Biochemistry2006,45, 3033-3039 3033

Functional Annotation and Kinetic Characterization of PhnO from
Salmonella enterica

James C. Errey and John S. Blanchard*
Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Paekide, Bronx, New York 10461
Receied Naember 9, 2005; Résed Manuscript Receed January 9, 2006

ABSTRACT. Phosphorus is an essential nutrient for all living organisms. Under conditions of inorganic
phosphate starvation, genes from the Pho regulon are induced, allowing microorganisms to use phosphonates
as a source of phosphorus. ThenO gene was previously annotated as a transcriptional regulator of
unknown function due to sequence homology with members of the GCN5-rieadeyltransferase family
(GNAT). PhnO can now be functionally annotated as an aminoalkylphosphonitNzaxétyltransferase

which is able to acetylate a range of aminoalkylphosphonic acids. Studies revealed that PhnO proceeds
via an ordered, sequential kinetic mechanism with AcCoA binding first followed by aminoalkylphosphonate.
Attack by the amine on the thioester of AcCoA generates the tetrahedral intermediate that collapses to
generate the products. The enzyme also requires a divalent metal ion for activity, which is the first example
of this requirement for a GNAT family member.

Phosphorus plays an essential role in the physiology andScheme 1: Pathways for Phosphonate Catabslism
biochemistry of all living organisms. It is therefore not () c-p Lyase pathway in Escherichia coli
surprising that microorganisms have evolved sophisticated N
systems to acquire phosphorus from sources other than R<_-K s T NeHs HOON
inorganic orthophosphate. Under phosphate starvation condi-
tions, when other more readily utilizable forms of phosphate (Il) Phophonatase pathway in Salmonella enterica ssp. typhimurium

are not present, microorganisms have evolved to utilize more Q_2 phaw AL phx M O 0
SVOVE e P R o

reduced organophosphorus sources, including phosphonate'$ ) Yo 07 CH;  HO Vg

(1)- Phosphonates are a class of compo_unds Whl(_;h contain (Il Salmonella enterica ssp. typhimurium Phn loci

a carbonr-phosphorus (€P) bond that is exceptionally 10

stable and resistant to chemical hydrolysis, thermal decom- mmwm phoR H__phnw >| phnX >

position, and photolysis2j. Phosphonates are a naturally .

occurring class of compounds which are present in a number (o] o t— oA

of organisms; e.gTetrahymenavhich possesses up to 30%

of its membrane lipids in the form of phosphonolipid. ( a(l) The C-P lyase pathway acts on alkylphosphonates as well as

. aminoalkylphosphonates. (II) The phosphonatase pathway that uses
Changing the source of phosphorus from OIfth0phosph"’ltez-aminoethylphos.phonalte and cleaves thePCbond in a two-step

to organophosphorus compound_s is a 'ti.ghtly regulated transamination and hydrolysis process. (Ill) T®eenterica phgene
process. Under phosphate starvation conditions, genes fromocus; phnR encodes a putative aminoalkylphosphonate transport

