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ABSTRACT:. The PLP-dependent, biosynthetic arginine decarboxylase (ADCYearbinia pestiswas
investigated using steady-state kinetics employing structural analogues of arginine as both alternative
substrates and competitive inhibitors. The inhibitor analysis indicates that binding of the carboxyl and
guanidinium groups of the substratearginine, provides essentially all of the free energy change realized
upon substrate binding in the ground state. Furthermore, recognition of the guanidinium group is primarily
responsible for substrate specificity. Comparison of the steady-state parameters for a series of alternative
substrates that contained chemically modified guanidinium moieties provides evidence of a role for induced

fit in ADC catalysis. ADC was also characterized by UV/vis and fluorescence spectrophotometry in the
presence or absence of a number of arginine analogues. The enzyme complexes formed served as models
for the adsorption complex and the external aldimine complex of the enzyme with the substrate.

The amino acidsL-arginine andL-ornithine are both Scheme 1: General Catalytic Mechanism for ADC
precursors in the synthesis of putrescine (1,4-diaminobutane),
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boxylation of L-arginine to form agmatine (1-amino-4- T ol L”:K(Rz

guanidinylbutane) and GO P g
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ing left from E, the enzyme combines with the substrate,
L-arginine, to form the adsorption complex (Michaelis
complex, ES), depicted as intermediate After formation

of the adsorption complex, the imine carbon of the interna

aldimine is subject to nucleophilic attack by theamino

| group of the substrate. This results in the formation of the
Schiff base between cofactor and substrate, referred to as
the external substrate aldimine (Scheme 1, intermedixte
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A. Substrates
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B. Amino Acids/Arginine Analogs
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C. Guanidine Derivatives
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Ficure 1: Arginine structural analogues and guanidine derivatives used in this study.

by interactions between functional groups of the substrate fragment, forward primer: 'sSCTGGTCGTGCGGTTACC-
(possibly carboxyl and/or guanidinium groups) and active GC-3; and C-terminal fragment, reverse primer-TAA-
site residues. Furthermore, the pyridine ring is highly CTCGAGTTCGTCTTCAAGATATGTGTAGCCG-3The
electron-withdrawing, which promotes the delocalization of N- and C-terminal cloned fragments contained restriction
electrons during catalysis into the azaaromatic ring systemsites for EcoRI/BstEIl and BstEIll/Xhol, respectively. A
(6). Protonation oflll at the G results in the formation of  Boehringer Mannheim Expand Long Template PCR System
intermediatdV , which is the external aldimine of PLP and was used for the PCR. The TA cloning kit containing the
the amine product, agmatine. Nucleophilic attack by the pCR 2.1 vector (Invitrogen) was subsequently used to clone
catalytic Lys residue regenerates the internal aldimine, the PCR products. The fragments were then cloned together
forming the adsorption complex between enzyme and productinto the EcoRI and Xho | restriction sites in the pET-28b
(E-P, intermediateV). Dissociation of the product regener- vector (Novagen), which incorporates a six-residue, C-
ateskE and completes the catalytic cycle. terminal His tag. The cloned pET-28b vector containing the
In the present study, a steady-state kinetic analysis of recombinant ADC gene was transformed into BL21(DE3)-
recombinant ADC fronY. pestisvas performed employing ~ PLYSE (Invitrogen) competerischerichia colicells.
structural analogues afarginine as inhibitors and alternative TransformecE. coli cells were grown to an OD of 0:5
substrates. The list of analogues used in this study as0.8 and then induced with a final concentration of 1 mM
substrates and inhibitors and their chemical structures is given|PTG. The cells were then allowed to grow at room
in Figure 1. UV/vis and fluorescence spectrophotometric temperature fo6 h and harvested by centrifugation. The cell
analysis of ADC was also conducted in the presence or pellet was resuspended in lysis buffer (20 mM Tris pH 8.5,
absence of certain arginine analogues, which were selected. 0 mM MgCk containing lysozyme (Sigma)) at 15 mg/L
to serve as model compounds in the characterization of thecell culture. The resuspended cells were then disrupted by
adsorption complex Ltargininic acid) and the external  sonication and clarified by centrifugation (8000 rpm in a

aldimine complex with substrate -@rgininamide and.- Beckman Type 45 Ti rotor for 20 min). The clarified
arginine methyl ester). Evidence is also presented for the supernatant was passed over a Ni-NTA agarose (Qiagen)
role of induced fit in ADC catalysis. column. The buffer used during chromatography was 30 mM
Tris pH 8.5, containing 10 mM Mgghknd 40uM PLP. After
MATERIALS AND METHODS the sample was applied, the column was washed first with 5
column volumes of buffer, followed by 5 column volumes
Cloning and Protein PurificationThe Yersinia pesti;\DC of buffer containing 30 mM imidazole; the protein was then

