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ABSTRACT. Porphobilinogen synthase (PBGS) is present in all organisms that synthesize tetrapyrroles such
as heme, chlorophyll, and vitamimB The homooctameric metalloenzyme catalyzes the condensation of
two 5-aminolevulinic acid molecules to form the tetrapyrrole precursor porphobilinogen. An artificial
gene encoding PBGS of peRigum satium L.) was designed to overcome previous problems during
bacterial expression caused by suboptimal codon usage and was constructed by recursive polymerase
chain reaction from synthetic oligonucleotides. The recombinant 330 residue enzyme without a putative
chloroplast transit peptide was expresseHscherichia coland purified in 100-mg quantities. The specific
activity is protein concentration dependent, which indicates that a maximally active octamer can dissociate
into less active smaller units. The enzyme is most active at slightly alkaline pH; it showXiwalnes

of 7.4 and 9.7. Atomic absorption spectroscopy shows maximal binding of three Mg(ll) per subunit;
kinetic data support two functionally distinct types of Mg(ll) and the third appears to be nonphysiologic
and inhibitory. Analysis of the protein concentration dependence of the specific activity suggests that the
minimal functional unit is a tetramer. A model of octameric pea PBGS was built to predict the location

of intermolecular disulfide linkages that were revealed by nonreducing sodium dodecyl sulfate
polyacrylamide gel electrophoresis. As verified by site-specific mutagenesis, disulfide linkages can form
between four cysteines per octamer, each located five amino acids from the C-terminus. These data are
consistent with the protein undergoing conformational changes and the idea that whole-body motion can
occur between subunits.

Tetrapyrrole biosynthesis is an essential pathway in a variety of divalent and monovalent cations at catalytic and
animals, plants, and microbes. The first common intermediate allosteric sitesZ). Mammalian and yeast enzymes typically
is 5-aminolevulinic acid (ALA): Porphobilinogen synthase require Zn(ll), some prokaryotic enzymes require either
(PBGS, EC 4.2.1.24, aka 5-aminolevulinic acid dehydratase) Mg(ll) or Zn(ll) or both for maximal activity, and plant
catalyzes the formation of the tetrapyrrole precursor por- enzymes seem to require only Mg(ll) for enzymatic activity.
phobilinogen from two molecules of ALA. The enzymatic The difference in the use of metal ions is reflected in a
reactions from ALA to protoporphyrin IX are common to variation of residues in the primary structures in at least two
tetrapyrrole biosynthesis in all organisms and this pathway metal-binding regions2-5).

leads to the biosynthesis of biologically important cofactors  \jammalian and some microbial PBGS are well-character-

such as heme, chlorophyll, vitamimBand cofactor ko jzed, whereas plant PBGS have been detected or purified
(1). PBGS are homooctameric metalloenzymes that utilize from only a few sources in small quantities. These include

enzymes from spinacl®), sunflower ), soybean§), and
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hanol; Bis-tris propane, 1,3-bis[tris(hydroxymethyl)methylamino]- peptide of~50 res_'dues' pl_ant PBGS precursors are larger
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recent reviews, see ref3 and 14). Although plant PBGS  used by the naturally occurring p@aAD gene were changed
needs Mg(ll) for the enzyme action, it is not known if in the design of the artificial gene.

Mg(ll) is directly involved in catalysis. By analogy to the The artificial gene encoding pea PBGS was originally
Mg(ll) seen bound tdPseudomonas aerugino$2BGS in designed to encode a 358 amino acid protein. This places
the crystal structurel§) and kinetically characterized for  methionine in place of Ala4l of the peSLAD gene (see

E. coli PBGS (L6) andP. aeruginosaPBGS (L7), one role Figure 1A). Based on an initial intent to mimic a constitutive
of Mg(ll) in plant PBGS is presumably allosteric. expression system we had used for overexpressingpli

PBGS are present only in low amounts in plant tissues PBGS inE. coli, the target final PCR product containing
and thus a large-scale purification from original sources has the artificial gene was 1229 nucleotides, about 12% longer
not been practically feasible. Moreover, although PBGS hasthan what we had used for synthesis of an artificial gene
been cloned and sequenced from pea, its expressi@h in encoding human PBG3§). Because the target PCR product
coli yielded only a few milligrams of a pure protein, which Wwas longer, a slightly different approach was used in the
limited the characterization of the enzyn®.(We recently design of synthetic oligonucleotides as illustrated schemati-
deve|oped a method to express human PBGS.igoli in CaIIy in Figure 1B. The Significant deSign difference was
100-mg quantities using an artificial gene that was con- that the primers all extended beyond theend of the
structed by recursive PCR from synthetic oligonucleotides templates, thus providing additional sequence information.
that were designed for Opt|ma| codon usage)_(Here' we In addition, the elght initial 158173 nUCieOtide-iong
describe the design of an artificial gene for pea PBGS as Synthetic templates were purified on DNA sequencing gels;
well as a large-scale expression and purification of the in each case only the largest fragment was used for the PCR
recombinant enzyme. This enabled us to analyze the enzyméeactions. The PCR protocols, ligations, and plasmid propa-
kinetics and the Mg(ll) binding properties of the enzyme in gation were as previously describetB). Following suc-
detail. We also present evidence that the specific activity is cessful completion of the PCR reactions to yield the 1229
protein concentration dependent and that a tetrameric strucp product, the 3and 3 ends were changed by PCR to give
ture is the minimal oligomer needed to form a catalytically @ gene encoding a slightly larger 364 amino acid pea PBGS