the Pho (phosphate starvation) regulon are indudgdir repressorphnS-V encode putative_ aminoalkylphosphonate transport
Gram-negative organisms, such &aimonella enterica componentsphnWencodes a 2-aminoethylphosphonate transaminase,
. . phnXencodes a 2-phosphonoacetaldehyde hydropds®d encodes a
serovartyphimurium thgphogen_es are regulated by a two- putative phosphonoacetate hydrolgg®Bencodes a putative phospho-
component system, which consists of PhoB and PhoR; PhoBnoacetate transporter, amhnO encodes an aminoalkylphosphonic
binds directly to thepho gene promoter while PhoR is a P N-acetyltransferase.
sensory histidine protein kinas#) (Two alternative pathways
exist for cleavage of the €P bond: the G-P lyase and the  studies and sequence analysis of the Pho reguld ooli
phosphonatase pathways (Schemes)il Escherichia coli identified a number of genes involved in phosphonate
carries genes for the reductive-® lyase pathwayg), while catabolism designatgehnCto phnP(11, 12). PhnC, PhnD,
S. entericecarries genes for the phosphonatase pathwpay (  and PhnE were proposed to constitute a phosphonate
The C-P lyase pathway has a much broader substratetransporter while PhnG, PhnH, Phnl, PhnJ, PhnK, PhnL, and
specificity and is able to cleave alkylphosphonates as well PhnM were required for catalysis and were proposed to form
as aminoalkylphosphonates; ©). In comparison, the phos-  a membrane-associated carbghosphorus (EP) lyase.
phonatase pathway has much narrower substrate specificityphnN and PhnP were not absolutely required for phosphonate
and acts only on 2-aminoethylphosphonat€) (Mutagenic  catabolism and were therefore proposed to be accessory
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In contrast to theE. coli Pho regulon, which consists of
at least 31 coregulated genes, $heentericaPho regulon is
smaller, consisting of only 21 geneg.(TheS. entericaPhn
locus differs from theE. coli Phn locus in its size, layout,
and composition, primarily due to their differing mechanisms
of phosphonate catabolism. TI& enterica Phn locus is
composed of seven genes, designatatRto phnX although
another cluster containing three genes designatauA
phnB and phnO is putatively involved in phosphonate
catabolism (Scheme 1)7,(13). Unlike the C-P lyase
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protein liquid chromatography system (Amersham-Pharmacia
Biotech). Spectrophotometric assays were performed using
a UVIKON XL double beam UV-vis spectrophotometer
(BIO-TEK Instruments). All buffers were passed through
Chelex 100 resin (Bio-Rad) to remove any divalent metal
ions present.

Cloning, Expression, and Purification of Phn®@he S.
entericaserovartyphimuriumLT2 genephnOwas amplified
by PCR using the primers 5-TTTTTCATATGCCAGTCT-
GTGAATTACGCCA-3 and 5-TTTTTTGAATTCTCACA-

pathway, the phosphonatase pathway has been extensivelPATGCTTTCGTAAACC-3 from the plasmid template pET-

mechanistically characterized, (L0, 14, 15). The initial step

in the catabolism of 2-aminoethylphosphonat&irenterica

is a PLP-dependent transamination, carried out by 2-ami-
noethylphosphonate transaminase (thaWgene product)
(10). This is followed by a metal-dependent hydrolysis of
the C-P bond catalyzed by 2-phosphonoacetaldehyde hy-
drolase (thgophnXgene product)16, 17). Interestingly, the
phnOgene is present in bot. coliandS. entericaeven
though they have very different mechanisms of phosphonate
catabolism §, 7). Gene knockout studies have shown that
the E. coli phnOgene product was not required for the

28a(-):phnO(generously provided by Sophie Magnet, Albert
Einstein College of Medicine), incorporatitfld andEcadrl
restriction endonuclease sites (underlined). The amplified
DNA product was ligated into a pCRBIunt plasmid and
transformed into One Shot TOP10 cells. Plasmid DNA
isolated from these cells was then digested vitid and
EcadRl, and the purified insert was ligated into purified
plasmid pET-17b{) previously linearized with the same
restriction enzymes, yielding an expression plasmidSor
enterica phnO

The plasmid pET-17bf):phnO was then isolated, se-

catabolism of phosphonates and was presumed to play aquenced, and used to transfoEmcoli BL21(DE3) star cells.

regulatory role {1). FurthermorephnOshowed significant
sequence homology to the GCN5-relakédcetyltransferases
family (GNAT),! of which some members such as the histone
acetyltransferases play a regulatory rd&)(

In this paper, we describe the cloning, expression, and
purification of PhnO fromS. entericaserovartyphimurium
LT2 and define its functionality as an aminoalkylphosphonic
acid N-acetyltransferase. We have determined the steady-
state kinetic parameters, defined the divalent metal ion

Transformed cells were grown overnight in 50 mL of LB
broth containing 10Q:g/mL ampicillin. One liter cultures
were then inoculated, and the cells were grown at@7o
an Asoo of 0.8. Cells were then induced by the addition of
0.5 mM isopropyl|3-p-thiogalactopyranoside (IPTG) and left
to grow for a further 16 h at 37C. Soluble expression of
the protein was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SBPBAGE).

