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ABSTRACT: The functional assignment of enzymes that catalyze unknown chemical transformations is a
difficult problem. The protein Pa5106 froRseudomonas aeruginokas been identified as a member of

the amidohydrolase superfamily by a comprehensive amino acid sequence comparison with structurally
authenticated members of this superfamily. The function of Pa5106 has been annotatelbabée
chlorohydrolase ocytosine deaminasé\ close examination of the genomic contentRf aeruginosa
reveals that the gene for this protein is in close proximity to genes included in the histidine degradation
pathway. The first three steps for the degradation of histidine include the action of HutH, HutU, and Hutl
to convertL-histidine to N-formimino--glutamate. The degradation ®-formimino--glutamate to
L-glutamate can occur by three different pathways. Three proteiRs agruginoséehave been identified

that catalyze two of the three possible pathways for the degradatidhf@fmimino--glutamate. The
protein Pa5106 was shown to catalyze the deiminatiomN-66rmimino--glutamate to ammonia and
N-formyl-L-glutamate, while Pa5091 catalyzed the hydrolysidNebrmyl-L-glutamate to formate and
L-glutamate. The protein Pa3175 is dislocated from the hut operon and was shown to catalyze the hydrolysis
of N-formimino-L-glutamate to formamide andglutamate. The reason for the coexistence of two alternative
pathways for the degradation bfformimino-L-glutamate inP. aeruginosas unknown.

The pace by which the complete DNA sequence of whole of the more prominent enzymes in this superfamily include
genomes can be determined is rapidly accelerating. Thisurease, phosphotriesterase, adenosine deaminase, and dihy-
explosion in the total number of available gene sequencesdroorotase. At least 30 different reactions have been cata-
has dramatically unveiled the evolutionary relationships logued for members of this superfamily, and it has been
within broadly dispersed enzyme superfamiligs?). Protein estimated that perhaps as many as another 100 substrates
sequence comparisons have clearly shown that new functiongemain to be determined,(10).
have evolved from existing enzyme templates through the In the databases maintained by the NCBI,significant
process of divergent evolutior2{4). However, the func-  fraction of those members of the amidohydrolase superfamily
tional annotation for many genes in both prokaryotic and with unknown function are annotated psobable chloro-
eukaryotic organisms isncertain unknown or incorrect(5— hydrolasesr probable cytosine deaminas@shis assignment
8). This fact suggests that a considerable amount of is based upon the apparent sequence similarity to enzymes
fundamental biological chemistry remains to be discovered. that catalyze the hydrolysis of the carbechlorine bond in
However, the discovery of function for enzymes that catalyze atrazine or the hydrolysis of the carbenitrogen bond in
reactions with unidentified substrates is a rather difficult cytosine as illustrated in the reactions presented in Scheme
problem. Nevertheless, the substrate and reaction diversityl. One of these genes (Pa5106; gi:15600299) is found within
within a given enzyme superfamily can provide considerable the genome oPseudomonas aeruginofR01 (11). Amino
information for the assignment of function for those enzymes acid sequence comparisons with the entire set of completely
with ambiguous substrates. and partially sequenced microbial genomes find 38 other

The amidohydrolase superfamily is a functionally diverse genes with an overall sequence identity of greater than 40%.
group of enzymes, and members of this superfamily are Many of these enzyme homologues are functionally an-
found in every organism sequenced to dale 10). The notated as probable chlorohydrolases. The likelihood that all
structural landmark for this superfamily is a mononuclear of these microorganisms have evolved an enzyme for the
or binuclear metal center embedded within the confines of degradation of the herbicide atrazine seems relatively remote.
an @/f)s-barrel structural fold 4). Most of the enzymes
within this superfamily catalyze the hydrolysis of oxygen 1 Abbreviations: NCBI, National Center for Biotechnology Informa-

: tion; HutH, histidine ammonia lyase; HutU, urocanase; Hutl, imida-
or nitrogen bonds to carbonyl or phosphoryl centers. Somezolone propionate amidohydrolase; HutR;formimino--glutamate

deiminase; HutG\-formyl-L-glutamate amidohydrolase; ATCC, Ameri-
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Scheme 1. Reactions Catalyzed by Atrazine Scheme 2: Pathways for Histidine Degradation
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Curiously, an examination of the genomic context for these
genes within this subset of amidohydrolase enzymes reveals °| °|
that in nearly every instance these genes are found adjacent HO OH
to a cluster of other genes that are involved in the degradation u
of histidine. This suggests that perhaps this subgroup of H
amidohydrolase superfamily enzymes is directly involved in NH
the degradation of histidine. The genomic environment of formimino-glutamate
the histidine degradation locus h aeruginosas shown in
Figure 1. HutF
The pathway for the degradation of histidine has been
studied in a number of organismk2j. The first three steps
for the catabolism of histidine are similar in most species. 0 0 0

o)
Histidine is first deaminated to urocanate by histidine HOWOH HutG HO,'H/\/KOH
ammonia lyase (HutH); urocanase (HutU) converts this H I
product to imidazolone-4-propionate, and then Hutl (imida- H 2

zolone propionate amidohydrolase) catalyzes the cleavage o glutamate

of the imidazolone ring tdN-formimino--glutamate. The formyl-glutamate

degradation ofN-formimino-L-glutamate can apparently

occur by three different independent pathwag$8)( The of N-formyl-L-glutamate to formate and-glutamate. The
formimino group can be transferred to tetrahydrofolate to protein Pa3175, which is dislocated from the Hut operon, is
form L-glutamate and\>-formimino-THF, or the formimino  shown to catalyze the hydrolysis Kfformimino-.-glutamate
group may be hydrolyzed directly to formamide and to formamide and.-glutamate.

