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ABSTRACT. Pea 5-aminolevulinic acid dehydratase (ALAD) was purified 200-fold from a recombinant
overproducing strain oEscherichia coli yielding an octameric enzyme with a specific activity of 280
units mgl. Divalent metal ions were essential, MgMn2*, and C&" ions all supporting activity, whereas
Zn?* ions could not. Equilibrium dialysis and atomic absorption studies revealed tvid igg binding

sites per subunit. Pea ALAD bound the substrate 5-aminolevulinic acid covalently through a Schiff base
at the P-site, electrospray mass spectrometry of the reduced erAIMAeSchiff base complex showing

the presence of one P-site per subunit. The amino acid residue modified by ALA was identified by
MALDI-MS and Edman sequencing as Lys-293, analogous to the active site Lys-Z.7cofi ALAD

and Lys-252 of mammalian ALAD. Comparative studies of pea ALAD vithcoli ALAD using the
inhibitors 3-acetyl-4-oxoheptane-1,7-dioic acid (AOHD) and succinylacetone (SA) indicated similar modes
of inhibition, with the formation of a Schiff base complex between the inhibitors and the active site
lysine. Studies with the ALA homolog, 4-amino-3-oxobutanoic acid (AOB), revealed that it is specific
for the A-site of both the pea aril coli ALADs. An interesting difference exists between the enzymes,
however, pea ALAD being far more susceptible to inhibition with AOB thanEheoli enzyme. AOB
bound 10 times better to the A-site of pea ALAD compared to the substrate, ALA. Despite the 2000
times lowerK; of AOB for pea ALAD, no abortive Schiff base intermediate, between enzyme-bound
ALA at the P-site and AOB bound at the A-site, could be demonstrated.

5-Aminolevulinic acid dehydratase (ALADporphobili- “porderline” metal ions (e.g., Mg) and are oxygen insensi-
nogen synthase; EC 4.2.1.24) catalyzes the condensation ofive.

two molecules of 5-aminolevulinic acid (ALA) to give one The two identical substrates bound by ALAD can be
molecule of porpho_b|l|nogen (PBG) (see Jordan (1991) and distinguished by the side chain they contribute to the final
Jaffe (1995) for reviews and Scheme 1 fpr strugtures). All broduct porphobilinogen (PBG). The ALA molecule that
dehydratases have been shown to require a divalent metagqnyripytes the propionate side chain binds at a site termed
ion for activity. Mammalian and some bacterial enzymes (e p_gite, while the ALA molecule that contributes the
require Zit" ions (Gibbset al, 1983; Nandiet al, 1968).  5qqtate side chain binds at the A-site as shown in Scheme
Dehydratases_l_Jtl_Ilzmg 2n are found to be oxygen sensitive 5, (Jordan & Seehra, 1980; Jordan & Gibbs, 1985). Unlike
while those utilizing Mg*" are oxygen insensitive (Boesé the bovine ALAD, where four A- and P-sites per octamer
al., 1991). The molecular basis for metal ion selectivity and appear to exist (Cheh & Neilands, 1976; Jaffe & Hanes
oxygen sensitiyity has been proposed to reside in the nature1986),Escherichia coliALAD has béen sh,own to possess '
of t:\e' F“et"i' I|]9t?ndst(ll?>?esetdal., 19?11)' Thu:: .ALADSf eight A- and P-sites per octamer (Spencer & Jordan 1995),
containing 'soft’ metal igands, such as Cysteine, preler v p_site forming a Schiff base intermediate with a lysine

“soft” or “bOrdeT”“e_" metal ions su_ch as Zh an_d are residue (Gibbs & Jordan, 1986). The Schiff base lysine was
susceptible to oxidation by a process in which disulfide bonds identified as Lys-252 in human ALAD (Gibbs & Jordan

ﬁﬂ;T d?ent\ql\éet:r ltihzr%’:te'stim::'ggagr"t';'teAL'?ngC?ﬁ;%T”c?r 1986), equivalent to Lys-247 if. coli ALAD (Echelardet
9 ' P P al., 1988). Although the initial steps in the reaction

A mechanism of ALAD involving ALA binding at the P-site
This work was funded by the BBSRC. . .
* Address correspondence to Professor P. M. Shoolingin-Jordan, have been characterized, the subsequent order of formation

University of Southampton. of the two bonds required to give the pyrrole ring are
* Southampton University. unknown
8 Texas A&M University. ’
I University of Virginia. Studies with a range of inhibitors of ALAD have been

iy ﬁgsrt_g%ic;t%:gfszel_i iﬂ%dléar;\%% Ié\ijslin'?cbzm??&nga% g- nﬁggl carried out (Lénd et al, 1992; Haet al,, 1993) although
levulinic acid dehydratase; AOB 4-amino-3-oxobutanoic acid; AOHD the§e Were.r.10t able to d'St'ngu'Sh whether inhibitors were
= 3-acetyl-4-oxoheptane-1,7-dioic acid; EDFAethylenediaminetet-  active specifically at the A- or P-site of the enzyme. More
raacetic acid; ESM$- electrospray mass spectrometry; FPEGast recent studies have delineated the individual properties of
protein liquid chromatography; HPLG high performance liquid — the A- and P-sites oE. coli ALAD and have determined
chromatography; MALDE matrix assisted laser desorption ionization; . . S
PBG = porphobilinogen; SA= succinylacetone; TFA= trifluoracetic the site of action of several inhibitors (Spencer & Jordan,

acid. 1995).
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Scheme 1: Molecular Structures of ALAD Substrate, Product, and Inhibitors
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aFrom left to right: 5-aminolaevulinic acid (ALA); 4-amino-3-oxobutanoic acid (AOB); succinylacetone (SA); 5-acetyl-4-oxoheptane-1,7-dioic
acid (AOHD); and porphobilinogen (PBG).