active enzyme. that starts at position 35, similarly to Cheung et 8), énd
contains an N-terminaNdd site and a C-terminaBanHl|
EXPERIMENTAL PROCEDURES site for insertion into pET3a. This plasmid, pMVpea, which

did not express well, was then altered by QuikChange

Materials. Oligonucleotides were synthesized in-house in mutagenesis to redesign the N-terminus to give a protein
the Fannie Rippel Biotechnology Center. Clorfeft DNA product that was identical in length to the mammalian and
polymerase was obtained from Stratagene (La Jolla, CA) andEg. coli PBGS proteins (330 amino acids). The start site for
used at 2.5 units per 50L of PCR reaction mixture. The  the short pea PBGS gene corresponds to Ser69 of Figure
plasmid pET3a as well as BLR(DE3) competent cells were 1A, The CCTTCA corresponding to Pro68-Ser69 was
obtained from Novagen (Madison, WI). The restriction mutated to CATATG to form a'5Ndd site. This allowed
enzymesBamH| andNdd were from New England Biolabs  digestion of the PCR product and ligation into the pET3a
(Beverly, MA). Plasmids were purified with Qiagen (Va- plasmid to prepare the expression plasmid (pMVpeashort).
lencia, CA) plasmid purification kits, and PCR products were  Bacterial Expression and Purification of Pea PBGS. E.
extracted from +2% agarose with Qiaex Il kits from  coli BLR(DE3) cells were freshly transformed with pMV-
Qiagen. DNA sequencing was carried out in-house by usepeashort and each liter of medium was inoculated with a
of ABI sequencing technology. Site-specific mutagenesis to single colony~24 h after the transformation. The growth
replace Cys-326 by alanine was carried out by the QuikChangewas typically carried out in 6« 1 L batches of Luria broth

method (Stratagene, La Jolla, CA). The sequence of the senseontaining 10Qug mL~* ampicillin, 12.54g mL™* tetracy-
strand of the mutagenic primer wasGCGCTGCAAGCT-  cline, and 0.4% glucose at 3T in air shakers. After about

GCTCGCACTTTGGCAGGAGAGAAGCG-3Plasmids en- 16 h QA‘BOO typ|ca||y 4—5), cells were harvested and resus-
coding mutant proteins were sequenced in both directionspended in 6x 1 L of Luria broth containing ampicillin,
throughout the gene. Succinyl acetone (4,6-dioxoheptanoictetracycline, and 1 mM MgGlat 15°C. After preincubation
acid) was from Sigma, St. Louis, MO. at 15°C for 1 h, 0.1 mM IPTG was added to induce
Design and Synthesis of the Artificial Gene Encoding Pea expression. Following 48 h of expression at°’Th the culture
PBGS. The design and synthesis of the artificial gene typically yielded about 40 g of cells, which were stored at
encoding pea PBGS followed our published rationale for an —80 °C.
artificial gene encoding human PBGS3|. Approximately Cells were thawed in a solution [2 mL (g celi§)
10% of the codons used by the naturally occurring pea genecontaining 50 mM potassium phosphat€OH (KP;), pH
encoding PBGS, known a&LAD, are those for whiclE. 8.0, 170 mM KCI, 5 mM EDTA, 10 mM 2-mercaptoethanol
coli has limited amounts of tRNA. Figure 1A highlights the (SME), and 0.1 mM phenylmethanesulfonyl fluoride (PMSF).
amino acid locations corresponding to these codons andAfter addition of lysozyme (0.4 mg mtl), the suspension
shows that many of them fall in clusters, which can hinder was stirred at room temperature for 20 min, after which time
the efficiency and fidelity of heterologous expressiaf)( an equal volume of a solution (0.1 M KiH 7.0, 12 mM
All of these codons were altered to those commonly used MgCl,, 40 uM ZnCl,, 10 mM SME, and 0.1 mM PMSF)
by E. coli. In addition, for all the amino acid identities with DNase | (65 units (g of cells)'] was added. The
between pea anH. coli PBGS where pea ari. coli used suspension was stirred for an additional 20 min. To enhance
different codons, the codons for the artificial pea gene were the release of the expressed protein, the cell suspension was
changed to those used By coli. In all, 40% of the codons  frozen in liquid nitrogen and thawed at 3C. Freeze/thaw
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CACACCTTTGTTGATCTCAAATCACCATTCACATTATCCAACTATCTTAGCTTTTCTTCATCARAGCGCCGRCAACCTCCARGTCTTTTCACGGT CRGRIGCAAGTGACTCCGATTTCGAA 120