gene (1980 bp) was cloned from genomic DNA in two eluted in buffer containing 90 mM imidazole. Column
roughly 1 kb fragments connected by an internal BstEll site fractions containing ADC were pooled, concentrated, and
at position 1094, using the following primers (restriction exchanged into 0.1 M HEPES pH 7.5, containing 5 mM
endonuclease sites underlined): N-terminal fragment, for- MgCl, and 10uM PLP by ultrafiltration using a Centricon30
ward primer: 5TCCGAATTCGATGTCTGATGATAACT- device (Millipore). Protein concentration was determined by
TGATTAGCCGTCCG-3 N-terminal fragment, reverse pri- measuring absorbance at 280 nmpdgh after determining
mer: 3-GTGAGCGGTAACCGCACGACC-3 C-terminal the mass extinction coefficient at this wavelength'{bs0).
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First, the ADC concentration was determined by the BCA amino acid substrate to the carboxylation of phospho-
method {) against a bovine serum albumin (BSA) standard, enolpyruvate to form oxaloacetate and phosphate, which in
which was determined using its published mass extinction turn is coupled to the NADH-dependent reduction of
coefficient. From the BCA-determined value, the mass oxaloacetate to form malate and NADThe rate of product
extinction coefficient at 280 nme{1%,40) for Y. pestisADC formation was continuously monitored spectrophotometri-
was calculated from an average of three determinations andcally using a Cary 50 UV/vis spectrophotometer (Varian
found to be 0.87- 0.01 L g* cm™*. The purity of all protein Scientific Instruments) and Aezq of —6.22 mM* cm™!
preparations was determined using SEPFAGE and iso- for the conversion of NADH to NAD at 340 nm. The
electric focusing (IEF) (data not shown). standard assay (604L) included 0.1 M HEPES, pH 7.5
Arginine Analogues and General Reageatsbuffers and buffer, containing 5 mM MgGl 40uM pyridoxal phosphate,
chemicals used were of analytical quality. The following 170 uM NADH, 2.5 mM phosphoenol pyruvate, 2.75 U

compounds were purchased from Sigma-Aldrickarginine phosphoenol pyruvate carboxylase (PEPC), 0.51 U malate
HCI, p-arginineHCI, N®-methyl+.-arginineHCI, N-methyl- dehydrogenase (MDH), a variable amount of substrate, and
p-arginineHCI, L-arginine methyl este2HCI, L-canavanine an appropriate amount of ADC (#®.1 ug). An identical
H,SO,, L-N5-(1-iminoethyl)ornithineHCI, L-argininamide assay was employed in the measurement of initial rates of
2HCI, L-homoarginineHClI, agmatineH,SQ,, methylguanidine L-arginine decarboxylation in the presence of various inhibi-
HCI, guanidineHCI, L-lysineHCI, L-ornithineHCI, b- tors, except that the initial concentration efrginine was
ornithineHCI, L-citrulline, andL-norvalineHCI. L-Argininic 313uM, and the concentration of each inhibitor was varied

acid was purchased from Research Organics (Cleveland,around itsK;.

OH). The enzymes phosphoenolpyruvate carboxylase (PEPC) Spectrophotometric Measurements of ABOC samples

and malate dehydrogenase (MDH) were purchased as ly-for spectrophotometric analysis were subject to ultrafiltration

ophilized powders from CalBiochem (La Jolla, CA). PEPC to remove excess pyridoxal phosphate. This procedure

and MDH stock solutions were prepared in 50 mM €], consistently produced a protein with a constag/A 2o ratio

pH 7.5, containing 5 mM MgGJ) 30% glycerol and stored and resulted in no loss of specific activity, indicating that

as frozen aliquots at80 °C. Prior to undertaking the kinetic ~ the PLP cofactor remained bound. Absorption spectra of

analysis of ADC, the specific activities of both PEPC and ADC were measured at 37C using a Cary 50 UV/vis

MDH, as prepared here, under the conditions of the ADC spectrophotometer (Varian Scientific Instruments). Experi-

kinetic assay (described next), were determined to be 10.2mental conditions were 0.1 M HEPES, pH 7.5 buffer,

and 2375 U/mg protein, respectively, where one U is equal containing 5 mM MgC] and 0.98 mg/mL ADC. In measur-

to 1 umol of product formed per min. ing UV/vis absorption spectra as a function of pH, the
Synthesis of N-Substituted Guanidingbe compounds  conditions remained the same except that buffer contained