glutamate. Alternatively, the formimino group may be

deiminated to form ammonia anb-formyl-L-glutamate MATERIALS AND METHODS

(HutF), which is subsequently hydrolyzed to formate and

L-glutamate (HutG). These pathways are illustrated in Materials All chemicals and coupling enzymes were
Scheme 2. In this paper we report the C|0ning, expressiorLObtained from Slgma or Aldrich, unless otherwise stated. The
and characterization of Pa5106 frdPn aeruginosaalong ~ genomic DNA fromP. aeruginosawvas purchased from the
with two other proteins from this same organism, Pa5091 American Type Culture Collection (ATCC). The oligonucleo-
and Pa3175. We demonstrate that Pa5106 catalyzes thdide synthesis and DNA sequencing reactions were performed
hydrolysis of N-formimino-L-glutamate to ammonia and Dy the Gene Technology Laboratory of Texas A&M Uni-

N-formyl-L-glutamate, while Pa5091 catalyzes the hydrolysis Versity. The pET30af) expression vector was acquired from
Novagen. The T4 DNA ligase and the restriction enzymes,

hutG hutl Ndd and Hindlll, were purchased from New England

<< << | Biolabs. The PlatinunPfx DNA polymerase and the Wizard

Pa5090  PaS031  PaS092  PaS033  Pab034  PaB095 Plus SV Mini-Prep DNA purification kit were obtained from

hutH hutU Invitrogen and Promega, respectively.
Cloning and Site-Directed Mutagenesiie genes encod-
Pa5096 PaB097  PaB098  Pa5039  Pa8100  PaS10 ing Pa5106, Pa5091, and Pa3175 frBmaeruginosavere

hutC amplified from the genomic DNA by standard PCR methods,
< << << < > 1] stipulated in the manufacturer's instructions. The PCR

Pa5102  Pa5103  Pa5104  Pa5105 Pa5106  Pa5107 primers contairNdd and HindlIl restriction sites at either

Ficure 1: Genomic environment of the histidine degradation locus end. The PCR products were purified, digested witid
in P. aeruginosaThe relative lengths of the ORFs are not drawn 54 HindlIl ligated to the expression vector pET363(

to scale. The designation of the protein for each gene is provided,  _. . .
and the genes that code for production of HutG, Hutl, HutH, HutU, using T4 DNA ligase, and then transformed into XL1Gold

and HutC are designated as such. The gene annotated as a probabfeélls. Individual colonies containing the plasmid were
chlorohydrolase is colored red (Pa5106). selected on LB plates containing B@/mL kanamycin and
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then used to inoculate 5 mL cultures of LB. The entire coding sequence obtained for the first six amino acids was MDEV-
region of the plasmids containing the genes for Pa5106, LS, which matches the reported protein sequence.
Pa5091, and Pa3175 were sequenced to confirm the fidelity The protein concentration was determined spectrophoto-
of the PCR amplification. metrically at 280 nm using a SPECTRAmMax-340 microplate
Purification of Pa3175, Pa5091, and Pa5106ells reader (Molecular Devices Inc.). The extinction coefficients
harboring the plasmid for the expression of Pa5106 were Used for these measurements were 66 810 b for
grown overnight, and a single colony was used to inoculate P25106, 40 800 M cm™ for Pa5091, and 45 080 Mcm ™
50 mL of LB media containing 5«M kanamycin and  for Pa3175 based upon the derived protein sequence. The
subsequently used to inoctdat L of thesame medium. Cell ~ Metal content of the purified proteins was determined with
cultures were grown at 37 with a rotatory shaker untilan & Perkin-EImer AAnalyst 700 atomic absorption spectrometer
Asoo Of ~0.6 was reached. Induction was initiated by the @nd by inductively coupled plasma emission-mass spectrom-
addition of 1.0 mM isopropyl-thiogalactoside (IPTG), and etry (ICP-MS). Pa5106 contained 1.2 equiv of*Zmper
the cultures were further incubated overnight. The bacterial SUbunit, and Pa5091 contained 1.1 equiv ot ZiThe metal
cells were isolated by centrifugation at 40@r 15 min at  content of Pa3175 was found to be 0.2 equiv of*Mand
4 °C. The pellet was resuspended in 50 mM Hepes buffer, 0-4 €quiv of Z&". The metal was removed from Pa5106 by
pH 7.5 (buffer A) containing 0.1 mg/mL of the protease treating the protein with 3 mM dipicolinate at°€ at_pH
inhibitor (PMSF) per gram of wet cells and then disrupted -6 for 48 h. The chelator was removed by loading the
by sonication. The soluble fraction was separated from the Chelator/protein mixture onto a PD10 column (Amersham
lysed cells by centrifugation at 120§@r 15 min at 4°C. Biosciences) and eluting with metal-free buffer A. Metal-
Nucleic acids were precipitated by the addition of proteamine frée buffer A was prepared by passage through a column of
sulfate to a concentration of 1.5% (w/v). The soluble proteins Chelex 100 resin. The apo-Pa5106 was reconstltute+d with
were fractionated between 40% and 60% saturation of the addition of 1 equiv of the desired metal {ZnCc",

ammonium sulfate. The precipitated protein was resuspended\“ﬁ’ Cd?*, and Mr¢") in 50_ mM HEPES at pH 7‘.5." The_
in a minimum quantity of buffer A and loaded onto a High metal content of the reconstituted proteins was verified using

Load 26/60 Superdex 200 prep grade gel filtration column & Perkin-Elmer AAnalyst 700 atomic absorption spectrometer