Characterization of the individual requirements for A-site and washed with ether (% 20 mL). The ageuous layer
and P-site binding (Spencer & Jordan, 1995) has providedwas then freeze-dried, yielding light brown sticky crystals
information to assist in the design of new inhibitors of (0.24 g, 90.7%).'H-NMR (DMSO-dg): 6 8.35 (—COOH,
ALAD. s, broad), 7.35(N"H3, t), 4.03 NCH,CO—, broad, q),
This paper concerns the purification and characterization 3.65 (-COCH,COOH, s). 13C-NMR (DMSO+ds): 197.78
of recombinant pea ALAD and for the first time provides (—CO-—), 166.02 ( COOH), 47.23 (- NCH,CO—), 46.69
an insight into the metal requirements of plant ALADs. The (—COCH,COOH). IR (LF): 3440, 31662940, 1722
paper also describes studies on the mode of action of(broad), 1612, 1169 cmd. FAB (MS): M* (118, 100), (74,
inhibitors differentially specific for the A- and P-sites of 35.9), (58, 11.4).
recombinant pea anél. coli ALADs. Ethyl 4,6-DioxoheptanoateMg turnings (39 g, 1.6 mol)
were added, carefully, in portions into dry MeOH (200 mL)
EXPERIMENTAL PROCEDURES and CC} (1 mL) in a 2 Lround-bottomed flask. The mixture
Chemicals Chemicals for organic synthesis were obtained became hot and Hgas was evolved so that cooling in a
from Aldrich or Fluka. 5-Aminolevulinic acid, 2-mercap- Wwater bath was required. Additional MeOH (500 mL) was
toethanol, \{ protease, and Trizma base were purchased fromadded slowly, and the reaction was allowed to continue until
Sigma Chemical Co. Ltd. Column chromatography supplies all the Mg had reacted. The solution was then refluxed for
were obtained from Pharmacia Ltd. 5-Amindf&]levulinic 10 min. After cooling tert-butyl acetoacetate (250 g, 1.58
acid was purchased from Amersham International, U.K. All mol) was added with stirring over 10 min, yielding a
other chemicals were purchased from BDH (now Merck). precipitate. The suspension was refluxed for 1 h, after which
Synthesis of Inhibitors Benzyl 4-Bromo-3-oxobutanoate the solid Mg complex (368.6 g) was collected in two large
(Benzyl 4-BromoacetoacetateBromine (5.2 mL, 0.1 mol) Buchner funnels, washed with MeOH, and dried in high
in CHCl; (10 mL) was added to benzyl acetoacetate (19.22g, vacuum forca. 8 h.
0.1 mol) in CHC} (100 mL) at 0°C, and the mixture was Ethyl succinyl chloride (300 g, 1.82 mol) was added over
stirred at room temperature overnight. A stream of air was 20 min to a stirred suspension of the Mg complex (368.6 g)
then passed through the solutionr foh toremove excess in dry ether (600 mL). The thick suspension was refluxed
bromine gas. The solution was dried over anhydrous Na for 30 min, cooled in ice, and acidified wit2 M H,SO,.
SO, and filtered, and the solvent was removed to give a dark The organic layer was separated, and the ageuous layer was
oil (26.11 g). The more volatile material in the mixture was extracted with ether (3« 300 mL). After the combined
distilled off at 45-80 °C, 0.6 mmHg, leaving benzyl ethereal solutions had been washed with watet 200 mL),
4-bromo-3-oxobutanoate (11.60 g, 42.8%)H-NMR dried with anhydrous N&Oy, and evaporated, an orange
(CDCl): ¢ 7.36 (5H, s), 5.18 (2H, s), 4.00 (2H,, s), 3.75 oil was obtained (437.27 g). Toluenesulfonic acid (1.5 g)

(2H, s). was added to the oil, and the whole mixture was heated,
Benzyl 4-Azido-3-oxobutanoate (Benzyl 4-Azidoacetoace-overca. 1 h, to 180°C. After cooling the resulting oil, ether
tate) Benzyl 4-bromo-3-oxobutanoate (11.60 g, 42802 (1 L) was added and extraction was carried out quickly four

mol) was dissolved in acetone (10 mL) and mixed with BlaN times with solutions of ice-cdl2 M NaOH (350, 200, 100,
(5.04 g, 7.75x 1072 mol) in water (30 mL). The mixture  and 80 mL, respectively). Each extract was poured directly
was stirred vigorously at room temperature for 6 h, and the into ice-cold 1.8 M HSQO, (500 mL), and the ageuous
lower organic layer was then separated and dried oversolutions were extracted with GAI, (3 x 300 mL). The
anhydrous Ng5O,. After filtration and evaporation of the  combined organic layers were washed with satd NaklCO
solvent, a dark red oil was obtained that was purified by and dried over anhydrous P80O,. After filtration and
chromatography through a silica gel column using CHCI evaporation of the solvent, a dark orange oil was obtained
as the eluting solvent. An orange oil (4.60 g, 46.1%) was (168.8 g). Ethyl 4,6-dioxoheptanoate (138 g, 47%) was
obtained R = 0.24 in CHC}). 'H-NMR (CDCl): 6 7.38 obtained as a colourless oil, by distillation over a boiling
(5H, s), 5.19 (2H, s), 4.08 (2H, s), 3.55 (2H, s). IR (LF): range of 86-100°C, 0.03 mmHg. FrontH-NMR, it was
3062, 3032, 2958, 2108 (strong), 1731, 1000 tm revealed that a mixture deto—enoltautomers is present in
4-Amino-3-oxobutanoic Acid Hydrochloride (AOBBen- a ratio ofca. 1:3. *H-NMR (CDCly): ketotautomerg 4.13
zyl 4-azido-3-oxobutanoate (0.52 g, 2.2410°2 mol) was (2H, q), 3.60 (2H, s), 2.80 (2H, t), 2.60 (2H, t), 2.25 (3H,
dissolved in a mixture of 0.5 M HCI (7 mL) and 1,4-dioxane s), 1.25 (3H, t);enoltautomer,0 15.2 (1H, s, broad), 5.52
(3 mL) and hydrogenated in the presence of 10% Pd-C (1H, s), 4.15 (2H, q), 2.60 (4H, m), 2.04 (3H, s); 1.25 (3H,
(0.05g) at 1 atm pressure and room temperature for 24 h.t). IR (LF): 3628, 3442, 2980, 2929, 1722, 1625 (strong),
After filtration, the solution was diluted with water (10 mL) 1186, 1022 cm®.
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Diethyl 3-Acetyl-4-oxoheptanedioaté mixture of ethyl 60220 M LY. The absorbance at 280 nm of a 0.1%
4,6-dioxoheptanoate (138 g, 0.74 mol), ethyl chloroacetate solution of pea ALAD in 50 mM potassium phosphate, pH
(75.8 g, 0.62 mol), KCO; (85.5 g, 0.62 mol) and Kl (30.8 6, was determined as 1.5. One unit of enzymatic actiwity
g, 0.19 mol) was refluxed in dry acetone (500 mL) for 4 h. 1 umol of PBG produced/¢#mng of protein) at 37C. The
The cooled suspension was filtered in a Buchner funnel, the specific activity of purified pea ALAD was found to be 280
solids collected were dissolved in a minimum amount of units mg* at pH 8.5.
water, and this solution was extracted with etherx(350 Purification of Pea 5-Aminoteulinic Acid Dehydratase