All protein purification steps were carried out at°€.

dependency, and explored the steady-state kinetic mechaThe cell pellet (30 g) was resuspended in 50 mL of buffer
nism. General acid catalysis is used by the enzyme, and thisA (buffer A: 20 mM CHES, pH 8.75), containing two tablets

is likely to be the rate-limiting step as assessed by solventof Complete protease inhibitor cocktail (Roche). The cells
deuterium kinetic isotope effects. were disrupted on ice by sonication using a Branson sonifier

MATERIALS AND METHODS

All chemicals, acetyl-coenzyme A (AcCoA), and ami-
noalkylphosphonic acids were purchased from Sigma-Aldric
Chemical Co. or Fisher Scientific. pET-17b(plasmid was
purchased from Novagen. All restriction enzymes and T4
DNA ligase were obtained from New England Biolaks.
coli strain BL21(DE3) star cells, PCR primers, and the pCR-
Blunt plasmid kit were obtained from InvitrogeRfu DNA
polymerase was purchased from Stratagene. Desulfo-Co
was synthesized as previously describ€).(All divalent
metals used in this study were prepared from their respective
chloride salt.

General MethodsSolution pH values were measured at
25 °C with an Accumet model 20 pH meter and Accumet
combination electrode standardized at pH 7.0 and 4.0 or 10.0.
Protein purification was performed at A using a fast

h

A

1 Abbreviations: AcCoA, acetyl-coenzyme A; CHES, 2-(cyclohexy-
lamino)ethanesulfonic acid; CoA, coenzyme A; DTDP, 4li¢hio-
dipyridine; EDTA, (ethylenedinitrilo)tetraacetic acid; GNAT, GCN5-
related N-acyltransferase; HEPE®I-(2-hydroxyethyl)piperazinéy¥' -
2-ethanesulfonic acid; IPTG, isopropg§db-thiogalactopyranoside; LB,
Luria broth; PCR, polymerase chain reaction; PIPES, piperazine-1,4-
bis(2-ethanesulfonic acidg1AEP, §)-1-aminoethylphosphonic acid;
SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro-
phoresis; TEA, triethanolamine.

450. The suspension was then centrifuged (190@0 30
min) to remove cell debris. The supernatant was filtered using
a 0.2um Millipore syringe filter and applied to a 140 mL
fast-flow Q-Sepharose anion-exchange column preequili-
brated with buffer A. The proteins were eluted with a linear,
1 L gradient of NaCl (6-1 M NaCl) in buffer A volumes at

1 mL/min. Protein was detected with an on-line detector
monitoring Azse, @and column fractions were collected and
analyzed by SDSPAGE. Fractions containing the ca. 16
kDa protein were pooled, and (N}2SO, was added to a
final concentration of 1.5 M. After centrifugation to remove
insoluble material, the supernatant was applied to a 140 mL
phenyl-Sepharose column preequilibrated with buffer C [20
mM CHES, pH 8.75, 1.5 M (NgJ.SQy]. Proteins were eluted
with a linear 1 L 1.5-0 M (NH,),SO, gradient at 1 mL/
min. The active fractions were pooled and dialyzed exten-
sively against buffer A. The sample was then applied to a
25 mL Mono-Q column anion-exchange column preequili-
brated with buffer A, and proteins were eluted with a linear
750 mL gradient of NaCl (81 M NacCl) in buffer A at 1
mL/min. The active fractions were pooled and dialyzed four
times agains4 L of buffer D [buffer D: 20 mM HEPES,

10 mM EDTA, 100 mM (NH),SO,, pH 8.25], concentrated
using a YM10 Amicon ultrafiltration membrane to a final
concentration of 20 mg/mL, and stored in 50% glycerol at
—20°C.
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Determination of Protein Concentrationlhe enzyme using S1AEP as the variable substrate. Acetyltransferase
concentration was determined fremonm= 17780 M-t cmt activity was monitored from pH 6.75 to pH 8.5 everp.5
for native PhnO, and turnover numbers are based on anpH unit using the following buffers: PIPES (pH 6-78.35)
enzyme monomer. The concentration of enzyme was alsoand HEPES (pH 7.158.5). The resulting kinetic data were
determined using the bicinchoninic acid protein assay fitted to eq 1 to obtain the kinetic parametdes: and Keaf
(Pierce) with bovine serum albumin as a standard, which K. Profiles were generated by plotting the log lqf; or

agreed favorably with the value obtained Ayso. keafKm Versus the pH and fitted using the equations:
Measurement of Enzyme Agdty. Initial velocities for the

reaction of PhnO were determined using4l#hiodipyridine logy = log C/(1 + HIK) (5)

(DTDP) to continuously detect the formation of the product

CoA at 324 nm (thiopyridonee = 19800 Mt cm™Y) at 25 logy = log C/(1 + H¥K?) (6)

°C. A typical reaction mix contained 100 mM HEPES, pH ) ) .