(Amersham Pharmacia) and eluted with buffer A. Fractions @nd ICP-MS. . .
that contained Pa5106 were identified by SEFAGE, Synthesis of N-Formiminoglutamate {). L-Glutamic
pooled and loaded omta 6 mL Resource Q anion ion acid (1.47 g, 10 mmol), formamidine hydrochloride (1.61

exchange column (Amersham Pharmacia) and eluted with a9: 20 mmol), silver carbonate (3.03 g, 11 mmol), and
gradient of NaCl in 20 mM Hepes, pH 8.1 (buffer B). The formamide (8 mL) were added to a 100 mL flask {and stirred
fractions containing Pa5106 were pooled and reprecipitated@t F00M temperature for 36 li4). After the reaction was

by saturation with ammonium sulfate, centrifuged at 12000 complete, the excess ammonia and carbpn dioxidelwere
for 15 min at 4°C, and resuspended in a minimum amount re_mo_ved under reduced pressure for a period of 30 min. At
of buffer A. The final step in the purification was ac- this time, 150 mL 0f 0.06 N HCI was added and the pH was

complished by chromatography on a Superdex 200 column, 2djusted to between 4 and 6. The mixture was filtered and
The purity of the protein during the isolation procedure was the carbo.n dioxide was removed under vacuum. The solut!on
monitored by SDSPAGE. The purification of Pa3175 and was applied to a column of Dowe'x-l-acetate, vyashgd with
Pa5091 was performed as described above with minimum‘,’\IV"’]}E)errm(iln?i?1 (r)nL)élﬁP;rrggtegvsgjsteigo\llgig do\.;)itl\rﬁl :ﬁ%&'/%?;:?i;r&e
modifications. In the case of Pa5091, buffer A was supple- " .l i

mented with 5 mM dithiothreitol (DTT) and the ammonium 0f 40% (0.70 g):H NMR (300 MHz, D,O): 7.60 ppm (1H,
sulfate fractionation was accomplished between 20% and> GH=NH), 4.02 ppm (1H, tJ = 5.7 Hz, GINH), 3.92
60% of saturation. For Pa3175, the cell pellet was resus- ppm, (1H, t.J = 5.7 Hz, GiNH), 2.26 ppm (2H, tJ = 7.2

: - Hz, CH,CO), 2.12-1.89 ppm (2H, m, CHE&). 3C NMR
p2)e5n(rj:I3| Ignlut'sggﬁgrﬁa Z‘ipppfgngmed with 304 MnClz and 78 "Mtz 'DO): 177.43, 177.36, 175.66, 174.33, 157.14,

_ L ) 153.90, 60.58, 55.38, 30.30, 30.08, 27.65, and 26.14 ppm.
Molecular Weight DeterminationA HilLoad 16/60 Su-  \ass spectrometry (ESI negative mode): observed, 173.03
perdex 200 column (Pharmacia) was calibrated with six (M — H)~: expected, 173.06 (M- H)~. The rest of the
standard molecular weight markers (MW-GF-1000 from nformimino amino acid derivatives were synthesized using
Sigma). Pa5106, Pa5091, and Pa3175 were applied to the; simjlar protocol, and the relevant spectroscopic data are
column in sequential runs and eluted with buffer Aata flow presented in the Supporting Information.
rate of 1.0 mL per minute. The elution volume for each of Synthesis of N-Formykglutamate 2). Acetic anhydride
the_ proteins was u_se_d to ca_lculate the apparent molecular(g mL) was added dropwise to a 100 mL flask containing
weight of the protein in solution. L-glutamic acid (4.41 g, 30 mmol) and formic acid (50 mL)
Metal Analysis and Amino Acid Sequence Verificafidre (15). After stirring for 30 min, the reaction was stopped by
purified Pa5106 was subjected to N-terminal amino acid the addition of 2 mL of water and the solvent removed by
sequence analysis by the Protein Chemistry Laboratory atrotary evaporation. The compound was purified by chroma-
Texas A&M University. The first six amino acids were tography on a silica gel column using a 6/1 mixture of
MSAIFA, which agrees with the reported protein sequence chloroform and methanol (v/v) as the eluant. The solvent
for Pa5106. The N-terminal amino acid sequence analysiswas removed and the solid material washed with ethyl acetate
for the first five amino acids of purified Pa5091 gave the and ether and then dried to obtain 2.11 g of material with
sequence as MYPAPD, which corresponds to the reportedan overall yield of 40%'H NMR (300 MHz, DMSO): 12.42
protein sequence. In the case of Pa3175, the amino acidppm (1H, s, CO®!), 8.37 ppm (1H, dJ = 7.2 Hz, NH),
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8.03 ppm (1H, s, 60), 4.32-4.24 ppm (1H, m, EINH), and N-formyl-L-glutamate 2). The assay described above
2.28-2.23 ppm (2H, m, CHCKCH,), 2.02-1.91 ppm (1H, was modified to monitor the formation af-alanine by
m, CHCH,CH,), 1.83-1.68 ppm (1H, m, CH8E,CH,). Mass substitution of 7 units of alanine dehydrogenase for glutamate
spectrometry (ESI negative mode): observed, 174.2(M  dehydrogenase. The following compounds were assayed for
H)~; expected, 174.05 (M- H)~. The rest of theN-formyl the formation oft-alanine at a concentration of 10 mM:
amino acid derivatives were synthesized using a similar N-formimino-L-alanine N-carbamoyl:-alanine N-acetyl+ -
protocol, and the relevant spectroscopic data are presenteclanine, andN-formyl-L-alanine.
in the Supporting Information. The hydrolysis ofN-acyl L-aspartic acid derivatives was
Assay for Deimination of N-Formimino Amino Acid$e monitored by following the production of aspartate spectro-
measurement of the enzymatic activity for the deimination photometrically at 340 nm using the combined enzymatic
of N-formimino amino acids was conducted by coupling the activities of malate dehydrogenase and aspartate aminotrans-
production of ammonia to the oxidation of NADH with ferase. The standard assay contained 100 mM Hepes (pH
glutamate dehydrogenase. The decrease in the concentratiof.1), 100 mM KClI, 3.7 mMu-ketoglutarate, 0.4 mM NADH,
of NADH was followed spectrophotometrically at 340 nm 0.64 unit of malate dehydrogenase, 6 units of aspartate
using a SPECTRAmMax-340 microplate reader (Molecular aminotransferase, and theacyl+-aspartate derivative in a
Devices Inc.). The standard assay was modified from the final volume of 25QuL at 30°C. The following compounds
report by Muszbek et al16) and contained 100 mM Hepes were tested for enzymatic activity at a concentration of 10
at pH 8.0, 100 mM KClI, 7.4 mMux-ketoglutarate, 0.4 mM  mM: N-formimino--aspartate9), N-carbamoyl:-aspartate,
NADH, 6 units of glutamate dehydrogenase, and the ap- N-acetyl+-aspartate, anill-formyl-L-aspartate.
propriateN-formimino amino acid in a final volume of 250 Inhibition of Pa5106 by N-Acyl-glutamate Analogues:
uL at 30 °C. The following compounds were tested for The inhibition of the enzymatic deimination Nfformimino-
enzymatic activity at a concentration of 10 mM using this L-glutamate {) by Pa5106 was studiet-acetyl+-glutamate

