP. aeruginosaPA01
into a pET30a(+) expression vector as previously described
(2). Site directed mutagenesis of HutF at residues Glu-235,
His-269, and Asp-320 was accomplished using the Quick
Change site directed mutagenesis kit. The wild-type and
mutant forms of HutF were expressed in BL21(DE3)star
cells.

Purification of Wild-Type and Mutant HutF.A single
colony was grown overnight in 50 mL of LB medium
containing 50µM kanamycin and was used to inoculate 4 L
of the same medium. Cell cultures were grown at 37°C with
a rotatory shaker until anA600nm of ∼0.6 was reached, after
which induction was initiated by the addition of 1.0 mM
isopropyl-thiogalactoside (IPTG). The culture was incubated
overnight at 30°C and the bacterial cells were isolated by
centrifugation at 6500g for 15 min at 4°C. The pellet was
resuspended in 50 mM HEPES buffer at pH 7.5 (buffer A)
containing 0.1 mg/mL of the protease inhibitor phenylm-
ethylsulfonyl fluoride (PMSF) per gram of cells and disrupted
by sonication. The soluble protein was separated from the
cell debris by centrifugation at 12000g for 15 min at 4°C.
Nucleic acids were precipitated by the addition of protamine
sulfate to a 1.5% (w/v) solution. The protein solution was
fractionated between 40% and 60% saturated ammonium
sulfate. The precipitated protein from the 40-60% saturated
ammonium sulfate solution was resuspended in buffer A and
loaded onto a High Load 26/60 Superdex 200 prep grade
gel filtration column (GE Health Care) and eluted with buffer
A. Fractions containing theN-formimino-L-glutamate de-
iminase activity were pooled and loaded onto a 6 mL
Resource Q anion exchange column (GE Health Care) and
eluted with a gradient of NaCl in 20 mM HEPES at pH 7.5
(buffer B). The fractions that contained HutF were pooled
and reprecipitated with a 65% saturated ammonium sulfate
solution, centrifuged at 12000g for 15 min at 4°C, and
resuspended in a minimal amount of buffer A. The final step
in the purification scheme was accomplished with a High
Load 26/60 Superdex 200 prep grade gel filtration column
where the protein was eluted with buffer A. The purity of
the protein during the isolation procedure was monitored by
SDS-PAGE.

The purification of HutF mutants was performed as
described above for the wild-type HutF with some modifica-
tions. These amendments included the induction of protein
expression using 500µM IPTG and growing the cells at
20 °C. The nucleic acids were hydrolyzed by the addition
of 5 U/mL of Benzonase for 1 h. The protein solution was
fractionated between 30% and 65% saturated ammonium
sulfate. The remaining purification steps were unchanged.

Specific ActiVity Determination. The specific activity of
HutF toward the deimination ofN-formimino-L-glutamate
was followed by coupling the production of ammonia to the
oxidation of NADH. The decrease in the concentration of
NADH was followed spectrophotometrically at 340 nm using

Scheme 2

FIGURE 1: Homology model for the active site of HutF. The model
was generated from a sequence alignment of HutF with cytosine
deaminase fromE. coli. The coordinates for cytosine deaminase
were obtained from PDB code 1k6w (9).
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a SPECTRAmax-340 microplate reader (Molecular Devices
Inc.). The standard assay was modified from that reported
by Muszbek et al. (6) and contained 100 mM HEPES, pH
7.5, 100 mM KCl, 7.4 mMR-ketoglutarate, 0.4 mM NADH,
6 units of glutamate dehydrogenase, 20 nM of HutF, and
N-formimino-L-glutamate in a final volume of 250µL at
30 °C.

Metal Analysis.Metal-free HutF (apo-HutF) was prepared
and reconstituted with different divalent metal cations, as
previously described (2). Purified HutF was treated with 3
mM dipicolinate, pH 5.6, at 4°C for 48 h. The chelator was
removed by loading the protein/chelator mixture onto a PD10
column (GE Health Care) and eluting with metal-free buffer
A. The apo-HutF was reconstituted with 1.0 equiv of the
desired divalent metal (Zn2+, Co2+, Ni2+, Cd2+, and Mn2+)
in 50 mM HEPES at pH 7.5. The metal content of the apo-
HutF and reconstituted enzymes was verified using a Perkin-
Elmer AAnalyst 700 atomic absorption spectrometer and
inductively coupled plasma emission-mass spectrometry
(ICP-MS).