mL). The filtrate was evaporated, and the residual oil was g_colj cell paste (4 g) was suspended in 20 mL of 50 mM

ethereal solution was washed with water (200 mL) and brine \igs0O, and was sonicated for 4 min at°C to disrupt the
(2 x 200 mL) and dried over anhydrous }0,. After cells. Cell debris was removed by centrifugation at 100

filtration and evaporation of the solvent, an orange oil (160 for 20 min. Ammonium sulfate was then added to give 30%
g) was obtained. Diethyl 3-acetyl-4-oxoheptanedioate (84.3 saturation, and the resulting precipitate was removed by

g, 42%) was distilled as a pale yellow oil over a boiling  centrifugation and discarded. Further ammonium sulfate was

range of 134-140°C, ca. 0.02 mmHg. The main product
is theketotautomer. *H-NMR (CDCl): 6 4.2 (1H, t), 4.12
(4H, q), 2.90 (2H, d), 2.85 (2H, t), 2.60 (2H, t), 2.28 (3H,
s). IR (LF): 2980, 2936, 1722, 1625 (weak), 1201, 1030
cmt,

3-Acetyl-4-oxoheptanedioic Acid (AOHDDiethyl 3-acetyl-
4-oxoheptanedioate (0.97 g, 3.5710°2 mol) was mixed
in 5 M HCI (3 mL) and stirred at 50C for 18 h. After the

then added to give 50% saturation, and the precipitate,
containing the enzyme, was collected by centrifugation. The
pellet was resuspended in 3 mL of 50 mM Tris-HCI buffer,
pH 8.4, containing 10 mM MgS§) and the solution was
applied to a Sephacryl S-200 gel filtration column (100 cm
x 2.5 cm). The column was developed in the same buffer
at 1 mL/min and fractions eluting with a specific activity
greater than 30 were pooled and applied to a DEAE Sephacel

evaporation of the HCI and rinsing the residue with ether (3 ion-exchange column (30 cx 2.5 cm). ALAD was eluted

x 20 mL), a yellow oil was obtained that yielded white

with a 0—1 M gradient of KCI in 50 mM Tris-HCI buffer,

crystals at room temperature over a period of 24 h. The pH 8.2, containing 10 mM MgS© ALAD eluted at 200

crystals were washed with CH{ANnd dried (0.5 g, 64.9%),
mp = 110-115°C. H-NMR revealed that the compound
is mainly present as &etotautomer. 'H-NMR (DMSO-
ds): 0 12.2 (2H, broad, s), 4.25 (1H, t), 2.80 (2H, t), 2.70
(2H, d), 2.45 (2H, t), 2.20 (3H, s)*C-NMR (DMSO-d):

mM KCI, and fractions of specific activity greater than 70
were pooled and concentrated to 10 mg/mL using an Amicon
cell fitted with a PM20 membrane. The concentrated protein
solution was then reapplied to a Sephacryl S-200 column as
described above. Fractions eluting with a specific activity

204.83, 203.08, 173.73, 172.71, 61.76, 37.42, 32.39, 29.94,0of greater than 260 units m§were pooled and judged to

27.89. FAB (MS): (M+ 1)* (217, 30.2), (157, 13.7), (115,
54.8).

Expression, Purification, and Assay of ALAD from E. coli

be greater than 90% pure by SBBAGE (Laemmli &
Favre, 1973). The maximum specific activity for the
homogeneous enzyme was 280 units fgA solution 1

transforming TB1 with pCAR261 harboring tiemBgene
(Roessneet al, 1995). The strain was constructed by Dr.

C. Roessner (Texas A&M University) and was a generous

gift. E. coli ALAD was purified and assayed as described
in Spencer and Jordan (1993).

Expression of Pea ALADPea ALAD was expressed in
an ALAD deficientE. coli hemB mutant, Y10-90, trans-
formed with pKK223-3 (Pharmacia) containing the cDNA
encoding pea ALAD (Boeset al, 1991). The pea ALAD

nm. Protein concentration was also determined by reaction
with DTNB (as detailed below).

Sulfhydryl Group Determination The total number of
free thiol groups present in pea ALAD were determined by
prior denaturation of the enzyme (5@) in 40 uL of 50
mM potassium phosphate buffer, pH 8, containing 4 M
guanidine hydrochloride. A solution of 5 mM 58ithiobis-
(2'-nitrobenzoic acid) (DTNB) was then added, and after
dilution in the same buffer, the absorbance was determined

overexpression strain was grown in 500 mL batches of Luria at 412 nm &2 = 14750 M L. Protein concentration

broth containing ampicillin (10@g/mL) for 24 h. The cells
were harvested by centrifugation at 1g0@r 15 min and
stored as a cell paste at20 °C until required.

Assay of Pea 5-Aminalalinic Acid Dehydratase In
contrast to the Z&t dependentE. coli ALAD, the pea
enzyme requires Mg for activity. Pea ALAD was therefore
assayed in 50 mM Tris-HCI buffer, pH 8.5, containing 10
mM MgSQ, in a total volume of 25QuL at a minimum
protein subunit concentration of M. The reaction was
initiated by the addition of ALA to give a final concentration
of 5 mM. After incubation at 37C for 2 min, the reaction

could then be determined based on four SH groups per
subunit detected in the gene-derived amino acid sequence
(Boeseet al, 1991). This was consistent with the,
determined by ESMS (see below).

M, Determination (a) Subunit M Determination The
purified enzyme was subjected to polyacrylamide gel elec-
trophoresis in the presence of SDS (Laemmli & Favre, 1973).