protocol: N-formimino--glutamate 1), N-formimino-b- (3), N-carbamoyle-glutamate 4), N-formimino-+-aspartate
glutamate 8), N-guanidinot-glutamate %), N-formimino- (9), N-formimino-o-aminobutyric acid §), N-formimino-y-
o-aminobutyric acid §), N-formimino-y-aminobutyric acid aminobutyric acid 7), N-formyl-L-glutamate 2), N-guani-

(7), N-formimino-.-alanine, N-formimino--aspartate 9), dino-L-glutamate %), andN-succinylt-glutamate were tested
N-formimino-glycine,N-formimino-.-isoleucine N-formimino- as inhibitors using the assay that monitors formation of
L-leucine, N-formimino--methionine,N-formimino-.-phe- ammonia withN-formimino--glutamate {) as the substrate.
nylalanine, N-formimino-L-tyrosine, andN-formimino-.- Data Analysis.The kinetic parametersca: and kealKm,
valine. were determined by fitting the initial velocity data to eq 1,

Assay for Hydrolysis of N-Formyl Amino Acid$he wherev is the initial velocity E; is the enzyme concentration,
enzymatic deformylation ofN-formyl amino acids was ke is the turnover numbeA is the substrate concentration,
monitored by following the production of formate with andKy is the Michaelis constanig). Competitive inhibition
formate dehydrogenase. The increase in the concentratiorpatterns were fitted to eq 2, whereis the inhibitor
of NADH was measured spectrophotometrically at 340 nm concentration and is the inhibition constant1().
using a SPECTRAmMax-340 microplate spectrophotometer.

The protocol was modified from the reported assay of Nanba UIE = KN (K, + A) (1)
et al. 17) and contained 100 mM Hepes at a pH of 7.5, 100 .
mM KCI, 5 mM DTT, 5 mM NAD", and the appropriate VB = keaN(Ki((1 + 1/K;) + A) )

amount of arN-formyl amino acid in a final volume of 250 RESULTS
uL at 30°C. The followingN-formyl amino acids were tested
as substrates for this activity at a concentration up to 10 Purification and Properties of Pa510&he protein Pa5106

mM: N-formyl-L-glutamate 2), N-formyl-p-glutamate N- was produced in high quantities after the modified pET30a-
formyl-L-alanine, N-formyl-L-aspartate N-formyl-glycine, (+) plasmid was transformed in BL21(DE3)star cells. The
N-formyl-L-isoleucine N-formyl-L-leucine,N-formyl-L-me- protein was purified to homogeneity and found to contain
thionine,N-formyl-L-phenylalanineN-formyl-L-tyrosine, and 1.2 equiv of ZA™ per subunit. SDSPAGE analysis of the
N-formyl-L-valine. isolated protein gave a single band which corresponds to an
Assay for Hydrolysis of N-Acyl Amino Acidehe enzy- apparent molecular weight of 49 kDa, which agrees with

matic hydrolysis ofN-acyl L-glutamic acids was followed the reported gene sequence. The molecular weight of the
by coupling the production af-glutamate to the reduction  native protein was found to be 100 kDa when measured from
of NAD* by glutamate dehydrogenase and the subsequentthe elution volume of a calibrated gel filtration column, and
transformation of iodonitrotetrazolium (INT) to INT-forma- thus Pa5106 is a dimer in solution.

zan by diaphorase. The formation of INT-formazan was The localization of the gene that encodes the protein
monitored at 500 nm. The standard assay was modified fromsequence for Pa5106 suggests that this enzyme is likely
the protocol of BeutlerX8) and contained 100 mM Hepes involved in the metabolism df-formimino-.-glutamate. The

at pH of 8.5, 1.5 mM NAD, 1.5 mMp-iodonitrotetrazolium reaction catalyzed by Pa5106 was determined by NMR
violet, 2.0 units of diaphorase, 6 units of glutamate dehy- spectroscopy. WheN-formimino-L-glutamate {) was in-
drogenase, and the appropriate amount of hacyl L- cubated with the enzyme at pH 8.0, the proton resonances
glutamic amino acid in a final volume of 250 at 30°C. for the hydrogen attached to the carbon of the formimino
SeveralN-acyl amino acids were tested for activity with this group (7.68 and 7.66 ppm) disappeared and were replaced
assay:N-formimino-.-glutamate 1), N-guanidinot-glutamate by two new resonances at 7.95 and 7.81 ppm. These new
(5), N-carbamoyle-glutamate 4), N-acetyl+ -glutamate 8), resonances are coincident with the proton attached to the
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Table 1: Kinetic Parameters for Metal-Reconstituted Forms of Scheme 3: Structures of Selected Substrates and Inhibitors