pH-Rate Profiles.The pH dependence of the kinetic
parameters was determined for the Zn, Cd, Cu, and Ni forms
of the wild-type HutF usingN-formimino-L-glutamate as the
substrate. The pH-rate profiles were also obtained for the
Zn-substituted forms of the E235Q and E235A mutants. The
pH range for the enzymatic assays was between 6.1 and 9.5
in 0.2 pH unit increments. The buffers MES (pH 6.1 and
6.5), PIPES (pH 6.7 to 7.3), HEPES (pH 7.3 to 8.3), TAPS
(pH 8.3 to 8.9), and CHES (8.9 and 9.5) were used at a
concentration of 100 mM. The pH was measured after
completion of the assay.

Data Analysis.The kinetic parameters,kcat and kcat/Km,
were determined by fitting the initial velocity data to eq 1
(7), where V is the initial velocity, Et is the enzyme
concentration,kcat is the turnover number,A is the substrate
concentration, andKm is the Michaelis constant. The pH-
rate profiles were fit to eq 2 when the value ofy (kcat or
kcat/Km) decreases at low and high pH. In this equationc is
the pH independent value ofy, Ka andKb are the dissociation
constants of the ionizable groups, and H is the hydrogen ion
concentration. The pH-rate profiles were fit to eq 3 or 4
when the ionization of two groups with similar ionization
constants was determined at either high or low pH, respec-
tively.

RESULTS

Metal Substituted Variants of HutF.The functional
significance of a divalent cation in the reaction catalyzed
by HutF was probed by formation of the apoenzyme and
reconstitution of this protein with a variety of other metal
ions. The isolated recombinant protein expressed inEscheri-
chia coliwas found to contain 0.5 equiv of Zn2+ per enzyme
subunit and a specific activity of 5.2 s-1. Incubation of HutF
with the metal chelator dipicolinate for 3 h at pH 5.6 was
effective in the removal of zinc from the active site. A metal
analysis of the apoenzyme found 0.03 equiv of zinc per
subunit and a specific activity of less than 0.1 s-1. More
than 98% of the original catalytic activity was lost after
removal of the zinc from the enzyme.

The metal center was reconstituted in about 10 min after
the addition of 1 equiv of Cd2+, Cu2+, Ni2+, or Zn2+ to the
apoenzyme. The reconstitution of apo-HutF with these metal
ions resulted in catalytically active enzyme with Cd2+ > Ni2+

> Zn2+ > Cu2+ with respect tokcat. The reconstitution of
apo-HutF with Co2+ and Mn2+ could not be accomplished
even after 48 h of incubation with up to 10 equiv of metal
per subunit of protein. The average metal content per subunit
of the reconstituted proteins was 1.2, 0.8, 1.2, and 1.7 for
the Zn-, Ni-, Cd-, and Cu-substituted forms of HutF,
respectively. The kinetic parameters for the metal-reconsti-
tuted variants of HutF are presented in Table 1.

Site-Directed Mutagenesis.Sequence alignments of HutF
with the structurally characterized members of the amidohy-
drolase superfamily indicate that this enzyme is most closely
related to those proteins that catalyze the deamination of
exocyclic amino groups from nitrogen heterocyclic substrates
(2). The X-ray crystal structures of adenosine deaminase (8)
and cytosine deaminase (9), in conjunction with these
sequence alignments, suggest critical roles for Glu-235, His-
269, and Asp-320 in the catalytic activity of HutF. The
functional significance of His-269 and Asp-320 in the active
site of HutF was assessed by mutation of these residues to
alanine, asparagine, and cysteine. The role of Glu-235 was

Table 1: Kinetic Parameters for Metal-Reconstituted HutF and Active Site Mutantsa

HutF (M)
M2+/

subunit Km (mM) kcat (s-1) kcat/Km (M-1s-1)

WT (Zn) 1.2 0.22( 0.03 13.2( 0.4 (6.0( 0.1)× 104

WT (Ni) 0.81 2.7( 0.1 21.3( 0.3 (8.0( 0.3)× 103

WT (Cd) 1.2 2.1( 0.3 31.0( 0.1 (1.5( 0.2)× 104

WT (Cu) 1.7 1.2( 0.1 8.5( 0.1 (7.3( 0.4)× 103

E235A (Zn) 0.62 2.2( 0.1 (1.0( 0.2)× 10-1 (4.7( 0.6)× 101

E235D (Zn) 0.51 0.66( 0.05 (5.0( 0.1)× 10-3 7.9( 0.6
E235Q (Zn) 0.77 19( 2 (1.2( 0.1)× 10-1 6.3( 0.8
H269A (Zn) 0.12 (1.6( 0.1)× 10-1