N-benzylguanidine and-propylguanidine were synthesized 0.1 M each MES, HEPES, and CHAPS; the pH was adjusted

according to the following procedure, which was adapted with NaOH. Fluorescence excitation and emission spectra

from ref 8. To either benzylamine (0.005 mol, 535 mg) or were measured at 28C using a Shimadzu RF-5301 PC

propylamine (0.005 mol, 295 mg) was added 10 mL of 30% fluorescence spectrometer. Experimental conditions were 0.1

ammonium hydroxide, followed b$-ethylisothiourea hemi- M HEPES, pH 7.5 buffer, containing 5 mM MgCind 0.084

sulfate salt (700 mg, 0.005 mol) in a 50 mL round-bottomed mg/mL ADC. The instrument response time was set to 0.1

flask. The mixture was heated to 70 and stirred vigorously s, and the slit width was set to either 5 or 10 nm.

until the reactants dissolved. There was a vigorous evolution Data AnalysisAll kinetic and binding data were subject

of ethyl mercaptan. The mixture was stirred at°TO until to nonlinear regression analysis using SigmaPlot 2000. A

no effervescence of ethylmercaptan was detect&d). The simplified Michaelis-Menten description (eq l1la) for a

mixture was then cooled to room temperature and evaporatedsingle-substrate enzyme was used to model the steady-state

to dryness under reduced pressure in a rotary evaporatorkinetics of ADC. Steady-state kinetics data for the decar-

The residue obtained was then dissolved in water, and theboxylation of L-arginine or alternative substrates were

insoluble, unreacteds-ethylisothiourea was filtered off.  analyzed according to the Michaetidenten equation, eq

Concentration of the filtrate to dryness in vacuo afforded a 1b.

white solid, which was washed with chloroform (20 mL) .

and dried under vacuunN-Benzylguanidine: (yield: 520 E+S— ESE’» E+P (1a)

mg, 70%);H NMR (300 MHz, DO with TSP internal k-1

standard):0 7.40 (5H, m), 4.42 (2H, s) ppm3C NMR (75 V. IS]

MHz, D,O with TSP internal standard)d 160.2, 142.3, p= (1b)

128.5,127.3, 126.4, 46.4 ppm; mass Spectrum (Malaiiy Km Tt [S]

150 MH'. N-Propylguanidine: (yield: 710 mg, 78.5%} o )

NMR (300 MHz, DO with TPS internal standard) 3.35 Steady-state kinetics data for ADC in the presence of

(2H, 1), 2.9 (2H, 1), 2.0 (2H, m) ppm3C NMR (75 MHz, inhibitors were analyz'e.d_ according to thg revgrsible, dead-
D;O with TPS internal standard)y 159.1, 50.5, 42.2, 26.3  end (competitive) inhibition model, described in eq 2.
ppm. v

ADC Kinetics. The initial rates of decarboxylation of p=—max )
L-arginine or alternate substrates as a function of substrate 14 ﬁ 14 m
concentration were measured at 37 using a continuous, [S] K,

coupled enzyme assay similar to that described previously
(9). Briefly, the assay couples the decarboxylation of the In both casesy is the measured initial velocity with units
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Table 1: Steady-State Kinetic Parameters for Arginine
Decarboxylase

Table 2: Inhibition Constants for Arginine Decarboxylase Inhibitors

Ki2 AGP AAG®
Keat Km Keal Km inhibitor (mM) (kcal/mol) (kcal/mol)
—1 10T
Substrate (59 (mM) M~ arginine analogues
L-arginine 5.46+£0.32 0.200+ 0.037 2.73x 10 p-arginine 0.0206: 0.0022 —6.64 -1.39
NC-methyli-arginine  1.22+0.13  0.163t 0.044 7.51x 10° NC-methyl-o-arginine 0.168t 0.027 —5.35 —0.10
L-canavanine 0.1130.005 0.233:0.049 4.67x 107 L-arginine methyl ester ~ 0.188 0.017 —5.28 —0.03
L-N5-(iminoethyl)- 0.419+0.038 9.53-1.61  4.40x 10" L-argininic acid 0.327 0.075 —4.94 +0.31
ornithine L-canavanine 0.42£ 0.042 —4.77 +0.48
L-argininamide 0.89% 0.074 —4.32 +0.93
) . ) ) . L-homo-arginine 1.5 0.15 —3.99 +1.26
of umol/min mg ADC;Vmax is the maximum velocityKn, is dine derivat
. . : guaniaine aerivatives
the apparent l\_/Il_chaells constant for the substritas the N-benzylguanidine 1.48 0.08 405 41,20
apparent inhibition constant; and [S] and [I] are the molar n_propylguanidine 1.9% 0.36 385 +1.40
concentrations of the substrate and inhibitor, respectively. agmatine 2.7 0.24 —3.63 +1.62
A value of 70 kDa for the molecular weight of an ADC  methylguanidine 3.02-0.03 —3.56 +1.69
guanidine 3.39: 0.37 —3.50 +1.75