7.5, 100 mM (NH),SO;, 200 4M DTDP, 1 mM AcCoA, wherey is Keat Or Keaf K, C is the pH-independent value of
and 2 mM aminoalkylphosphonate in a final volume of 1 Keat OF Kea/Km, H is [H*], and K represents the observed
mL. Reactions were initiated by the addition of enzyme, dissociation constant(s) for the ionizing group(s).

typically 2 nM final concentration. Ni- (100 uM) was Sobent Kinetic Isotope Effect$he solvent kinetic isotope
typically included because a divalent metal is essential for effects onkearandkea/Km were determined by measuring the
activity. initial velocities using saturating concentrations of AcCoA

Initial Velocity Experimentslnitial velocity kinetic data  and NP while varying the concentration &1AEP in either
were fitted using Sigma Plot 2000. The substrate specificity H20 or 90% DBO at pH 8.15. Solvent deuterium kinetic
of PhnO was determined at pH 7.5 at 10 different concentra- isotope effects were fitted to the equation
tions of the variable substrate and a fixed, saturating
concentration of the second substrate and at saturating v=VA[KA + FE,) +AQL+FE)  (7)
concentrations of Ni (100 uM). Kinetic constants for )

AcCoA and other CoA derivatives were determined at fixed, WhereEv andEy are the isotope effects d@a/Km — 1 and
saturating concentrations @¢1-aminoethylphosphonic acid Kt — 1, respectively, ané represents the fraction of isotope.
(S1AEP) (3 mM) and Ni*, while kinetic constants for the
aminoalkylphosphonates were determined using fixed, satu-RESULTS AND DISCUSSION
rating concentrations of AcCoA (1 mM) and Ni Kinetic Cloning, Expression, and Purification of Phn®o obtain
constants for divalent metal ions were determined at fixed, large quantities of PhnO for mechanistic studies,ghaO
saturating concentrations 8fLAEP and AcCoA. Individual ~ gene was cloned into plasmid pET-1#)(@nd expressed in
substrate saturation kinetic data were fitted to the equation:E. coli BL21(DE3) star cells. PhnO was purified using a
combination of anion exchange/hydrophobic interaction
v=VAN(A+K) 1) column chromatographies. These methods were sufficient to
achieve a catalytically active protein that was greater than
95% homogeneous (as judged by SEFAGE). Approxi-
mately 200 mg of purified enzyme was obtained from 30 g
of cell paste. Protein electrospray ionizatiamass spec-
Strometry was performed on the purified protein, revealing a
single species with a molecular mass of 16499 Da, compared
v =VAB/(K,Kg + KB + KzA+ AB) ) to 16632 Da expected for full-length PhnO, indicating that
the N-terminalN-formylmethionine has been posttransla-

whereA andB are the concentrations of the substratés, tionally remc_)ved. Dynamic Iight scattering was pelrformed
and Kg are the MichaelisMenten constants for the sub- ON the protein sample revealing that the protein existed as a
strates, and;, is the inhibition constant for substrate A, dimer (data not shown).

Dead-End Inhibition Studie@ead-end inhibition patterns ~ Substrate Specificity of PhnGthe substrate specificity
were determined by measuring initial velocities 10% of S. entericaPhnO for acyl-CoA derivatives, summarized

completion) at variable concentrations of one reactant, thein Table 1, was determined at fixed saturating concentrations
second reactant concentration fixed atdisvalue, a fixed, ~ Of STAEP and Ni*. On the basis okea/Km values and the
saturating concentration of Ki, and the inhibitor at several ~ Probability that AcCoA was the likely physiologically
concentrations. Equations 3 and 4 were used to fit linear, "elevant substrate, AcCoA was used as the acyl donor in all
competitive and linear, noncompetitive inhibition data, subsequent experiments. The kinetic parameters of various