Pa5108 Utilized in This Investigation
HutF Ko (MM) Kear (S7) KeadKm (M1 579 Q Q Q Q 0 0
WT (Zn) 0.22+ 0.03 13.2+ 0.4 (6.0+£0.8) x 10 -Mo- .Mo. .O)‘\/\(“\O.
WT (Ni) 27401 21.3+0.3 (8.0+0.3) x 10° NH a N
WT (Cd) 21+0.3 31.0+0.1 (1.54+0.2) x 10* )\ )\ )\
WT (Cu) 1.2+ 0.1 8.5+ 0.1 (7.3 0.6) x 10° HNZ Y & e,
2The kinetic parameters were determined wiformimino-.- +
glutamate as the substrate at pH 8.0,,@0from a fit of the data to eq U @ @)
1 o) o o o o
formyl group of N-formyl-L-glutamate, and thus Pa5106 'MO' O),\/\HL o /\)‘\0'
catalyzes the deamination df-formimino--glutamate to NH NH NH
ammonia andN-formyl-L-glutamate. The rate of this reaction o/)\NH /)\ H N/)\H
was subsequently measured by monitoring the formation of 2 AT N, %
ammonia with glutamate dehydrogenase. The turnover “ ®) ©)
number of the purified protein for the deimination of o 0 o] o
N-formimino-_-glutamate {) is 13 s at pH 8.0, and the H o)l\/\/ll\ .
Michaelis constant is 220M. . ) ¥ © O\"/\|)l\o-
The requirement of the single zinc ion bound to the protein NH NH O NH
was determined by the preparation of the apo-enzyme via P H NJ\H P
the removal of the metal with chelators. The specific activity HNT TH 2 HN™ H
of apo-Pa5106 was less than 1% of the holo-enzyme. The o ®) ©)

metal center in the apo-enzyme was reconstituted with 1

equiv of the other divalent cations in approximately 10 min. the deimination oN-formimino--glutamate {) by Pa5106.
The reconstitution of apo-Pa5106 resulted in catalytically No inhibition could be detected frofN-acetyl+-glutamate
active enzyme in the presence of CdNi?*, Zn?t, or Ci**. (3), N-carbamoyl:-glutamate 4), andN-formyl-L-glutamate
The reconstitution of apo-Pa5106 with Toor Mn?* was (2) at concentrations up to 10 mM. The substrate analogues
not successful under the conditions used for this investigation.that lack the carboxylate group at theor y positions N-

The kinetic parameters for the metal reconstituted forms of formimino-a-aminobutyric acid ¢) and N-formimino-y-

Pa5106 are presented in Table 1. aminobutyric acid 7)), did not inhibit the reaction at
Substrate Specificity of Pa510A.variety of compounds  concentrations up to 10 mMN-Guanidinot-glutamate %)
were tested as potential substrates for PaSgEormimino- andN-formimino--aspartate9) were competitive inhibitors

L-glutamate {) was found to be the best substrate with a with K; values of 89QuM and 30uM, respectively.
Km of 0.22 mM and &, 0f 13 s°L. The catalytic activity of Purification and Properties of Pa509The protein Pa5091

N-formimino-b-glutamate §) was less than or equal to 5.0 was overexpressed when the appropriate plasmid was
x 1072 s71 at a concentration of 10 mM. At a concentration transformed in BL21(DE3)star cells. The protein was isolated
of 10 mM, N-formimino-L-isoleucine andN-formimino-.- by standard methods and purified to greater than 95% as
methionine were turned over with rate constants that were judged by SDS-PAGE with an apparent molecular weight
less than or equal to 1.2 102stand 1.0x 102 s?, of 30 kDa. The predicted size of the protein is 29 824 Da
respectively. The remaining-formimino+-amino acids and  based upon the DNA sequence. The molecular weight of
other N-acyl substituted forms of glutamate tested as the protein, determined from the elution volume of a
substrates for this enzyme were all found to be turned over calibrated gel filtration column, was 28 kDa, and thus Pa5091
with specific activities less than 1.0 102 st under these  is a monomer in solution. The purified protein was found to
conditions. The compounds tested were the following: contain 1.1 equiv of Z# per subunit.

N-formimino--alanine, N-formimino--aspartate q), N- The original expectation for Pa5091 was that this protein
formimino-glycine,N-formimino-.-isoleucine N-formimino- would catalyze the hydrolysis dfi-formyl-L-glutamate to
L-leucine, N-formimino+.-methionine,N-formimino-.-phe- formate and -glutamate. When Pa5091 was incubated with
nylalanine,N-formimino--tyrosine,N-formimino--valine, N-formyl-L-glutamate, the NMR resonance at 7.95 ppm for
N-guanidinot-glutamateN-formimino-a-aminobutyric acid the hydrogen attached to the formyl group disappeared and
(6), N-formimino-y-aminobutyric acid T), N-acetyl+- was replaced by a new resonance at 8.32 ppm. The resonance
glutamate 8), N-carbamoyl:-glutamate 4), andN-formyl- at 8.32 ppm is identical to that found for formate. The

L-glutamate 2). The structures for some of these compounds formation of formate was confirmed and quantified by
are presented in Scheme 3. These results demonstrate thahonitoring the reaction spectrophotometrically with formate
Pa5106 fronP. aeruginosdas anN-formimino-L-glutamate dehydrogenase.

deiminase. Substrate Specificity of Pa509%everal N-substituted
Inhibition of Pa5106 by N-Acyl-Glutamate Analogues. amino acids were tested for catalytic activity with Pa5091.

The compounddN-acetylt-glutamate 8), N-carbamoylk- These compounds included-formyl-L-alanine,N-formyl-

glutamate 4), N-formimino--aspartate §), N-formimino- L-aspartate,N-formyl-p-glutamate, N-formyl-L-glutamate,

a-aminobutyric acid §), N-formimino-y-aminobutyric acid ~ N-formyl-L-glutamine 2), N-formyl-glycine, N-formyl-L-
(7), N-formyl-L-glutamate 2), N-guanidinot--L-glutamate isoleucine,N-formyl-L-leucine, N-formyl-L-methionine,N-
(5), andN-succinyl+-glutamate were tested as inhibitors for formyl-L-phenylalanine,N-formyl-L-tyrosine, N-formyl-L-
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valine, N-acetyl+-glutamate 8), N-carbamoylk-glutamate 58039617 | G. oxydans