monomer {0), and the equivalent of one active site per
monomer, was used in the calculationkgf:

2 Reported errors are the standard errors determined during nonlinear

ilinri i inti regression analysi€.The observed free energy change upon inhibitor
The apparent equilibrium dissociation constartg) for binding: AG = ~RT In(K). wherek = 1/K; in M-1. ¢ The observed

the 'nh'p'tors"arg'n'nam'd? and'arg'_n'ne _methylester WEre jitference in free energy change upon inhibitor binding relative to that
determined from the UV/vis absorption differences observed of the substrate,-arginine, 0f—5.25 kcal/mol (estimated usirt, =

as a function of inhibitor concentration, [l], according to eq 200uM, determined in this work)AAG = AGinnisitor — AG.-Arg.

3.

(Amax_ Amin)[l]

(Amax_ A) = [+ Kq

®3)

A is the absorbance at 410 nm, corresponding to the
difference absorbance maximum observed upon ligand
association, and /x and Ann are the maximum and
minimum values at 410 nm, respectively. The term{&-
Amin) Was determined by best-fit of the data, as WasThe L.
absorbance data are reported next as the fraction of binding gemdiamine

sites bound by inhibitor, termed fraction saturated, calculated FIGURE 2: SEeSroscopicli)roperﬂes ﬁf PLP adducts. The_abso(llrzbl\a/llr)nce
_ A maximum {ma) as well as the fluorescence emission

by [(Amax = A)/(Amax = Amin)]- wavelength, corresponding to excitation at the absorption wave-

length for each species, is shown below the corresponding structure,

where applicable. Although not depicted in the figure, the depro-

tonated form of the ketoenamine has a characteristic absorbance

maximum at 350 nm.

Amax - 420 nm

Amax - 330 nm

Amay - 330 nm

emission @ ~500 nm emission @ ~500 nm  emission @ ~390nm

ketoenamine enolimine

RESULTS

Steady-State Kinetic Analysis of ADThe steady-state
kinetic parameters for ADC (at 3TC, pH 7.5) utilizing either
the natural substrate;arginine, or the alternative substrates,
NC-methyl+-arginine,L-canavanine, ar-N>-(1-iminoethyl)-
ornithine, were determined; the results are given in Table 1.
It is evident that the higlK,, value (9.5 mM) forL-N>-
(iminoethyl)ornithine is due to poorer binding of the acet-

ployed. UV/vis and fluorescence spectroscopy can be used
to probe the tautomeric and ionic states of the PLP cofactor
(11-15). PLP structures relevant to this work are shown in

Figure 2. The tautomeric ketoenamine and enolimine species
are protonated at either the imine-N or phenolic-O atoms,

amidinium group relative to that of the guanidinium group respectively. Model studies have established that the keto-
of L-arginine. Additionally, the following amino acids were enamine form predominates in a polar environment, whereas
tested for their suitability as substrates and showed no activitythe enolimine form predominates in an apolar environment

at concentrations as high as 20 migkarginine,N¢-methyl-
p-arginine, L-homoarginine, L-citrulline, r-norvaline, L-
alanine,L-ornithine, p-ornithine, L-lysine, andp-lysine. To