where V is the maximal velocity,A is the substrate
concentration, anH is the Michaelis-Menten constan¥(,).
Initial velocity patterns were obtained by measuring the initial
rate at five concentrations of each substrate. Equation 2 wa
used to fit the intersecting initial velocity pattern:

respectively: aminoalkylphosphonic acids determined at fixed saturating
concentrations of AcCoA and Rii are also summarized in
v=VA[K(1+ /K + Al (3) Table 1. The kinetic behavior of the aminoalkylphosphonic
acid followed two clear patterns. Increasing the alkyl chain
v =VAIK(1+ I/Ky) + A1 + /K;)] 4 from ethyl to butyl resulted in approximately a 70-fold
increase in th&, values and 13-fold decreasekin; values,
wherel is the inhibitor concentration artls andK; are the indicating a preference for shorter aminoalkylphosphonic
slope and intercept inhibition constants, respectively. acids. The kinetic data also suggested that the position of

Dependence of PhnO Acitly on pH.The pH dependence the amine group was important with a preference for the 1
of the kinetic parameters exhibited by PhnO were determined position. Thek../Kn value for S1AEP was 15-fold higher
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Table 1: Kinetic Parameters for PhnO with Various Acyl-CoAs and Aminoalkylphosphonates

compound Km (MmM) Keat (571 KealKm (M1 s7h)
acetyl-CoAR 0.06+ 0.01 13.1+ 0.1 (2.2+0.3)x 10°
propionyl-CoA 0.07+£0.01 14.74+ 0.7 (2.1+0.3) x 1
malonyl-CoA& 0.05+0.01 0.4+ 0.1 (8.0+ 0.6) x 10°
aminomethylphosphonic aéid 1.7+£0.1 7.0+£0.1 (4.1+0.2) x 1C®
2-aminoethylphosphonic aéid 1.84+0.1 9.0+0.2 (5.0£0.2) x 1¢?
3-aminopropylphosphonic aéid 40+ 04 5.44+0.1 (1.4+0.1) x 10
4-aminobutylphosphonic adid 13.0+1.0 0.5+ 0.1 (3.8 0.4) x 10"
(9-1-aminoethylphosphonic a¢id 0.17+0.01 13.3+ 0.1 (7.8+ 0.4) x 10
(R)-1-aminoethylphosphonic a¢id NS
1-aminopropylphosphonic aéid 41+0.2 7.4+ 0.1 (1.8+0.1) x 1¢®
1-aminobutylphosphonic acid 125+ 0.8 1+0.1 (8.0+ 0.5) x 10"
p-alaniné (3.0+£0.3) x 10
2-aminoethanesulfonic aéid 18.9+0.9 14.8+ 0.2 (7.8+0.3) x 17
2-aminoethanesulfinic acid 16.4+0.7 20+ 0.3 (1.2+0.1)x 1¢

aValues for acyl-CoA's were determined at a fixed, saturating concentraticd®-dté@minoethylphosphonic acifl Values for aminoalkylphos-
phonates, and analogues, were determined at a fixed, saturating concentration of AblSoAnot a substrate.

than 2-aminoethylphosphonic acid, primarily being an effect Table 2: Kinetic Parameters for PhnO with Various Divalent Metal
on theK,, value. The selectivity for the phosphonic acid !ons

group was also investigated. Replacement with a carboxyl Kms-1aep

group, yieldingo-alanine, yielded a very poor substrate for (mM) keat(s)  kealKm (M71s7Y)

which saturation could not be obtained. Esalanine, only Mn2* 2 0.30+0.02 20.6:0.2 (6.9+0.4)x 10*

an observett.,/Km of 3.0 x 10t M~*s™* could be calculated, le*ja 017+£0.01 13101 (81+0.3)x 10

some 2600-fold lower than tHe./Kn, observed folS-1AEP. C°22+ 0.28+006 100+04  (3.6+0.7)x 10°
- ) . .. Mg?ta 2.00+0.06 17.0+40.3 (8.5+0.3)x 1C®

Mimics of the phosphonate group were also investigated With gpTa treated  18.00+£0.76  13.0£0.3  (7.24 0.3) x 1(?