(4), and N-formimino-L-glutamate {). From these com- 71280438 | C. psychrerythraea
pounds only N-formyl-L-glutamate 2) and N-formyl-L- 15966452 | S. meliloti
glutamine exhibited any detectable activity with Pa5091. The 15600299 | P. aeruginosa

by Pa5091 proceeded withkgy of 1.014+ 0.04 s and a 70733902 | P. fluorescens
Kmof 3.3+ 0.4 mM at pH 7.5. The value fd¢./Kn is 306 26991712 | P. putida

+ 40 M1 s7L, In the case oN-formyl-L-glutamine, satura- 77979793 | Y. intermedia
tion could not be achieved within the solubility limits of this 77975180 | V. frederikse nii
compound. The value fdkt../Ky was found to be 14.9 77963702 | Y. mollaretii

0.5 M1 s At a concentration of 10 mM, the upper limit — 77959399 | Y. bercovieri

for the turnover number for the hydrolysis bfformyl-L- 51596294 | Y. pseudotuberculosis
lysine,N-formyl-L-histidine, andN-formyl-L-arginine was 2.6 45441630 | Y. pestis Medievalis
x 1072 s71 All other compounds tested showed specific L 16122218 | Y. pests C092
activities less than 1.& 1073 s1 at a concentration of 10 73542397 | R. eutropha

mM. These results demonstrate that Pa5091 frormerugi- 74017717 | B. ambifaria
nosais N-formyl-L-glutamate deformylase. 78066946 | B. sp. 383

Purification and Properties of Pa3175he protein Pa3175 67664700 | B. cenocepacia
was readily purified following overexpression of the protein SSr2seas (B matsr
in Escherichia colifrom the modified vector pET304). 76812004 | B. pesudomals]
The purified protein migrated as a single band on SDS ;ggi;g;:'g;:’:dueens
PAGE with an apparent molecular weight of 34 kDa. The 71368249:Ns 614
theoretical molecular weight based on the DNA sequence is 21221512 S' cgelicolor
34 230 Da. On a calibrated gel filtration column Pa3175 29830037|S'mrmm”s
migrated with a molecular weight of 69 kDa, and thus this 27381355|B'japomcum
protein is a dimer in solution. The purified protein had 0.2 17937638|A' tumefaciens
equiv of Mr¢t and 0.4 equiv of Z# per subunit. This protein 13476889 | W loti
was shown to catalyze the hydrolysis Nfformimino-.- 17988714 B'melitensis
glutamate {) to formamide andL-glutamate. This was 62317246|B'ab0rws
confirmed by the appearance of a new proton resonance at — 23500655 | B: suls
7.93 ppm that is identical to formamide using NMR 77747825 | X campestris
spectroscopy. The formation ofglutamate was confirmed 77760698 | X. oryzae
spectrophotometrically using glutamate dehydrogenase.

21242389 | X. axonopodis

Substrate Specificity of Pa3179he compoundsN- 68537887 | S. alaskensis
formimino-.-glutamate {), N-acetyli-glutamate 8), N- 16125213 | C. crescentus
carbamoyle-glutamate 4), N-formyl-L-glutamate 2), N- 56697057 | S. pomeroyi
formimino--aspartate 9), N-acetyl+-aspartateN-formyl- 77463490 | R. sphaeroides
L-aspartateN-formimino--alanine N-acetyl+-alanine, and 69938526 | P. denitrificans
N-formyl-L-alanine were tested as potential substrates for ggure 2: Dendrogram of microbial HutF homologues. HutF can
Pa3175. The sole compound to show activity wWes be divided into 2 major groups with a cutoff of 40% identity. The
formimino-.-glutamate {) with a ket of 73 £ 4 sland a ActinomycetalespeciesP. acnesS. aermitilis, S. coelicolorand
Km of 4.3+ 0.6 mM. The value ok../Kn was (1.72+ 0.03) N. sp JS614, form the smaller group. The members of the smaller
x 10* M1 5L, All of the other compounds tested failed to group are 36-39% identical to sequences in the larger group.
shown any turnover with specific activities less than £.0 ) o
1073 571, These results establish that Pa3175 catalyzes theOf the amidohydrolase superfamily is unknown. Many of the

hydrolysis ofN-formimino--glutamate ta.-glutamate and ~ homologous subgroups within the amidohydrolase super-

hydrolysis of the formyl group fronN-formyl-L-glutamate 4'_7':66043636 | P. syringae

2 0| L

I

formamide. family of unknown or ambiguous function have been
annotated as probable chlorohydrolases or cytosine deami-
DISCUSSION nase-like. One of these subgroups that share an overall

sequence identity of 40% to one another is presented in the
dendrogram that appears in Figure 2. Within this subgroup
of 39 sequences is the protein Pa5106 fri@naeruginosa

Enzymes belonging to the amidohydrolase superfamily are
found in every organism sequenced to date. Well over 1000
gene sequences have been identified as members of thi% ; i f the locati fth ithin th
superfamily among the first 200 completely sequenced n Inspection of the focation ot these genes within the
bacterial genomes. Enzymes within this protein superfamily CONtext of the genomes in which they reside demonstrates
catalyze primarily the hydrolysis of €N or PO bonds in that in eac_:h case they are Iocahzed_adjacent_ tq c_)ther genes
amino acids, carbohydrates, and nucleic acids. Within the that are involved in the degradation of histidine. This
genome ofEscherichia coliK12 there are 18 members of Observation suggests that Pa5106 may be part of the operon
this superfamily. Eleven of these enzymes catalyze known that is responsible for the catabolism of the amino acid
chemical transformations while the substrates for the remain-histidine. The complete sequence alignment for the 39
ing seven enzymes have not, as yet, been identified. Thussequences that are analogues to Pa5106 is provided in the
the substrate and reaction diversity for a significant fraction Supporting Information.
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Pa5106 ---------- MSATFAERALLPEGWARNVRFEISADGVLAEIRFPD-ANAD 395
AtzA MOTLSIQHGTLVTMDQYRRVLGDSWVHVQDGRIVALG-VHAESVPPPADR 49
Tm0936 ---MIIGNCLILKDFS--SEPFWGAVEIENGTIKRVL------- QGEVEV 38