(16).
The UV/vis spectra of ADC in the presence or absence of
various inhibitors are shown in Figure 3. Native ADC (Figure

investigate the determinants for substrate recognition by 3, spectrum A) has an absorption peak at 417 nm, which
ADC, a steady-state kinetic analysis was conducted with acan be assigned to the internal aldimine form of the PLP
series of inhibitors that are arginine structural analogues andcofactor. The prominence of the 417 nm peak and the
include amino acids, amino acid derivatives, and guanidine absence of significant features at 330 nm indicate that the
derivatives. These results are listed in Table 2. Additionally, PLP cofactor is predominantly in the (protonated) keto-
the following compounds were tested and showed no enamine tautomeric form rather than the enolamine form
apparent inhibition at concentrations as high as 10 mM: (15). In the presence of eitherargininamide or-arginine
L-lysine,L-ornithine,p-ornithine,L-citrulling, L-norvaline, and methyl ester (Figure 3, spectra B and C, respectively), the
L-alanine. 417 nm peak exhibits a red-shift to about 422 nm and exhibits
Spectrophotometric Analysis of ADTo characterize the  a slight decrease in intensity. This is consistent with the
nature of ADC alone and in complex with product and formation of an external aldimine. The minor 350 nm peak
inhibitors, UV/vis and fluorescence spectroscopy was em- exhibited in these spectra increases with the concomitant
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Absorbance

~~~~~~~~

300 350 400 450

Wavelength

Ficure 3: UV/vis absorbance spectroscopy of ADC. UV/vis spectra
of ADC are shown in the absence or presence of various ligands:
(A) native ADC, (B) ADC+ 7.4 mML-argininamide, (C) ADCt

2.4 mM L-arginine methyl ester, and (D) ADG 11.5 mM
agmatine. The sample conditions are 1.0 mg/mL ADC, 0.1 M
HEPES, pH 7.5, and 5 mM Mggin all cases.
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FiIGURE 4: Determination ofKy4 for selected enzymeinhibitor
complexes. Inhibitor saturation binding curves for ADC at°g&7

as a function of the concentration of the substrate analogues (A)
L-argininamide and (B).-arginine methyl ester as monitored by
the absorbance change at 410 nm. Sample conditions in all cases
were 1.0 mg/mL ADC, 0.1 M HEPES, pH 7.5, and 5 mM MgCl

The lines represent the best-fit of the data;Khealues determined
from this analysis were 27& 26 uM, for L-argininamide, 98t 7

decrease of the 420 nm peak when the pH is made more“M and forL-arginine methyl ester, and 8411.3 mM for agmatine.

alkaline (data not shown), indicating that the 350 nm peak

corresponds to the deprotonated ketoenamine form of thevery well with the earlier data (Figure 6 in ré@), supporting

cofactor. In contrast, the UV/vis spectrum of native ADC is
invariant in the pH range 6-59.0. Additionally, the ADC

the notion that the two bacterial enzymes are very similar.
The steady-state kinetic model employed here is the simpli-

spectrum remained essentially unchanged from that of thefied Michaelis-Menten description of an enzyme having one

native ADC upon the addition afargininic acid (see Figure
3, curve A for comparison), which suggests that the ionic

substrate (eq la), and the ratik,/k;, is an apparent
dissociation constantKg) for ES; analogouslyK; is an

and tautomeric states of the PLP cofactor remain essentiallyapparent dissociation constant for the enzyiméibitor
unchanged upon formation of the adsorption complex. complex, El. For the ADC mechanism, th€ constant

Furthermore, the ADC spectrum in the presence-afginine
exhibited a change consistent with the formation of an
external aldimine; however, this is most likely an artifact
since the absorbance change was incompleteaginine
concentrations 100-fold greater thanKigdata not shown).
This indicates that the strong inhibition observed for this
compound Ki = 21 uM) occurs via formation of the

incorporates a term for the formation of the adsorption
complex and another for the external aldimine (intermediates
| andll, respectively, Scheme 1). Furthermore, ithgterm
comprises several steps, including the irreversible decar-