aminoalkylsulfinic (SGH) and aminoalkylsulfonic (SéM) non EDTA 0.20+£0.02  9.2+0.2 (4.6+0.4)x 10¢

acids. An approximate 5-fold decreasekgi/K, values was treated

obseryed with respect to_ thelr_ corresponding pho;pho_mc acid Ko (M) k(s D) keadKoct (M1 1)

(2-aminoethylphosphonic acid) values, and this is primarily P

a K. effect Mn 6.8+ 0.6 18.7+ 1.1 (2.74£0.3) x 10°

m : Nj2+b 0.6+0.1 13.0+£ 0.3 (2.240.3) x 107
Metal lon Requirments/arious divalent metal ions were C?E 1.3+0.4 8.9+ 1.1 (6.84 2.2) x 18‘;
i ; i cwt 15.94+ 2.4 45+0.2 (2.8+0.4)x 1
examined as activators for PhnO. Other enzymes involved Mg2+ 8501 63 168t 02 2.0+ 0.1) x 10°

in phosphonate catabolism have shown a metal ion depen-—_ : :
dency, most notably 2 phosphonaacetaldehyde hydfolase, Lo Pl BE1AST tee, e, 4 B
(phosphonatase), which rqulres magnesmm for Coo,rdmatlonparameters for divalent metal ion activation at saturating concentrations
of the phosphonatel®). To investigate whether a tightly  of S1AEP and AcCoA.

bound metal ion was playing a similar role to that observed
in phosphonatase, following the final Mono-Q column, PhnO relevant metal ion activator is, and further studies are
was dialyzed extensively against buffer D in the presence required.

and absence of 10 mM EDTA. Following dialysis with Kinetic MechanismReactions catalyzed by GNAT acetyl-
EDTA, PhnO was assayed in the absence of any divalenttransferases are known to proceed through two distinct
metal ions. The observek../Km for S1AEP decreased mechanisms1@g). Only the ESAL histone acetyltransferase
dramatically after EDTA treatment to 7.2 10* M~ s, has been shown to proceed via a ping-pong mechanism, with
this being primarily being &, effect (Table 2). In contrast  the transfer of the acetyl group from AcCoA to a cysteinyl
when PhnO was extensively dialyzed against buffer alone, residue of the enzyme and the subsequent transfer to the
the observed../Kn value was 4.6x 10* M~ s71, or half e-amino group of the histone lysine resid@g), The other

the value determined in the presence of saturating divalentis a sequential mechanism, where a ternary complex of
metal ion. This suggests that the enzyme retains half anenzyme, AcCoA, and substrate forms and the acetyl group
equivalent of tightly bound divalent metal ion throughout of AcCoA is directly transferred to a substrate. Reactions
the purification. The metal ion specificity of EDTA-treated catalyzed by all other GNAT superfamily members studied
PhnO was examined as a function of both the metal ion at so far proceed through such a sequential kinetic mechanism
fixed, saturating concentrations of AcCoA aBdAEP and (18). The initial velocity patterns were determined using
the amino phosphonate at fixed concentrations of AcCoA S1AEP and AcCoA at five different concentrations, respec-
and divalent metal ions (Table 2). The resulting hyperbolic tively, and at a fixed, saturating concentration of NiThe
curves (data not shown) were fitted to eq 1 to obtain maximal resultant double-reciprocal plot was intersecting, diagnostic
keat and K, values and, in the case of the metal ions, the of a sequential kinetic mechanism in which both substrates
parameterK,., which is defined as the concentration of must bind to the enzyme before chemistry can take place
divalent metal ion required to half-saturate the rate. $he (Figure 1). Dead-end inhibition experiments were carried out
entericaPhnO exhibited a preference forMNifollowed by using desulfo-coenzyme A versus either AcCCo/SarAEP.