(b) Oligomeric M Determination A Pharmacia FPLC
Superose G12 HR10/30 gel filtration column was equilibrated
in 50 mM Tris-HCI buffer, pH 8.5, containing 300 mM KCI
and 10 mM MgSQat a flow rate of 0.4 mL/min. Standards

was terminated by the addition of an equal volume of 10% of knownM, (apoferritin, 443 0008-amylase, 200 000; horse

trichloroacetic acid containing 0.1 M Hg£l The solution

alcohol dehydrogenase, 150 000; bovine serum albumin,

was centrifuged, and an aliquot of the supernatant was66 000) were applied to the column (0.1 mL of 5 mg/mL
removed and mixed with an equal volume of modified standard), and their elution volumes were detected at 280
Ehrlich’s reagent (Mauzerall & Granick, 1956). After 15 nm. Pea ALAD was chromatographed under identical
min, the absorbance at 555 nm was determinges & conditions, and theM, was compared to those of the



Recombinant Pea 5-Aminolevulinic Acid Dehydratase Biochemistry, Vol. 36, No. 5, 19971151

standards by plotting elution volume against iy (data Samples were analyzed for protein content, enzyme activity,
not shown). and [“C]JALA incorporation. Reduceé. coli ALAD-ALA
Isoelectrofocusing Isoelectrofocusing of the purified pea adducts were prepared as described in Spencer and Jordan
ALAD was performed on LKB Ampholine polyacrylamide (1995). For comparative experiments with the inhibitor AOB
gel plates (pH 3.59.5) using an LKB Multiphor apparatus. (4 mM), the active site peptide was labeled witfC]JALA
Protein samples (gg in 5uL of 20 mM Tris-HCI, pH 7) (2 mM; specific activity 2x 10% dpm) with and without
were applied to the gel (10 cnx 12 cm) on sample  AOB.
application papers (4 mm 4 mm) and electrofocused for Proteolytic Degradation of Modified ALAD and Purifica-
2 hat 15 W (limited at 1500 V and 25 mA). The protein tion of Peptides by HPLC Samples of ALAD, modified by
bands were detected by staining the gel with Coomassiereduction with NaBH in the presence of 54C]JALA (see
brilliant blue. A standard curve was constructed from abhove), were treated with trypsin (1% w/w ratio), and the
proteins of known p (range 4.2-9.3), and the pof pea  resulting peptides were purified by HPLC using a Waters
ALAD was then determined by comparison. C1s Microbondapak column (30 cre 4mm) developed using
Generation of Metal-Depleted Pea ALAD (ApoALAD) a linear gradient from 0.5% TFA in 4@ to 0.1% of TFA in

Pea ALAD (3 mg/mL) was dialyzed against 40 mM Tris- acetonitrile at a flow rate of 1 mL/min (Spencer & Jordan,
HCI buffer, pH 8.5, containing 50 mM N8O, and 5 mM 1994).

EDTA for 4 h at 4°C. Assay of pea apoALAD in the Alternatively, ALAD samples labeled witt{C]ALA were
absence of MgSPgave less than 0.5% of the activity gigested with i protease, and the labeled peptides were
exhibited in the presence of 10 mM Mg5QAll experiments 1 rified by reverse-phase HPLC as described above. The
on pea apo-ALAD were carried out using 40 mM Tris-HCl  1eqyced pea ALAD¥CJALA adduct yielded two peaks
buffer, pH 8.5, containing 50 mM N8O, after removal of  ¢qntaining 35% of the radiolabel in the first peak and 65%
excess EDTA by gel filtration or dialysis using the same , the second whereas enzyme, reduced in the presence of

buffer. . _ ALA and AOB, had 70% of the radiolabel in the first peak
Equilibrium Dialysis Studies Samples of pea apoALAD 504 3094 in the second. Further HPLC purification of the
(0.5 mL of 56-100uM) were dialyzed twice againd L of labeled peptides was carried out, and they were then analyzed

40 mM Tris-HCI buffer, pH 8.5, containing 50 mM haO, by MALDI-MS and Edman degradation.
and various concentrations of CeGR0—150uM) for 4 h

at 4°C. Metal concentrations, both inside and outside the
dialysis bag, were then determined as described below.
Similar experiments were undertaken by the addition of
various concentrations of CoL(100-700 uM) to apo-
ALAD (0.3 mL; 20—35uM) in the above buffer. After 30
min at4_ C, the sample_zs were then (_:entrlfuged Ina _Centncon ALA from the A-site of this adduct in the presence of the
P-10 microconcentration ultrafiltration system (Amicon) for

15 min, resulting in the filtration of 100150uL of buffer. inhibitor. ) . . .
Metal content of the filtrate and the concentrate were then N-Teérminal Sequencing of Naé Pea ALAD and Peptides
determined as described below. by Edman Degradatian Recombinant pea ALAD (1400

Ultrafiltration Experiments Samples of pea apoALAD ~ Pmol) in 5 mM Tris-HCI buffer, pH 8.0, was applied to
(200-400 uL; 0.4—0.6 mg/mL; 16-15 uM), to which p(_)lybrene filter discs and se_:quenced using an Applied
various concentrations of metal ions had been added, wergBi0Systems 477A sequencer linked to a 120A analyzer for
placed in a Centricon P-10 microconcentration tube and the d_etectlon of the phenylthlohyd_antqn (PTH) derivatives.
centrifuged for 2 h at 100@ at 4 °C to give a 4-6-fold Peptldes generated from prote_olytlc digests (1000 pM) were
concentration of sample. Samples of the concentrate andSolated by HPLC, as described above, and sequenced
filtrate were then analyzed for metal content by atomic Similarly.
absorption (see below). Protein concentrations were deter- Electrospray Mass Spectrometri£lectrospray mass spec-
mined by the method of Bradford (1976). trometry data were collected using a Quattro Il triple-

Atomic Absorption StudiesSamples for Mg, Mn2*, and guadrapole (VG Biotech, Altringham, Cheshire, U.K.). The
Co** ion determinations were injected into an atomic analyses were carried out using 20 of ALAD (10 pmol/
absorption spectrometer (Instrumentation Laboratory 157), 4L) in acetonitrile-water (1:1) containing 1% formic acid.
and the metal concentration was determined by comparisonPeptides (5 pmail) generated from ALAD and its adducts,
with a standard curve constructed from known metal ion after purification by HPLC (as described above), were
concentrations. Samples for analysis were adjusted byprepared in the same solvent. Samples were injected into
dilution to bring them into the linear response regior 4B the electrospray soureéa a Rheodyne injection valve. The
uM) of the standard curve. source voltage was 40 V, the source temperature wa€80