H269C (Zn) 0.95 (7.3( 0.1)× 10-1

H269N (Zn) 0.17 (1.8( 0.1)× 10-1

D320A (Zn) 0.50 <2.0× 10-2

D320C (Zn) 1.0 <2.0× 10-2

a The kinetic parameters were determined withN-formimino-L-glutamate as the substrate at pH 8.0, 30°C, from a fit of the data to eq 1.

V/Et ) kcatA/(Km + A) (1)

log y ) log(c/(1 + (H/Ka) + (Kb/H))) (2)

log y ) log(c/(1 + (H/Ka) + (Kb/H) + ((Kb)
2/(H2))) (3)

log y ) log(c/(1 + (H/Ka) + (Kb/H) + (H2/(Ka)
2))) (4)
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addressed by mutation to alanine, aspartate, and glutamine.
The mutant proteins were purified to homogeneity, and the
zinc content of the purified proteins varied from 0.17 to 1.0
equiv of Zn2+ per protein subunit. The effects of these
mutations on the kinetic parameters of HutF are presented
in Table 1.

There was a substantial drop in the catalytic activity as a
result of the mutations at each of the three residues. For the
three characterized mutations at His-269 the catalytic activity
is approximately 5 orders of magnitude lower than that of
the wild type enzyme. The values ofkcat for these mutants
could not be determined since the velocity of the catalyzed
reaction was not saturated at the highest concentration of
substrate (10 mM). The metal content of the H269A and
H269N mutants was significantly lower than that of the
H269C mutant. Site-directed mutagenesis of Asp-320 to
asparagine produced an insoluble protein, whereas mutation
to alanine and cysteine resulted in soluble protein with
undetectable catalytic activity. However, these two mutants
were still able to bind a significant amount of zinc. The
mutation of Glu-235 was less disruptive than the modifica-
tions to either His-269 or Asp-320. Reductions of 2-4 orders
of magnitude were found forkcat andkcat/Km relative to the
wild type enzyme. However, the Michaelis constants were
in an experimentally accessible range.

pH-Rate Profiles.The kinetic constants for the enzymatic
hydrolysis ofN-formimino-L-glutamate by HutF were de-
termined as a function of pH. The plots ofkcat andkcat/Km

versus pH for the zinc substituted enzyme are presented in
Figure 2. The shape of these two pH-rate profiles indicates
that two groups are required to be in the proper state of
ionization for maximum catalytic activity; one of these
groups must be ionized while the other must be protonated.
When the native zinc in the active site is replaced with other

divalent cations, the pK values for the groups that ionize
within this pH range change slightly (Figure 3). For Cd-
HutF, the two ionizations are very close to one another in
the pH-rate profile ofkcat, and it is not possible to accurately
obtain the values for pKa and pKb when the difference
between them is less than 0.6 pK units (7). The fitting routine
therefore assumes that the two ionizations have the same
pK value (7). A similar situation applies to the pH rate profile
of kcat/Km for Ni-HutF. For Cd-HutF, the pH-rate profile
for kcat/Km decreases with a slope of-2 for the group(s)
that must be protonated for activity. These data were fit to
eq 3, which assumes that both ionizations have the same
value for pKb. The pK values from the kinetic measurements
are presented in Table 2.

The pH-rate profiles were determined for the E235Q and
E235A mutants. The pH-rate profiles forkcat are bell-shaped
with activity decreasing at high and low values of pH. For

FIGURE 2: pH-rate profiles of kcat and kcat/Km for the zinc
substituted form of HutF. The data were fit to eq 2. Additional
details are provided in the text.

FIGURE 3: pH-rate profiles for the metal-reconstituted forms of
the wild-type HutF: Cd (O), Ni (b), and Cu (2). The data for the
Ni- and Cu-HutF were fit to eq 2. The pH-rate profile of the Cd-
HutF was fit to eq 2 for the variation ofkcat with pH and to eq 3
for the variation ofkcat/Km with pH. Additional details are provided
in the text and in Table 2.