Pa5106 GAERLGGAVLPGMPNLHSHAFQRAMAGLAEVAGNPNDSFWTWRELMYRMV 89
Atzh VIDARGKVVLPGFINAHTHVNQILLRGGPSHGRQFYD- -WLFNVVYPGQK 97
Tm0936 DLDLSGKLVMPALFNTHTHAPMTLLR-GVAEDLSFEE--WLFSKVLPIED 85

Pa5106 ARLSPEQIEVIACQLYIEMLKAGYTAVAEFHYVHHDLDGRSY-------- 131
Atzh AMR-PEDVAVAVRLYCAEAVRSGITTINENADSATIYPGNIEARMAVYGEV 146
Tm0936 RLT-EKMAYYGTILAQMEMARHGIAGFVD--------------------- 113

Pa5106 ADPAELSLRISEAASAAGIGLTLLPVLYSHAGFGGQPASEGQRRFINGSE 181
Atzh GVRVVYARMFFDRMDGRIQGYVDALKARSPQVELCSIMEETAVAKDRITA 156
Tm0936 ------- MYFHEEWIAKAVRDFGMRALLTRGLVDSNGDDG- -GRLEENLK 154

Pa5106 AYLELLQRLRAPLEAAGHSLGLCFHSLRAVTPQQIATVLA---AGHDDLP 228
Atzh LSDQYHGTAGGRIS----- VWPAPATTTAVTVEGMRWAQAFAR--DRAVM 239
Tm03%36 LYNEWNG-FEGRIF----- VGFGPHSPYLCSEEYLKRVFDTAK--SLNAP 196

Pa5106 WVHIHI QKEVDDCQAWSGRRPLOWLYENVAVDQRWCLVHATHADPAEV 278
Atzh WTLH DHDER- - - - THGMSPAEYMECYGLLDERLOQVAHCVYFDRKDV 285
Tm0936 WVTIHL SKEEYDLED--------- ILNIGLKEVKTIARHCVHLPERYF 237

Pa5106 AAMARSGAVAGLCLSTEANLGDGIFPATDFLAQGGRLGIGSDSHVSLSVV 328
Atzh RLLHRHNVEVASQVVSNAYLGSGVAPVPEMVERGMAVGIGTDNGNSNDSV 335
Tm0936 GVLKDIPFFVSHNPASNLKLGNGIAPVQRMIEHGMKVTLGTDGAASNNSL 287

Pa5106 EELRWLEYGQELRDREKR-NRLYRDDQPMIGRTLYDAALAGGAQALGQPIG 377
Atzh NMIGDMKFMAHIHRAVHRDADVLT----- PEKILEMATIDGARSLGMDHE 380
Tm0936 NLFFEMRLASLLQKAQ--NPRNLD----- VNTCLEMVTYDGAQAMG--FK 328

Pa5106 S--LAVGRRADLLVLDGNDPYLASAEGDALLNEWLFAG-GDRQVREDVMVA 424
Atzh IGSIETGKRADLILLDLEHPQTTPHHH- - -LAATIVFQAYGNEVDTVLID 427
Tm0936 SGKIEEGWNADLVVIDLDLPEMFPVQN---IKNHLVHAFSG-EVFATMVA 374

Pa5106 GRWVVRDG-RHAGE-ERSA---RAFVQVLGELLD----=--------- 453
Atzh GNVVMENRRLSFLPPERELAFLEEAQSRATAILQRANMVANPAWRSL 474
Tm0936 GKWIYFDGEYPTID---SEEVKRELARIEKELYSS------------ 406

Ficure 3: Alignment of Pa5106 and AtzA to the structure, 1p1m (Tm0936). The metal ligands are indicated in bold type. The conserved
glutamate after strand 5 is indicated by a box. The beta strands of the alpha beta barrel are highlighted. The residues which interact with
the substrate are either immediately after the strands or in the loops which connect the strands to the following alpha helix. With the
exception of Tm0936, for which there is a structure, the strands are predicted based on alignment, homology, secondary structure prediction,
and presence of turn forming residues such as glycine and proline. The alignment was done with ClustalX using the sequences within 40%
identity of each sequence shown.

The chemical transformations for the degradation of detected with thep-enantiomer, and no activity could be
histidine are presented in Scheme 2, and the genes for fourdetected when either of the two carboxylate groups from the
of these enzymes are clearly identified within the genome glutamate moiety were deleted. In addition, the enzyme was
of P. aeruginosa histidine ammonia lyase (HutH; Pa5098), unable to hydrolyze other substituents attached to the
urocanase (HutU; Pa5100), imidazolone propionate ami- c.-amino group of -glutamate, including guanidino, formyl,
dohydrolase (Hutl; Pa5092), amttformyl-L-glutamate de- acetyl, and carbamoyl functional groups. The only two
formylase (HutG; Pa5091). This observation indicates that compounds that were significant competitive inhibitors of
the degradation of histidine iR. aeruginosafollows the this enzyme wereN-guanidinot-glutamate %) and N-
same path as previously reported fésseudomonas fluore-  formimino--aspartate9).
scens(15) and Pseudomonas putidé20) if the enzyme An amino sequence alignment of Pa5106 with Tm0936
responsible for the deimination dFformimino-.-glutamate from Thermotoga maritimaand atrazine chlorohydrolase
can be identified. We have now demonstrated that the (AtzA) from Pseudomonas sjs shown in Figure 3. Since
missing enzyme within this pathway is Pa5106. It is also the X-ray crystal structure of Tm0936 (pdb: P1M1 and 1J6P)
highly likely that the 38 other sequences that are also found has been determined to high resolution, the residues that are
adjacent to the hut operon in other organisms should now expected to be within the active site of Pa5106 can be
be annotated aBl-formimino--glutamate deiminase. The determined with a high degree of confidence from this
gene for this enzyme has sometimes been labelduitts alignment. Tm0936 folds as an/f3)s-barrel, and the single

The substrate specificity for Pa5106 is rather narrow. A divalent cation in the active site is ligated to two histidines
total of 14 N-formimino amino acids were tested as found at the end of strand 1, a histidine at the end of strand
substrates, but onli-formimino-L-glutamate was found to  five, and an aspartate at the end of strand 8. For Pa5106,
be hydrolyzed at a significant rate. No turnover could be these residues correspond to His-56, His-58, His-232, and
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Ficure 4: Working model for the chemical mechanism for the hydrolysislgérmimino-L-glutamate by Pa5106. The red circle labeled
o is used to indicate the divalent cation bound to ¢hposition within the active sitel(Q).