Formation of ALAD-ALA P-Site Adducts by Reduction of and the injector flow rate was 14 min~*. Typically, 40
ALAD with NaBH in the Presence of ALAPea ALAD (0.3 scans were used to accumulate data. Sample solutions were
mL; 0.8 mg/mL) in 300 mM Tris-HCI buffer, pH 8, Pprepared immediately prior to analysis unless otherwise
containing 10 mM MgS@was mixed with various concen- ~ stated. Samples were scanned over the mass range 700
trations of P4CJALA (5 uM—10 mM; specific activity +10 1400 Da. The instrument was calibrated using horse heart
x 10t dpm mol%) followed immediately by reduction with ~ myoglobin (M; 16 951.5) at a concentration of 10 pradl—*

0.5 mg of solid NaBH. The resulting labeled samples were Matrix Assisted Laser Desorption lonization Mass Spec-
then dialyzed against 2 2 L of 50 mM Tris-HCI buffer, trometry (MALDI-MS) Because some samples did not give
pH 7, containing 50 mM N#&O, and 10 mM MgSQ acceptable spectra using ESMS and to obtain confirmatory

A-Site Binding Determination by Rate-of-Dialysis Mea-
surements ALA binding at the A-site of the reduced ALAD-
ALA P-site adduct (unlabeled) was followed by the dis-
placement of J*C]JALA from the A-site by unlabeled ALA
(Spencer & Jordan, 1995). Similarly, inhibitor binding at
the A-site was also monitored by the displacement 4]
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Table 1: Purification of Recombinant Pea ALAD
vol units mg total total sp %

step (mL) mL™* mL™* mg units act. vyield -
initial extract 100 20 50 5000 2000 0.4 100 E
30-50% satd. 4 415 250 1000 1660 1.7 83 =
(NH4)2SOy pellet S

S-200 gel filtration 31 43 11 34 1333 39 67
DEAE Sephacel 25 35 0.33 8.2 872 106 44 g
S-200 gel filtration 8 875 0.34 27 700 Z60 35 E
aFractions with specific activity greater than 260 were pooled. The s
highest activity obtained was 280 units Mg E
3R

data, MALDI-MS was also utilized for analysis. Peptides
generated from ALAD and its adducts f(1.;10 mg/mL),
after purification by HPLC, were diluted-3 times with an
equal volume of 30% acetonitrile containing 0.1% TFA
saturated with the matrix 3,5-dimethoxy-4-hydroxycinnamic

acid (sinipinic acid). An aliquot (4L) was then dried onto . .
- concentrations of V&S (@), Mn2* (M), and C8* (A) ions were
the MALDI-MS plate, and laser desorption mass spectrom- _ 4444 to pea apo-ALAD in 100 mM Tris-HCI buffer, pH 8.5. The

etry was carried out at a potential of 30 000 V. Protein enzyme was then assayed by the addition of 5 mM ALA. Activity
samples were treated similarly. The system was calibratedrestored was determineds @ % maximum of MgF-stimulated

using the singly and doubly charged peaks of bovine insulin activity.
B-chain. M, determinations of adduct species were compared (described in the methods) gave a single major band

to unlabeled species with the same matrix ion peak intenSitiescorresponding to alppf 5.2. The subuniM, determined by

(10 006-15 000). The peak centroid was used to de_termlne SDS-PAGE was 43 00044300) and was in approximate

the M, (_)f all peak_s, a_nd an average (_)f at least six laser agreement with the predictéd, of 39 900. The oligomeric

desorption determinations were taken in each case. M, was determined as 309 00820 000) by gel filtration
(see methods), indicating an octameric species, as found for
most mammalian and bacterial dehydratases, but in contrast
to ALAD from spinach that is reported to be hexameric

eéLiedgenset al., 1983). Both the apo-ALAD and the My
species of pea ALAD gave octameric species on gel filtration,
indicating that the metal ion is not essential for quaternary
structure.

d Metal Requirement for Actity of Pea ALAD The activity
of purified pea ALAD was dependent on the presence of
exogenous Mg ions. Atomic absorption spectroscopy
showed that the enzyme contained no bound*Zons,

predicted from the pea gene sequence (B@gsd, 1991)  pjike dehydratases from mammalian and many bacterial
is 43 793; however, thbemBgene in the overexpressed ¢, rces. Addition of 25 mM EDTA to pea holo-ALAD
clone used in this study had been modified at the N-terminus reqjted in the immediate loss of all activity, and following

by the removal of 34 amino acids and the alteration of the gel filtration in 50 mM Tris-HCI buffer, pH 8.5, no bound

35th rc_esidue, serine, to the _ir_1itating methionine. _ The Mg2* could be detected by atomic absorption spectroscopy.
N-terminal sequence of the purified enzyme was confirmed peaqdition of M@" to the above apoenzyme resulted in the
by Edman degregation. The first seventeen amino acids wereyomplete restoration of the original specific activity (280
found to be MDSDSEAAVVAGKVPER in agreement with | its mg?) with a Ky of 800uM (Figure 1). However, in
the gene-derived protein sequence (Bastsa., 1991), with 100 mM potassium phosphate buffer, pH 8.5, ador Mg2*

the exception of residue five where a serine residue, not thejq, \was 2 mM. Further studies indicated that phosphate
expected phenylalanine residue, was found. The alterationy ffer was acting as a competitive inhibitor against2¥Mg

of the 5th amino acid residue could theoretically be accountedg, binding with aK; of 100 mM at 1 mM Mg", possibly

for by a single DNA base change from TTC to TCC. The (efiecting the ability of phosphate ions to form complexes
predictedM, of the purified recombinant pea ALAD in this  yith metal jons. Often this phenomenon is not significant
study was therefore expected to be 39 900. Also detectedys the affinity of a metalloenzyme for its metal ion is usually
was an additional minor amino acid sequence beginning several orders of magnitude greater than the affinity of the
SDSEAAV, representing an N-terminus starting at position phosphate ion for metal ions. However, in the case of pea
3 of the expected recombinant ALAD. This minor sequence, | AD, with its relatively low affinity for Mg?*, the

varying from <10—30% of the total, has probably arisen by = competing affinity of the metal ion for the phosphate ion
partial N-terminal posttranslational modification, resulting appears to be significant.

in the loss of methionine and aspartate from positions 1 and " pea apo-ALAD activity could also be restored by the
2. All mass spectrometric measurements were conductedyqgition of M+ or C&* ions with Kq values of 100uM

Metal ions (mM)

Ficure 1: Stimulation of pea ALAD by metal ions. Various

RESULTS AND DISCUSSION

Purification of Pea ALAD Pea ALAD was purified as
described in the Experimental Procedures section. The stag
of purification are shown in Table 1. The maximum specific
activity of the homogeneous enzyme, as judged by SDS
PAGE, was 280 units mg. Fractions of specific activity
greater than 260 were pooled from the final stage and use
for experimentation.