Mn?* and very poor activity with Mé", as evaluated by the  Desulfo-coenzyme A is a coenzyme A analogue that lacks
keafKact Values; however, it is unclear what the physiologically the terminal sulfhydryl of CoA and is a dead-end inhibitor
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Ficure 1: Double reciprocal plot of initial rate data at varyi8gLAEP concentrations and fixed concentrations of AcCoA aulV)(®),
20 uM (O), 30uM (v), 60uM (»), and 250uM (M). The pattern of intersecting lines is indicative of a sequential kinetic mechanism.
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Ficure 2: Dependence df.;andk.a/Ks-1aep ON pH at saturating
levels of AcCoA and Nit. The dotted and solid lines are fits to
egs 5 and 6, respectively. Tkg:pH profile revealed the presence
a single ionizable group with akpvalue of 8.2 {0.1). Theka/
Ks-1agp profile was fit to eq 6, which describes the dependence on
two groups with similar g values of 7.5 4£0.1) and eq 5, which
describes the dependence on one group (dotted line).
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since it forms a nonproductive complex with PhnO and the
aminophosphonic acid. Desulfo-coenzyme A exhibited linear,
competitive inhibition versus AcCoAK(s = 79 + 3 uM)
and linear, noncompetitive inhibition versus S-1AKR, &
219 + 44 uM; K; = 204 + 33 uM). These dead-end
inhibition patterns are only compatible with the ordered
binding of AcCoA followed by S1AEP, as has been
observed with other GNAT acetyltransferas8)(
Dependence of pHH studies were performed to inves-
tigate the ionization behavior of groups responsible for
catalysis and binding. The pH dependencykaf and k.af
Kms-1aep Was investigated at saturating concentrations of

Scheme 2: Proposed Kinetic and Chemical Mechanisms for
Aminophosphonate N-Acetylation by PhnO

1) Kinetic Mechanism

E == E-AcCoA === E-AcCoA-S-1AEP — E-CoA-Ac-S-1AEP —> products

Il) Chemical Mechanism

©
/6 H:A-Enz (0‘/-; H:A-Enz CH :A-Enz
CH3—< CH, 3 o]
/" Ns—coa S—CoA \f

HoN HN HN HS—CoA

2 \lNiq —_— “\/er —_— \INi’z

O;F({)—Oe O;R_OE) ofF{O—Oe
5 % )

AcCoA and Nf*. Thek. pH profile revealed the presence

a single ionizable group exhibiting &jpralue of 8.2 £0.1).

We ascribed this group to an enzymic group that functions
as a general acid involved in protonation of the initially
formed thiolate after tetrahedral intermediate collapse. The
KealKms-1aep profile reveals two groups with similarkp
values of 7.5 £0.1) (Figure 2). The two similari's are
likely to be ionizable groups from the aminoalkylphosphonate
substrate, most likely the amine and the phosphonoxygen
groups [both havelg, values around 721)], both of which

are unprotonated whe81AEP binds to the EAcCoOA
complex. From these data a chemical mechanism can be
proposed where, after ordered substrate binding, a tetrahedral
intermediate is formed followed by intermediate collapse and
protonation of the CoA thiolate (Scheme 2). The exact role
of the metal ion is unclear but could bind to the enzyme and
aid in the binding of the aminoalkylphosphonate by coor-
dinating the oxygens of the phosphonate group in a fashion
similar to which 2-phosphonoacetaldehyde hydrolase binds
to Mg?" (17). However, we favor a role in which the metal
binds to the enzyme and the aminoalkylphosphonate con-
tributes both the amine and one of the phosphonoxygens
atoms as metal ligands, which is supported by the absence
of anygeneralbase catalysis observed in thg: pH profile.
Preliminary isothermal titration calorimetry data suggest that
metals can bind to the free enzyme (data not shown). This
could position the amine group of the aminoalkylphosphonate
for acetyl transfer and reduce th& jpf the amine, making

it more nucleophilic for attack on the thioester [such metal
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Ficure 3: Reciprocal plots of the solvent kinetic isotope effect determined for PhnO using AcCoA (top paBdlp&P (bottom panel)
as the variable substrate in the presence of saturating concentratior’$.of iINé symbols are the experimentally determined values® H

(®) or 90% DO (O), while the lines are fits of the data to eq 7.

complexes of aminoalkylphosphonates have previous beenS-1AEP and AcCoA using Ni" as the metal activator. Each

described Z2)].