boxylation step and the product release step(s). Whgis
small relative tok—;, Ky will closely approximate the
apparentKq or K; for the substrate or substrate analogue,

adsorption complex. The fluorescence emission spectrumrespectively. Because inhibitors suchlasanavanine and

from 350 to 600 nm (excitation at 390 nm) was essentially
the same for the enzyme complexed with eithearginine,
L-argininamidey-arginine methylester, or uncomplexed (data
not shown).

The spectroscopic characterization of ADC in complex
with agmatine was attempted. It was discovered that this
resulted in the formation of a PRagmatine adduct that
could be mostly separated from the protein by ultrafiltration.

L-argininic acid are chemically very similar tearginine,
the K; for these inhibitors are good approximations Ky
of the substrate-arginine. Furthermore, the data (Tables 1
and 2) show that substrate binding in the ground state is
generally not sensitive to desamino and mod¥sialkyl
modifications of the substrate.

Structural and Mechanistic Comparison of ADC with ODC
and Other Fold Ill PLP Enzyme®iosynthetic ADC is a

After subtraction of the spectrum of the filtrate from the Member of the fold Il PLP-dependent class of enzymes,
combined spectrum, it was qualitatively determined that the Which also includes alanine racemase (ALR), diamino-

remaining agmatineenzyme complex exhibited an absorp- Pimelate decarboxylase (DapDC), and mammalian/pro-
tion maximum at 420 nm, consistent with the formation of {0azoan omithine decarboxylase (ODC). X-ray crystal struc-

an external aldamine (data not shown). tures for the ALR 18 19),. DapDC @0, 21), and ODC p2—

The characteristic absorbance changes upon the formatio 4) representatives of this enzyme class have been repqrte_d.
of the external aldimine containing the substrate analogues h"e fold t”I' PLP-/dep?rr;'(\JIAeSt CI"’}SdS of e_nzyrges cha(;aqtehrlstl-
(L-argininamide and-arginine methyl ester) allowed for the cally contains aft/o)e- arrel domain and g-sandwic

determination of apparent equilibrium dissociation con- domain. These enzymes form dimers via a head-to-tall

stants Kg) for these compounds. Data from these experiments It?:tav:/aece“nor':r:z V_\ll_T,'\; hggﬁgcg\éfnzitﬁ 'cs)ffoorrr:;eifgsgi 'gféf?ﬁg
are shown in Figure 4; results are provided in the figure

p-sandwich of the other subunit). The @/a)s-TIM barrel

caption. domain contains the conserved, functional motif: [KE&N
DISCUSSION FHVGS -GGG --ESGR] @4, 25), which contains elements

necessary for PLP bindin@6—28), while the 3-sandwich
domain contains functional groups required for substrate
recognition and catalysi®®, 29). A select sequence align-
ment of ADC (Figure 5) with other fold Ill PLP enzymes
whose structures are known reveals unique structural features

Prokaryatic, biosynthetic ADCH. coli) was first isolated
and characterized by Wu and MorriH)X 17). Y. pestisADC
is 37% identical to theE. coli enzyme at the amino acid
level. Our determination df.,;of 5.46 s at pH 7.5 agrees
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—— ADC-insertion

<
bRADC_Ypest 360:ESG AVTAHH-------------- [TVLVSNV IGVERNEFCEPQFFPERGAPRALESLWDTWOEMOQEPENRRSLEEWLHDSOMDLHDVHTQYAHGMLDOLTHRAWREQLYLSICNEIQKQ) : 474
bADC_Ecoli 359:ESGRAVTAHH--------------4 TVLVSNI IGVERNEY TVPTAPAEDAFRALOSMWETWIEMHEPGTRRSLREWLHDSOMDLHD IHIGYSSGIFSLOERAWAEQLYLSMCHEVQKD | : 473
bBADC Styph 333 :ESGRAVTAHH- ------------- [TVLVSNI IGVERNEY TDPTAPAEDAPRALONLWETHWOEMHEPGTRESLREWLHDSOMDLHD IHIGYSSGAFSLOERAWAEQLYLSMCHEVQREQ] : 447
bADC Hpylo 323 :ESGRYISANH- ------------- AV LYVAPVLELFSHEYNEESLEIKENNNEE - - LIDEMLDL LANINEKNATEYLHDSFDHTESLFTLFDLGY IDLIDR SNTEVLAHLIVERKAVQL] : 435
bADC Campy 3139:ESGRFVAANH- - -------oox - AV L I PV LELFSOEYAENKL I LEKONEK - - - LIDELY DL YK TKPSNALEYLHDS TDHLES ILTLFOLGYVOLODR SNAETLTHLITKEATILL] : 430
bRDC_Athal 373:ESGRAIVSHH---=--====-==-== SVLIFEAVEAGQQHETPTDH--======= QFMLEGYSEEVRCDA - - - - YENLYGARMRGDR - - - EECLLYVDQLEQRCVEGFKEGSLGIEQLA : 470
ODC_Hsapie 373:EPGRYYVASA--------------- FTLAVNIIAKKIVLEEQT------------ GEDDEDESSEQT{-----------—----=-=-=------=--=----—--—————————————--—-- : 324