N-Terminal Sequence of Pea ALADIhe subunitM,

using samples where this minor sequence wa§%.

Determination of pl and Subunit and Oligomeric Mf
Pea ALAD Isoelectric focusing of purified pea ALAD

(Figure 1), somewhat lower than that for Mtgons. While
Mn?* restored enzyme activity to levels observed with?Mg
Co** only restored activity to 50% of this value (Figure 1).
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Ficure 2: Correlation of metal ion content against metal ion
concentration for pea ALAD. Various concentrations of V(@)
were added for ultrafiltration experiments (see methods) arfd-Co
(m) for equilibrium dialysis experiments (see methods)). Free metal

ion concentration was subtracted from the metal ion concentration

present with pea ALAD to give bound metal ion concentration
expressed as mol of metal ion/mol of subunit. Metal ion concentra-
tions were determined by atomic absorption (see methods).

Concentrations of Cd and Mr* ions higher that 1 mM
were found to be inhibitory with; values of 6 mM and 10
mM, respectively.

Determination of the Number of Metal lon Binding Sites
of Pea ALAD As a consequence of the low affinity of pea
ALAD for its activating metal ions, gel filtration to determine
the stoichiometry of metal ion binding could not be
performed. The use of equilibrium dialysis using Mavas
also made technically difficult by the higKg, requiring
prohibitively large amounts of protein to perform these
experiments reliably. However, the low€g of pea ALAD
for Co?* and Mrt* did permit equilibrium dialysis and
ultrafiltration experiments to be performed with the small
amounts of protein available (as described in the methods)
The maximum number of Cb and Mr#* ions bound was
determined to be approximately 2 mol/mol of subunit, both
sites having similar affinities withy values of 10QuM +
10% (Figure 2). Maximum enzyme activity was restored
on the binding of 2 mol equiv of Mii. The enzyme
appeared to be activated by the binding of only 1 mol equiv
of Co?*, the second mol equiv of Coresulting in no further
increase in activity. Although these findings should be
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over this pH range, as found fé&. coli Mg.Zns (Spencer &
Jordan, 1995).

Correlation of ALA Incorporation, on Reduction with
NaBH, at the P-Site, Against Acity for Pea ALAD
Reduction of the Schiff base formed bYT]ALA binding
at the P-site (Scheme 2a) of pea ALAD (as described in the
methods) inactivated pea ALAD. Inactivation correlated
linearly with [*C]JALA incorporated, virtually all the activity
being lost on incorporation of 2{0.1) mol of 5-aminolev-
ulinic acid per mol of subunit. Therefore, as with human
and E. coli ALADs (Gibbs & Jordan 1986; Spencer &
Jordan, 1994), pea ALAD does not exhibit half site reactivity
as reported for bovine ALAD (Cheh & Neilands, 1976; Jaffe
& Hanes, 1986).

Determination of theM, of pea ALAD and its reduced
ALA adduct by electrospray mass spectrometry gave species
of M, 39 900 &5) and 40 014+4), respectively, showing,
as withE. coli ALAD, the binding of 1 mol of ALA/mol of
ALAD.

Determination of the Mode of Inhibition of E. coli ALAD
by 4-Amino-3-oxobutanoic acid (AOB)AOB, a lower
homolog of ALA (structure in Scheme 1), was found to be
a competitive inhibitor ofE. coli ALAD with a K; of 20
mM at 75uM ALA (Figure 3). Reduction of the ALAD
with NaBH, in the presence of 30 mM AOB resulted in only
a 10% loss of activity, compared to a 95% loss when the
enzyme was reduced in the presence of 7 mM ALA,
suggesting that the inhibitor did not act by binding to the
P-site. The possible competition by AOB with ALA for the
P-site was investigated by determining the extent of Schiff
base formation between ALAD and 76M ['“C]ALA
(specific activity 1.06x 104 dpm mol™) by trapping with
NaBH;, in the presence and absence of 30 mM AOB. The
incorporation of J*CJALA into the E. coli enzyme, as the
reduced Schiff base, was essentially unaffected by AOB,
increasing marginally from 0.05 mol of ALA/mol of subunit
in the absence of AOB to 0.07 mol of ALA/mol of subunit
in the presence of 30 mM AOB. This confirmed that AOB

.was not preventing ALA from binding to the P-site Bf

coli ALAD, suggesting that inhibition by AOB was mediated
primarily through binding to the A-site (see Scheme 2b).
Addition of AOB to E. coli ALAD, that had been
previously reductively labeled with ALA at the P-site,
resulted in the displacement of*C]ALA from the A-site
as determined by rate-of-dialysis experiments givig af
13 mM for the A-site (Figure 3). Thg; of 13 mM for the
AOB at the A-site of the reduced ALA-ALAD adduct was

looked upon with some caution, because the small amountsimilar to that determined kinetically, at the same concentra-

of enzyme made detailed studies difficult, they may never-
theless be compared to those for the ALAD frdn coli
where a maximum binding of 2 mol equiv of Znwas
determined (Spencer & Jordan, 1994). Interestingly, activity
of the E. coli ALAD was also supported by the binding of
one C@* ion.

pH Dependence of ALA Binding at the A- and P-Sites of
Pea ALAD The Ky, of ALA for pea ALAD varied little
from pH 7.5 to pH 9 (80«M—1 mM), and inactivation of
pea ALAD by reductive incorporation of ALA with NaBH
at various pHs indicated that ttkg for ALA binding to the
P-site was 2xM over the pH range 7:59. By comparison,
the Kq for Schiff base formation at the P-site is well below
the value for theKy, implying that the affinity of ALA
binding to the A-site of the pea ALAD is limiting thKy,

tion of ALA, indicating that the inhibitory effect of AOB
on E. coli ALAD is mediated almost exclusively through
binding at the A-site. The ratio [ALAK; of 5 x 1073
determined at several concentrations of ALA {ED0uM)
indicated that the affinity of the natural substrate, ALA, for
the A-site is approximately 200 times greater than that of
AOB.