R RN R NN AN R A R RN N R N R R RN R R N NN RN R RN R R RN R R NN RN A R RN AR RN
HisThrPheValAspLeuLysSer}?roPheThrLeuserAsnTereuSerPheSerSerSerLysArg@GlnProProSerLeuPheThrValmAlaSQrAspSerAspPheGlu 40
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GCCGCGGTTGTTGCCGGTAAAGTACCGGAAGCACCTCCAGTACCGCCTACACCGGCGTCACCAGCTGGAZ—\CCCCAGTCGTTCCTTCACTTCCAATTCAAEGCGCCCGTCGEAAT 240
[RERR RN AR AN RN A N R NN N R R NN R N RN R AR R AN RN AR R NN N RN RN AR AR RN RN
41 AlaAlaVal\]alAlaGlyLysValProGluAlaProProValProProThrProAlaserProAlaGlyThrProValValProserLeuProIleGln@ArgWrgArgAsn 80
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TCCCTGCECTTCGGCGT TT CAGGAEACAACECTCCTGCGAAT T TTGTETATCCEC TGTTTATCAT GAAGGTGAGGAGGAEACCCCTATTGGGGCEATGCCEGGTGC 360
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SerProAlaLeu@SerAlaPheGlnGluThrThrSerProAlaAsnPheValTerroLeuPheHisGluGlyGluGlu_AspThrProIleGlyAlaMetProGlyCys 120
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TACGCT TGGTTGGGCAEGGAC TET TGGAAGEGT TGCAAAAGCACGGGATGTTGGT GTTAACGTEGTGC TCT TCCEAAAAT TCCAGATGCTT TGAAGACCCCE}\CGGGAT 480
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TyrLeuGlyTrp@HisGlyLeuLeuGluGluValAlaLysAlaArgAspValGlyValAsnSerValValLeuPheLysIleProAspAlaLeuLysThrThrGlyAsp 160
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481 GAAGCTATAAT GAEGATGGTEGTGCCTCGTCTATCGTTGCTCAZ—\GGATAAGTACCCEGATCTTATEATTTACACAGAEGTTGCAT TAGATCCTTAETCGTCGATGGCAEGAT 600
NN NN N AN N NN A R RN RN N RN R R RN R R N NN RN R N R R R NN AR R RN
161 GluaAlaTyrAsnGluAspGlyLeuValProArgSerjlilyNasLculeulysAspLysTyrProAspLeullelleTyrThrAspValAlaleuAspProTyrSerSerAspGlyHisAsp 200

i S A R R IO
201 Gly@\/alGluAspGlyValIleMetAsnAspGluThrValHisGlnLeuCysLysGlnAlaValAlaGlnAlaArgAlaGlyAlaAspValValSerSerAspMetMetAsp 240

721 GGCGGGTAGGAGCGATGCGGTAGCECTEGAEGC TGAAGGETTTCAGCAT GTTTC TATTATGTCETATAC TGCA]—\AGTATGCCTCT TTTAT GGCCT TGGAAGCT TGGAT 840

AR R RN R RN R R R NN N R RN RN R R N R R R R R RN R R R R R R RN RN R RN N RN NN AR R AR AR RN
241 GlyArgValGlyAlaMetmalAlaLeuAspAlaGluGlyPheGlnHisValSerIleMetSerTerhrAlaLysTyrAlaSerSerPheTyrGlyProPheGluAlaLeuAsp 280