ODC Mmuscu 273: EPGRYYVASA--------------- FTLAVNI IAKKTVWEEQP ------------ GSDDEDESNEQT - : 324
ODC_Thruce 2393 :EPGRYYVASA--------------- FTLAVHY IAKKVTPGVOT - - ---------- DVGAHAESNAQS 1 344
ALR lsft 231 ;: GIAMYGLAPSPGIKPLLEPYPLEEARSLHSRLVHVEKLOPGEEV - - - - - - - - - - - - SYGATYTAQTEE - : 2B&
DapDC Ypes 267:EPGRFLVAES--------------- GVLIAQVRAVEDMGRR- - ---------------—- 3 : 304
—> = = >
Active site loop (ODC-disordered, ALR-ordered)
(Bron)g ALR insertion
- . L]
domain B-sandwhich domain
>
bADC Ypest LDPSNRAHPIIDELD RMADKLYVNFSLFQSMPD-AWGIDOLFPVLPLEG- - LDEPPERRAVLLDITCDSDGTIDHY IDGDGVATTMPMPEYDPENP - - - - PLLGFFMYV AYQEILGN: 575
bADC_Ecoli LDPQNRAHPIIDELD RMADEMYVNFSLFQSMPD-AWGIDQLFPVLPLEG- - LDQVPERRAVLLDITCDEDEATIDHY IDGDGIATTMPMPEYDPENP - - - - PMLGFFMVGAYQEILGN: 574
bADC_Styph LDPONEAHPIIDELOERMADKEMYVNFSLFQSMPD-AWGIDOLF PFVLPLEG- - LDOQVPERRAVLLDITCDSDERAIDHY IDGDG IATTMPMPEYDPENP - - - - PMLGFFMVGAYQEILGN: 542
bADC_Hpylo LYVEDHND- - ILREIQEQVJERY LLNCSFFQSLPD - YWGLRONF PYMPLNE - - LDEKPTREASLWDITCDSDEEIA - FDSTEPLFLHDI - -DIDEEE--- - - YFLAFFLVGAYQEVLGM: 525
bADC_Campy LGDECNPA- - LLAIQDEVYERY LVNFSLFQSMPD - FWGLEQNF FIMPLDR - - LDEEFTRSAS IWDITCDSDGELS - YSKDKPLFLHDV - -DVEKEN-- - - - YFLGFFLVGAYQEVLGM: 521
baDC_Athal GVDGLCEWIKAIGASDPVLTYHVNLSVFTSI PD- FWGIDOLF PIVPIHE- - LDORPAARGILS DUTCDSDGRINKF IGGESSLELH - - - EMDNNGCSGGRY Y LGMFLGGAY EEALGG: 561
ODC_Hsapie FMY YVNDGVYGSFNCILYDHAHVEFLLOKRP- - KPDEKYYSSSIWGHICD - - -GLDREIVERCDLPEM - - - -HVGD------- - WMLFENMGRYTVAAAS: 38%
oDC Mmuscu FMYYVNDGVYGSFNCILYDHARVEALLOERE - - KPDEKYYSSSIWGHTCD - - -FLDRIVERCNLPEM - - - -HVGD--- - - - - - WMLFENMGAYTVAAAS: 389
0DC_Thruce FMYYVNDGVYGSFNCILYDHAVVRE PLPQREF- - TPNEKLYPSSVWGHICD - - -ELDQIVERYYLPEM - - - -QVGE- - - - - - - -WLLFEDMGAY TVVGTS: 425
ALR 1laft 5 WIGTIPIGYAD- - - -GWLRERLOHFHVLVD - - - - - GQEAPIVGRICMODCM=- - - TRLPGPLPVET -~ =============== EVTLIGRQEDEVISIDD: 343
DapDC_Y¥pes B HYVLVDAGFNDLMRPAMYGEYHHT SLLPADGRDLTSAPLIDTVVAGHLCESGOVFTQOEGGSVETLALPAAVIG DYLVFHOTCGAYGASMES : 380
= &= = &= —> —> = =

Substrate recognition loop
(acidic motif)

Ficure 5: Alignment of select ADC sequences and other fold 1l PLP enzymes. The alignment focuses on the region where ADC has an
insertion relative to its other fold Il family members. The ADC-insertion maps to the region betweedidhgtarrel and thgs-sandwich
domains. The insertion is in a loop that connects two strands gf-$sndwich domain. This loop is an ordered, active site flap in ALR
but disordered in the structure of ODC. In ALR, the flap contains a catalytic base, while in ODC this loop has been reported to be involved
in enzyme activation by phosphorylation of a serine residue on the loop. A second unique feature of ADC is a substrate recognition loop
that, in the structure of ODC, contains an acidic residue involved in the recognition éfatréno group of -ornithine. In ADC, this loop
is larger and contains an extra acidic residue that may be a substrate recognition motif for the guanidinium moiety. The secondary structure
elements indicated below the sequence alignment in the figure (arrow representing strands, box representing helices) represent those observec
in the structures of ODC (PDB code: 1D7K, 1F3T), ALR (1BDO0), and DapDC (1HEY);(coordinates for the DapDC structure published
by Ray et. al. have not been deposit@@)j. The sequences shown in the alignment are of ADC fhanpestisE. coli, S. typhimurium
H. pylori, C. jejuni, A. thaliang of ODC from H. sapiens M. musculusT. brucej of ALR from B. stearothermophilysand of DapDC
from Y. pestis

of ADC that may have catalytic importance. These features basis for the development of a model for the ADC active
include a substrate recognition loop, a putative active site site whereby the magnesium and PLP may be next to each
flap, and a magnesium binding site. In the structure of ODC, other in the ADC active site, with potential implications on
the substrate recognition loop contains a conserved aspartidautomeric forms of PLP, its adducts, and its spectroscopic
acid that has been shown to interact with éhamino group characteristics.