Asp-320. The remaining highly conserved residue within this aeruginosatakes place by the formation and hydrolysis of
subfamily of amidohydrolase enzymes is a glutamate found the N-formyl-L-glutamate intermediate.
three residues beyond the conserved histidine at the end of The conservation of amino acids within the active site of

strand 5 (HxxE motif) 21—23). This glutamate has been

Pa5106 with those of adenosine and cytosine deaminase

postulated in cytosine and adenosine deaminase to serve agnables a chemical reaction mechanism to be proposed for
a general acid/base catalyst for proton transfer to the ringthe deimination ofN-formimino-L-glutamate. It was origi-

nitrogen during deaminatior2{—23). In Pa5106 this residue

nally anticipated that Pa5106 would be responsible for the

corresponds to Glu-235. The overall sequence identity of deamination of an aromatic base. This assumption was based
Pa5106 to Tm0936 and atrazine chlorohydrolase is 21% andon the observation that the conserved HxxE motif from the

20%, respectively.

end of strand 5 in the amidohydrolase superfamily was found

There appear to be two competing pathways for the in enzymes such as adenosine deaminase, cytosine deami-

degradation ofN-formimino-L-glutamate 1) in P. aerugi-
nosa The protein Pa5091 is found within the Hut operon

nase, AMP deaminase, and guanine deamindie 2A3).
However, the formimino group is a rather nice mimic of the

and has now been shown to catalyze the hydrolysis of exocyclic amino group found in adenosine, cytosine, and
N-formyl-L-glutamate (HutG). Together, Pa5106 and Pa5091 guanine (see Scheme 1) and an analogous chemical mech-

enable the two-step degradationNsformimino-_-glutamate

to ammonia, formate, andglutamate. The protein Pa5091
possesses a high specificity toward the hydrolysisNef
formyl-L-glutamate 2). Of fifteen compounds tested for
activity, only N-formyl-L-glutamate and\-formyl-L-glutamine
were hydrolyzed. The alternative pathway for histidine
degradation is the direct hydrolysis of the formimino
functional group oN-formimino-.-glutamate {) to produce
formamide and-glutamate. The protein Pa3175 was purified
and found able to catalyze the direct hydrolysis of the
formimino group ofN-formimino-L-glutamate. An array of
N-acyl L-amino acid derivatives were tested for catalytic
activity with this enzyme, but onli¥-formimino--glutamate

anism can be proposed for Pa5106 based upon the mecha-
nisms previously postulated for adenosine and cytosine
deaminase.

A working model for the reaction mechanism catalyzed
by Pa5106 is presented in Figure 4. In this mechanism the
lone divalent cation is ligated to His-56, His-58, His-232,
and Asp-320. The fifth ligand to the zinc is a water molecule
from solvent that is also hydrogen bonded to His-269 and
Asp-320. The substratél-formimino-.-glutamate, binds to
this complex and initiates the abstraction of a proton from
the bound water by His-269 and nucleophilic attack at the
formimino carbon with the formation of a tetrahedral
intermediate. The collapse of the tetrahedral intermediate is

was found to be a substrate. The reason for the existence ofacilitated by proton transfer to Asp-320 and proton donation

two different pathways for the degradationdformimino-
L-glutamate {) in P. aeruginosas unclear. The proximity

to the terminal amino substituent of the formimino group
by the imidazolium group of His-269. The carbenitrogen

of the genes encoding for Pa5091 and Pa5106 to the Hutbond is broken to generate ammonia aNeformyl-L-

operon suggests that the degradation_4fistidine in P.

glutamate. The products dissociate and the active site is
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regenerated by the binding of a molecule of water from

solvent. Alternative reaction mechanisms can also be pro-
posed depending on the ionization states of the three
conserved residues in the active site (His-269, Glu-235, and
Asp-320) and the tautomeric form of the substrate that
initially binds to the active site. Experiments are in progress
to discriminate among these alternative possibilities.

In this investigation, we have explored the final part of
the histidine degradation pathwayfn aeruginosaWe have
demonstrated the existence of ldfformimino--glutamate
deiminase (Pa5106, HutF) as a member of the amidohydro-
lase superfamily and have confirmed the presencéN-of
formyl-L-glutamate deformylase (Pa5091, HutG). These two
enzymes act in concert to catalyze the degradation of
N-formimino-L-glutamate {) to ammonia, formate, and
L-glutamate. Substantially dislocated from these two genes
in the Hut operon is a gene for the expression of protein
Pa3175 which we have shown to catalyze the hydrolysis of
N-formimino-.-glutamate {) to formamide and-glutamate.
Both of the enzymes that act dfrformimino-L-glutamate
possessed a high specificity with valueskgf/K, of 6.0 x
10* M~1stfor Pa5106 and 1.% 10* Mt s ! for Pa3175.
Due to the proximity of the genes encoding for Pa5106
(HutF) and Pa5091 (HutG) to the rest of the Hut operon, it
is suggested that the degradation dfistidine toL-glutamate
in P. aeruginosgroceeds through the pathway that includes
HutH, HutU, Hutl, HutF, and HutG. A functional explanation
for the existence of a formiminoglutaminase (Pa3175) is
unknown.
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