Determination of the Mode of Inhibition of Pea ALAD by
4-Amino-3-oxo-butanoic acid (AOB)Pea ALAD was also
inhibited by AOB, although at much lower concentrations
of inhibitor than those observed f&:. coli ALAD, the K;
being 10 uM when assayed with 10M ALA. On
incubation of pea ALAD with 10 mM AOB, followed by
reduction with NaBH, less than 10% of the enzyme activity
was lost, suggesting that, lile coli ALAD, AOB inhibition
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Scheme 2: Proposed Binding of ALA and AOB to the Catalytic Site of ARAD

a
A site CO-H P site
CO,H -
O\\> N— K247
SN,
®NH;

a(a) Proposed binding of 2 molecules of ALA to the A-site and P-sites of ALAD. The ALA molecule bound at the P-site interacts through a

b
A site CO.H P site
CO-H
o N
OQC T Kagr
< "N,
®NH,

Schiff base with Lys-247K. coli) or Lys-293 (pea). The ALA bound at the P-site may be reduced by reaction with N&BHProposed binding

of AOB to the A-site of ALAD in the presence of ALA at the P-site.

4

K =20mMm /®
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Ficure 3: Determination of thé; for AOB inhibition of E. coli
Mg.ZnsALAD by kinetic and “A-site” binding assay. Thk; for
AOB inhibition of E. coliMg.ZnsALAD determined by steady state
kinetics @) in 75uM ALA is compared to theK; determined for
AOB binding for the A-site M) of ALAD by rate-of-dialysis
experiments (see methods) in the presence gfMBALA.

of the pea enzyme was due primarily to interaction at the
A-site with 10 times the affinity of ALA (see Scheme 2b).
In comparison tde. coliALAD, AOB was 2000 times more
effective against pea ALAD.

No enzyme-bound intermediates routeto porphobili-
nogen have hitherto been detected with any ALAD, using
the natural substrate, ALA. The specific A-site inhibition
exhibited by AOB with pea ALAD therefore raised the
possibility that an intermediate analog formed between ALA
(at the P-site) and AOB (at the A-site) could be trapped by
treatment of the pea ALAD with NaBHScheme 2b). Table
2 shows when pea ALAD was reduced with NaBiH the
presence of fC]JALA (2 mM) and AOB (4 mM), only the
ALAD-ALA adduct was detected by ESM3W = 40 014
+ 5). Proteolytic digestion of the modified, labeled pea
enzyme with \4 protease, followed by MALDI-MS of the
purified peptide, gave B, = 1435, indicative of a K adduct
of the predicted active site peptide ILLVKPAGAYLDM,
= 1393) with one ALA bound through a reduced Shiff base
to the active site lysine. The identity of the peptide was
confirmed by N-terminal sequencing.

Determination of the Mode of Inhibition of ALAD by
Succinylacetone (SA)Preincubation oE. coli ALAD with
4 mM SA (structure shown in Scheme 1) led to the loss of

Table 2: ESMS and MALDI-MS Determinations & coli and Pea
ALAD and Their Inhibitor Adducts

M; by M; by
species MALDI-MS ESMS predicted
E. coliALAD

ALAD 35500 (+11) 35500 f4)° 35494
ALAD + AOB + 35509 ¢-14) nd 35494 or

NaBH;, 35597
ALAD + ALA 35646 -27) 35614 £8)° 35611

+ NaBH, (35 494+ 117)
ALAD +ALA+ nd nd

AOB + BH4
ALAD + SA nd 35500 £6)
ALAD + SA+ 35672 (£86) 3564145) 35,643

NaBH, (35,494+ 143)
ALAD +AOHD 35500 ¢11) 35500 £7)
ALAD + AOHD + 35653 ¢-29) 35700£8) 35695

BH,4 (35 494+ 201)

35600 (6)
Pea ALAD

ALAD 39900 (+30) 39900 45) 39900
ALAD + AOB + 39905 &25) nd 39900 or

NaBH, 40 003
ALAD +ALA + 40011 &19) 40014 &4) 40014

NaBH, (39 900+ 117)
ALAD +ALA + 40011 &19) 40014 &5) 40014

AOB + BH4
ALAD + SA+ 40 029 @-25) 40066 £8) 40043

NaBH, (39 900+ 143)
ALAD + AOHD 39900 @30) nd
ALAD + 40 010 ¢-25) 40079£8) 4010t

AOHD + BH,4 (39 900+ 201)

a All enzyme samples were prepared as described in the methods.
Standard deviations are shown in parenthesegedictedVi;s have been
determined previously by ESMS (Spencer & Jordan, 199Bjedicted
M, represents incorporation of simple multiples of ieof the inhibitor
used allowing for the loss of 16 on the formation of a Schiff base,
where appropriate (SA 158; AOHD 216: AOB 100).

all enzyme activity. The ALAD-SA adduct was not dis-
rupted by gel filtration, indicating that a stable complex had
formed. However, this adduct was not stable to the
concentration of acid required for ESMS, suggesting the
presence of an acid-sensitive covalent link. Subsequent
reduction of the ALAD-SA adduct by NaBthllowed the
identification, by ESMS, of a species wil, 35 641 (5),
indicating that the linkage was likely to béa a reduced
Schiff base (Table 2). Th#/, of the reduced ALAD-SA
adduct was consistent with the incorporation of 1 mol equiv
of SA per subunit.