Solkent Kinetic Isotope EffectsSolvent kinetic isotope
effects were determined by measuring initial velocities in
both HO and 90% BRO. Both AcCoA andS-1AEP were

data point was determined in triplicate, yielding a linear
relation between the rate and mole fraction of deuterium (data
not shown). The equivalent values BfPk.y and PCkg,/
Ks-1aepand the linear proton inventory suggest that a single

investigated as the variable substrate at seven differentproton is transferred in a step that is at least partially rate-
concentrations, with reactions performed under fixed, satu- limiting in the chemical reaction catalyzed by PhnO. On the

rating concentrations of the other substrate arid .Nihese
experiments were performed at pH 8.15 where bigtrand
keafKm are relatively independent of pH. When AcCoA was
the variable substrate, 2Ck../Kaccoa Value of unity and a
DOk value of 2.2 £0.1) were observed, implying that
AcCoA binds first, and its dissociation is prevented by
S 1AEP binding. Wher&1AEP was the variable substrate,
equivalent solvent kinetic isotope effects of 2420(1) were
observed onPk., and PPk./Ks 1aep, Suggesting that

basis of thek.. pH profile, the most likely single proton
transfer is from the enzymic general acid to the thiolate of
CoA, formed upon decomposition of the tetrahedral inter-
mediate. In the structures of a number of GNASubstrate
complexes, a suitably positioned tyrosine residue has been
ascribed as the general acitB].

CONCLUDING REMARKS
Although we have demonstrated that PhnO functions as

S1AEP is not a “sticky substrate” (Figure 3). These data an aminoalkylphosphonill-acetyltransferase, a number of
are in agreement with the dead-end studies that suggestedjuestions still exist. PhnO acetylates a range of aminoalky-

an ordered binding of AcCoA followed by the aminoalky-
Iphosphonate.

A proton inventory experiment was performed by varying
the atom fraction of BO at saturating concentrations of both

Iphosphonates, including the physiologically relevant 2-ami-
noethylphosphonic acid. The chemical and kinetic mecha-
nisms proposed are similar to those proposed for other GNAT
acetyltransferases, with the sequential binding of AcCoA



S. typhimuriunPhnO

followed by the binding of the acyl acceptor (the aminoalky-
Iphosphonate), with subsequent formation of the tetrahedral
intermediate and product relea@), However, the divalent

metal ion activation that was observed is, to date, unique 11,

for a GNAT acetyltransferase. It seems likely that the divalent
metal ion activation has evolved to play a specific role in

aminoalkylphosphonate binding similar to that observed in
other enzymes involved in phosphonate catabolism (phos-
phonatase)l(7). This would also serve to reduce th¢ palue

of the amine and assist in catalysis. The physiological

acetylation of the amine group would prevent its transami-
nation and subsequent cleavage of theRCbhond. We
propose two physiological roles for aminoalkylphosphonate

acetylation: storage and protection. When amounts of 14

aminoalkylphosphonates are available in the environment that

10.

Biochemistry, Vol. 45, No. 9, 20063039

Kim, A. D., Baker, A. S., Dunaway-Mariano, D., Metcalf, W. W.,
Wanner, B. L., and Martin, B. M. (2002) The 2-aminoethylphos-
phonate-specific transaminase of the 2-aminoethylphosphonate
degradation pathwayl. Bacteriol. 184 4134-4140.

Metcalf, W. W., and Wanner, B. L. (1993) Mutational analysis
of an Escherichia colifourteen-gene operon for phosphonate
degradation, using TnphéAlementsJ. Bacteriol. 175 3430-
3442.

12. Metcalf, W. W., and Wanner, B. L. (1991) Involvement of the

exceed the organism’s phosphate requirements, these phos-

phonates can be stored in an acetylated form and later used15.

after hydrolysis by a deacetylas@ 1AEP is known to have
antibacterial propertie24). S1AEP is a structural analogue
of p-alanine, a component of the muramyl pentapeptide
involved in the formation of Gram-negative cross-linked
peptidoglycan.S-1AEP is a slow onset inhibitor of th8.
entericap-alaninep-alanine ligase, exhibiting ; value of
0.5 mM @5). S1AEP is also a slow onset inhibitor of the
Streptococcus faecalslanine racemase&§). Thus, PhnO,
by acetylatingS-1AEP, would protect against the deleterious
effects of S1AEP as a result of the inhibition of these two
key enzymes in peptidoglycan biosynthesis.
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