Table 2: Ionization Constants for Metal-Substituted HutF from
pH-Rate Profilesa

log kcat vs pH logkcat/Km vs pH

HutF pKa pKb pKa pKb

WT (Zn) 7.1( 0.2 8.2( 0.2 7.3( 0.1 8.5( 0.1
WT (Ni) 7.2 ( 0.1 8.7( 0.1 8.1( 0.1 8.1( 0.1
WT (Cd) 7.8( 0.1 7.8( 0.1 7.7( 0.3b 8.7( 0.2b

WT (Cu) 7.0( 0.1 8.8( 0.2 7.5( 0.3 8.8( 0.3
E235Q (Zn) 7.3( 0.4 8.6( 0.2 7.1( 0.4c >9.2c

E235A (Zn) 7.4( 0.1 9.1( 0.1 7.5( 0.6c 8.9( 0.1c

a The kinetic constants were determined usingN-formimino-L-
glutamate as the substrate from fits of the data to eq 2.b Values obtained
from fits of the data to eq 3.c Values were obtained from fits of the
data to eq 4.
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kcat/Km the activity is lost at low pH with a slope of 2
indicating the protonation of two residues. In addition, the
pK for the group that ionizes at high pH for the E235Q
mutant is higher relative to the wild type enzyme (>9.2 vs
8.5). The pH-rate profiles for the E235Q and E235A
mutants are presented in Figure 4, and the pK values from
fits of the data to eqs 2 or 4 are provided in Table 2.

DISCUSSION

A number of enzymes within the amidohydrolase super-
family catalyze the deamination of purine and pyrimidine
nucleotides, including cytosine, adenosine, and guanine
deaminase. All of these nucleotides contain structural motifs
that are homologous to the formimino substituent inN-
formimino-L-glutamate. The chemical reaction mechanism
for adenosine deaminase has been elaborated through a
comprehensive array of biochemical, computational, and
crystallographic experiments (8, 10-13). In these investiga-
tions several residues within the active site of ADA have
been recognized to be directly involved in substrate binding
and catalysis. The most salient residues for adenosine
deaminase from mouse include Glu-217, His-238, and Asp-
295. A homologous trio of amino acids is predicted to
function in an analogous fashion in cytosine deaminase (9),
guanine deaminase (5), and AMP deaminase (5). In these
enzymes a water molecule is coordinated to the single
divalent cation localized to the MR-position in the active site.
The water molecule is furthered hydrogen bonded to a
histidine from strand 6 and an aspartate from strand 8. The
glutamic acid from strand 5 functions as a general acid
through proton transfer to the aromatic leaving group.
Although HutF does not catalyze the deamination of an
aromatic amine, it does catalyze the analogous deimination
of an N-formimino group to anN-formamide derivative.

A working model for the chemical mechanism of the
reaction catalyzed by HutF is presented in Scheme 3. In this

mechanism the single divalent cation is bound to His-56 and
His-58 from strand 1, His-232 from strand 5, and Asp-320
from strand 8. The final ligand to this metal ion is a water
molecule that is in turn hydrogen bonded to His-269 from
strand 6 and Asp-320 from strand 8 (see also Figure 1). The
substrate binds into the active site in an orientation such that
the metal bound water molecule is poised to attack the
formimino functional group. The pKa value of the formimino
group is approximately 11.2 (16), and thus the substrate likely
binds with theN-formimino group protonated, but it is
unclear as to the relative distribution of the positive charge
over the two nitrogen atoms. Once bound, the side chain
carboxylate of Glu-235 makes an electrostatic interaction
with the positively charged formimino group of the substrate.
In this proposed mechanism the reaction is initiated by the
abstraction of a proton from the bound water molecule by
the side chain imidazole of His-269 to generate a tetrahedral
intermediate. The collapse of the tetrahedral intermediate
commences with the abstraction of the second proton via
the side chain carboxylate of Asp-320. The C-N bond is
then cleaved concomitantly with proton transfer from His-
269 to liberate ammonia and generate theN-formyl product.
After product release the resting state of the enzyme is
regenerated after the binding of another water molecule.