of the product putrescin@®). The equivalent region in ADC In terms of mechanism, ADC is very similar to mam-
contains an insertion of three residues with an extra asparticmalian/protozoan ODC@, 33—35). Therefore, a discussion
acid that may be involved in forming the guanidinium of the important features of the ODC kinetic mechanism is
recognition pocket (Figure 5). A second unique feature of relevant here. The literature values for the steady-state kinetic
ADC (Figure 5) is an insertion of60 residues relative to  parameters of ODC are 780.5 s'* and 320+ 30 uM for

its closely related family members (ODC, DapDC, ALR), thek.andKy, for L-ornithine, respectively, at pH 8.4,
which maps to a disordered loop in ODC that connects two 36), which are remarkably similar to those of ADC (this
strands of theg-sandwich domain24). Although this loop paper). Brooks and Phillips undertook an extensive analysis
is disordered in the structures of ODC, a structurally of ODC, employing multiwavelength stopped-flow spectro-
equivalent loop in the structure of ALR forms an active site photometric analysis at 4C to characterize PL.Penzyme

flap that contains a catalytic baskEd, suggesting that ADC intermediates along the reaction coordinate and to determine
may have a large flap domain. Finally, a third unique a minimal kinetic mechanisn36). Their results indicated
characteristic of ADC is the requirement for magnesia),( that decarboxylation of the external aldimine of the substrate
which structurally may be evidence of a link between the (equivalent to Scheme 1, intermedidt¢ in the formation
enolase superfamily that binds magnesium utilizing a similar of the quinonoid intermediatek (= 21 s ') was not rate-
(a/f)s TIM barrel fold (30, 31) and fold Ill PLP enzymes  determining. Furthermore, decomposition of the quinonoid
that uses a common phosphate biding motif found in TIM intermediate (equivalent to Schemelll,) was very rapid
barrels 82) to anchor PLP. The latter provides a structural (k = 145 s) and followed by at least two steps that were
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both rate-determining, including the product release step.and by others, for the mechanistically related enzyme ODC,
These rate-determining steps included: (1) the subsequensuggest a rate-determining product release step for ADC cat-
conversion of an unidentified intermediate to form the alyzed decarboxylation of the natural substratarginine).
external aldimine of the product, putrescine, and (2) the Alternatively, a conformational change (perhaps the closure
multistep release of product. Given the close sequenceof an active site flap as occurs in the alanine racemase
similarity between ADC and ODC, the analogous chemistry mechanism) could result in enhanced substrate binding that
catalyzed by each enzyme, and a similar steady-state kinetids sensitive to the guanidinium group and causes acceleration
behavior, it is reasonable to hypothesize that the two enzymesof the chemical step for the correct substrate. The data
share key mechanistic features. Furthermore, residues in-described herein do not discriminate between these pos-
volved in cofactor binding including a key catalytic residue sibilities. In conclusion, the results demonstrate a role for
cys360 of ODC, determined by Jackson et 8l7)( are all induced fit in the substrate specificity of ADC.
strictly conserved in sequence alignments. Although the rate
constants for the intermediate steps of ADC catalysis remainACKNOWLEDGMENT
to be determined, a rapid chemical step followed by slow
product release may be characteristic of ADC.
Determinants of Substrate Recognition by AB@Galysis
of the inhibition constantsK() for the series of arginine
analogues, including amino acids and guanidine derivatives
identifies the determinants of substrate recognition by ADC.
It is clear from a casual inspection of Table 2 that the
guanidinium moiety is critically important in substrate
binding and specificity. It is also evident that binding of the REFERENCES
a-carboxyl group is important. Since the steady-state kinetic
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