Preincubation of pea ALAD with 4 mM SA also led to
the complete loss of all activity, again, with the formation
of a tight complex between the ALAD and SA. As with
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100 DISCUSSION

The requirement of MY ions for activity, the value of
Km for ALA, and the high pH optimum for pea ALAD are
similar to the well characterized plant ALAD isolated from
. spinach (Liedgenst al., 1983). However, the oligomeric
©0 1 structures appear to differ, the pea ALAD being an octamer
while the spinach enzyme is reported to be a hexamer
40 - (Liedgenset al., 1983). As withE. coli ALAD, two metal
binding sites per subunit of pea ALAD were found, although
their much lower affinities prevented a more detailed
20 7 characterization of the two individual metal binding sites,
p as have been achieved with. coli and bovine ALAD
: (Spencer & Jordan, 1994; Desttal,, 1990). The preference
0 185 30 45 60 for Mg?* ions by plant ALADs is thought to arise from the
presence of aspartic acid in place of cysteine residues as
) T ) metal ligands (Boeset al,, 1991). Why ALADs from plant
FiGURe 4: Time-dependent inhibition of ALAD by AOHLE. coli sources utilize aspartyl ligands in place of cysteine is unclear,

ALAD in 100 mM potassium phosphate buffer, pH 7.8, containin .
20 uM Zn?* and 1p5 mMﬁ-meprcapﬁ)oethanol tregted with 16 mMg although aspartyl residues would be stable to the presence

AOHD (m) and pea ALAD in 100 mM Tris-HCI buffer, pH 7.8,  Of high concentrations of {produced during photosynthesis.
containing 10 mM M§" treated with 4 mM AOHD @). Such a proposal is not, however, supported by the report

that cysteine metal ligands exist in the ALAD from the
the E. coli ALAD-SA complex, reduction with NaBldwas photosynthetic Cyanobacteria species (Jogteal., 1994).

ool
(o]
|

% maximum activity

time (min]

required to observe the adduct speciesvipf40 066 (£8), An alternative explanation is that Mgions may act to
using ESMS, indicating modification by 1 mol SA per mol control the activity of the dehydratase, especially askthe
of pea ALAD subunit. for Mg?" is so high (1 mM). Indeed the concentration of

Determination of the Mode of Inhibition of ALAD by Mg*" within the chloroplast has been shown to rise from 1
3-Acetyl-4-oxoheptane-1,7-dioic Acid (AOHD3-Acetyl- mM in the dark to 10 mM in the light (Portis & Heldt, 1976)
4-oxoheptane-1,7-dioic acid (AOHD) (structure shown in although exactly how much free My these levels cor-
Scheme 1) acted as a competitive inhibitoEotoli ALAD; respond to is uncertain.

however, curvilinear kinetic traces of AOHD inhibiton ~ Comparison of thé<y (800 «M) and Kq values for the
prevented the determination of a meaningfy At low P-site (25uM) of pea ALAD indicated that the affinity of
concentrations of AOHD (1@M), increasing concentrations ~ALA for the A-site had the major influence on ti@,. ALA

of ALA could overcome the inhibition. On further inves- binding at the A-site appeared to be some 10 times weaker
tigation, a time-dependent inactivation Bf coli ALAD by (800 uM) for pea ALAD (2Mg*) than forE. coli ALAD

16 mM AOHD was observed (Figure 4). The activity of MgaZns (60 #M) and Zn.ZnsALAD (45 uM) (Spencer &
the AOHD-inactivatecE. coli ALAD was not restored by ~ Jordan, 1994). The affinity of ALA binding for the P-site
gel filtration at pH 7, indicating a tight complex had formed. Of pea ALAD (25uM) is of the same order as that &
The presence of ALA during incubation with AOHD was C0li MgoZnsALAD (70 uM); (Spencer & Jordan, 1994) but
found to protect ALAD partially from inactivation as judged lower than for the ZpZn;ALAD (600 uM). The tighter
by 50% maximum activity remaining after subsequent gel Pinding of ALA at the A-site ofE. coli ALAD implies that

filtration, compared with 12% activity remaining after the A-site is “better” designed for ALA and may explain
incubation with AOHD alone. why the inhibitor AOB was 2000 times worse at competing

with ALA for the A-site of E. coli ALAD when compared

to the pea ALAD. Despite the greater affinity of AOB for
the A-site of pea ALAD, no formation of any abortive Shiff
base intermediate between P-site ALA and A-site bound
AOB was detected.

The inhibitor SA was able to form a stable adduct with
both pea and. coli ALADs although reduction by NaBH
was required to observe the adduct species under the acidic
conditions required for ESMS. Both pea aadcoli ALAD
exhibited a time-dependent inactivation with AOHD, giving
rise to a stable inactive complex; however, this could only
be demonstrated by MALDI-MS after prior reduction with
NaBH,, implying that inhibition by AOHD was being

As with SA modification, reduction of this tight complex
with NaBH, was required to observe the adduct species by
ESMS, indicative of an acid-sensitive Shiff base linkage.
ESMS revealed two major species Mf 35 700 ¢-8) and
35600 &6), the former being due to the ALAD-AOHD
Schiff base adduct giving the predictéti of 35 700, since
the M, of AOHD = 216. The latter species represents a
bound species d¥l, = 100 that may be formed from enzymic
cleavage of the AOHD-Schiff base. The modification site
of AOHD in the E. coli ALAD was identified as Lys-247
by MALDI-MS analysis of peptides generated after trypsin
digestion of the reductively modified ALAD-AOHD com-

plex. 'Two active site peptides with increa of 100 mediatedvia a Schiff base. The competition between SA,

and 1_44 wer_e observed. ) AOHD, and ALA for enzyme modification was attributable
Preincubation of pea ALAD with 4 mM AOHD also gave g reaction with the same residue, the active site Lys-247 in

a time-dependent inhibition (Figure 4), resulting in a rapid g coli ALAD and Lys-293 in the pea enzyme.
loss of activity. As withE. coli ALAD, a tight Schiff base

complex was formed with AOHD which required reduction ACKNOWLEDGMENT
by NaBH, before the adduct o, 40 079 (8) could be Thanks are due to Dr. M. G. Gore and Mr. L. Hunt
detected by ESMS. (Protein Sequencing Unit, Southampton University), for
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carrying out the Edman sequencing, and to Dr. C. RoessnerJordan, P. M. (1991New Comprehen. Biochem.,1B-66.

and Prof. A. . Scott (Texas A&M) for providing thg. coli Jordan, P. M., & Seehra, J. S. (198€gBS Lett 114, 283-286.
ALAD overexpression strain. Jordan, P. M., & Gibbs, P. N. B. (198Bjochem. J. 2271015~
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