A single divalent metal ion is essential for the catalytic
activity of HutF. The most active enzyme was found to
contain one equivalent of Zn per protein subunit. The metal
ion can be removed by metal chelators, and the apoenzyme
is essentially inactive. The apoenzyme can be reconstituted
with one equivalent of Zn, Cd, Ni, or Cu with a modest
variation in the final catalytic activity. It is assumed that Zn
is the native divalent cation. The loss of activity after removal
of the divalent cation from the active site of HutF is
consistent with the role of the metal ion as a binding site for
the nucleophilic water molecule. Similar results have been
found for other members of the amidohydrolase superfamily
(8, 9, 14, 15). The loss of activity exhibited by HutF at low
pH for the Zn2+-substituted enzyme indicates the protonation
of a single group with a pKa of approximately 7.3. Since the
substrate does not ionize at this pH (16), it is assumed that
this ionization must originate with the enzyme. Therefore,
the most likely candidate for the group that must be
deprotonated for catalytic activity is the histidine from strand
6 (His-269) that is hydrogen bonded to the water molecule
that is ligated to the lone divalent cation in the active site.
This conclusion is supported by the catastrophic loss of
activity when this residue is mutated to alanine, cysteine, or
asparagine. It should be noted, however, that the H269A and
H269N mutants have a somewhat lower metal occupancy
than the wild type HutF.

Activity is also lost at high pH when a functional group
is deprotonated. The decrease in catalytic activity at high
pH for the kcat/Km profile suggests the deprotonation of a
group with a pK value of around 8.5. Based on the crystal
structures of cytosine deaminase (9) and adenosine deaminase
(8, 13) and the comparison of their amino acid sequences
with the amino acid sequence of HutF, there is no obvious
residue within the active site of HutF that might be
responsible for the decrease in activity at high pH. The pKa

value for the formimino group ofN-formimino-L-glutamate
has been reported to be 11.2 (16), and thus the ionization of
the substrate does not appear to be responsible for the

FIGURE 4: pH-rate profiles of kcat and kcat/Km for the zinc
substituted forms of the mutants E235A (b) and E235Q (9). The
data were fit to eq 4. Additional details are provided in the text
and in Table 2.
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diminution of catalytic activity at high pH. It is unclear as
to the group that is responsible for the loss of activity at
high pH.

In the mechanism proposed in Scheme 3 the other residue
that serves to activate the water in conjunction with His-
269 is Asp-320 from strand 8. When this residue is mutated
to either alanine or cysteine, the catalytic activity of HutF is
reduced by over 6 orders of magnitude. Even though this
residue also ligates to the divalent cation in the active site,
these two mutants are still able to bind a significant amount
of zinc. The substantial loss of catalytic activity is consistent
with the role proposed by this residue during the deimination
of the substrate.

In the mechanisms of action proposed for the deamination
of adenosine and cytosine, the invariant glutamate in the
HxxE motif at the end of strand 5 serves to donate a proton
to the ring nitrogen during the course of the reaction. In the
reaction catalyzed by HutF, the role of this highly conserved
residue must be slightly different. Since the formimino group
of the substrate is protonated, there is no reason why this
residue must function as a general acid. It can, however,
function as an electrostatic bridge from the protein to the
substrate. The importance of this interaction is reflected in
the loss of activity when this residue (E235) is mutated to
either alanine, aspartate, or glutamine. The E235A mutant
is the most active of the three modifications made to this
site, but it is reduced in catalytic activity by 3 orders of
magnitude. The lost of the negative charge for the mutants
E235A and E235Q has increased theKm for the substrate
by a factor of 10 and 88, respectively. The pH-rate profiles
for the E235Q and E235A mutants are similar to the wild
type Zn-HutF. However, in the pH-rate profile forkcat/Km,
the loss in activity at low pH is more pronounced in that the
data are best fit to the protonation of two groups at low pH
with an average pKa of about 7.3. The exact reason for this
difference in the pH-rate profiles is not known, but one
possibility is that in these mutants we are observing the
protonation of both His-269 and Asp-320. Regardless, the
substantial loss of activity upon the mutation of Glu-235 is
consistent with the proposed role that this residue plays in

the deimination ofN-formimino-L-glutamate. An alternate
function for Glu-235 is the abstraction of the proton from
the tetrahedral intermediate instead of Asp-320 as suggested
in Scheme 3.

Summary. HutF is a newly identified member of the
amidohydrolase superfamily that catalyzes the deimination
of N-formimino-L-glutamate (2). Sequence comparisons with
other members of this superfamily indicate that the active
site most closely resembles those enzymes that catalyze the
deamination of aromatic bases such as adenine, guanine, and
cytosine (2). Mutagenesis of three key residues (Glu-235,
His-269, and Asp-320) has enabled a reaction mechanism
to be proposed for the deimination ofN-formimino-L-
glutamate that is very similar to the mechanisms required
for the deamination of adenine, guanine, and cytosine.
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