841 EAACCCECGGTTTGGGACAAGAAEACCTAECAGAT GAAECCAGCAAAETACGGAGGCETTGACTGAEATGGEGAAGATGAETCTGAAGGGCEGAEATTCTGTTGGTEAAACC 960
R RN RN AR N N e RN R NN N N AN R RN N N R NN RN RN RN RN AR RN R A RN RN N R R AR RN RN RN RN
281 SerAsn@ArgPheGlyAspLysLysThrTyrGlnMetAsnProAlaAsnTyrGluAlaLeuThrGluMetmGluAspGluSerGluGlyAlaAspIleLeuLeuValLys 320
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?f?f??ff’f‘f?@f?ﬁ?f??ﬂGCTCTGGATAATTCTCCAETGCC%TTT(‘SCIAG(‘IET‘X?ECAGGTGGTGAETATTCGATGATEAAEGCTGGTGGTGCTCTEA?AT?T(‘E}TT‘? 1080
AR RN RN R AR R AR I FEETEEET e e e b e e r i e
GlyLeuTereuAsleeLeu@spi—\snSerProLeuProIleAlaAlaTyrGana1SerGlyGluTyrSerMetLysAlaGlyGlyAlaLysMetIle 360
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1081 GAEGAAGAGAAEGTEATGATGG A TTATTGTGCCTCCGCGGCEGGTGCEGAEATCATCTTACGTAETTTGCECTECAAGCTGCGEACTTTGTGTGGAGAGAAGGE 1194
AN NN R NN R R R N RN RN R RN NN R R NN R R AR AN R R NN R AR RN N R RN RN AR R A R R RN RN ]
361 AspGluGluLysValMetMetGluSerLeuLeuCysLeu@ArgAlaGlyAlaAspIleIleLeuThrTerheAlaGlnAlaAlaThrLeuCysGlyGluLys 398

B. A ) C E iSY
1 (158 bases) — 3 (168 bases) 5 (168 bases) 7 (173 bases)
2 (164 bases)— 4 (172 bases) 6 (168 bases) 8 (171 bases)
* B D F * H
. S
—  [L,2] (320 bases) — [5,6] (319 bases)
13,4] (340 bases) [7,8] (333 bases)
‘ ) H
\ v
11,2,3,4] (632 bases)
[5,6,7,8] (624 bases)
* H
5 Target PCR product containing the artificial gene encoding pea PBGS (1229 bases) 3

Ficure 1: Design and synthesis of the artificial gene encoding pea PBGS. (A) The protein translation for #ig\fiegene encoding pea

PBGS 6) is aligned with the artificial gene sequence designed for optimal high-level low-error heterologous expregsiaolinThe

amino acids shown in reverse type correspond to the locations of the six least favorable codons (for exprEssiol ihat are present

in the peaALAD gene. The nucleotides presented in reverse type correspond to all the locations where the artificial gene differs from the
original peaALAD gene. In some cases, these alterations removed these worst codons. In other cases, the changes simply altered the codons
to those present in thE. coli henB gene, which encodés. coli PBGS. The rationale for making these types of changes is described in

the text and in Jaffe et all18). The final expressed protein is 330 amino acids and starts at a methionine located at the site of Ser69 in this
figure (shown in boldface italic type). (B) Recursive PCR strategy used to prepare a 1.2 kb PCR product containing the artificial gene for
pea PBGS. The'®nds of the synthetic oligonucleotides are denoted by horizontal arrows. Oligonucleotide tempktae labeled with

their length in parentheses. Oligonucleotide primersHwere each 2430 nucleotides long and complemented their respective templates
over~18 5 terminal nucleotides, thus effectively adding—7 nucleotides on the' ®nd of the PCR products [1,2], [3,4], [5,6], and [7,8].

Each downward arrow represents one PCR reaction with the two templates and two primers above the arrow. For example, the uppermost
left downward arrow represents a PCR reaction with primers A and B and templates 1 and 2 to yield the 320 nucleotide product [1,2]. All
PCR products were gel-purified prior to further use.

treatment was repeated twice and the resulting suspensiorbuffer (30 mM KR, pH 7.5, 1 mM MgC}, 10 mM SME,
was sonicated for 10 min. and 0.1 mM PMSF), and dialyzed agdidsL of the same
All the following purification steps were carried out at 4 buffer for 16 h. The dialyzed protein solution (38 mL) was
°C. First, the cell suspension was subjected to a4%b clarified by centrifugation (20000 g for 30 min) and loaded
saturated ammonium sulfate fractionation. The pellet from onto a DEAE Bio-Gel column (length 35 cm, 5 cm i.d.).
the 45% saturated ammonium sulfate fractionation was The column was washed with about 300 mL of an equilib-
dissolved in~30 mL of DEAE Bio-gel column equilibrium rium buffer and was elutedyta 2 L linear gradient of 6-:0.4
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M KCI in the equilibrium buffer. Fractions of high constant
specific activity &148 umol h™* mg™?) were pooled and
concentrated to about 10 mg miLby ultrafiltration (Amicon
PM30 membrane, Millipore Corp., Bedford, MA). The
concentrated protein was loaded (2 mL minonto a
Sephacryl-300 gel-filtration column (length 90 cm, 5 cm i.d.)
that was previously equilibrated with 0.1 M Tris-HCI, pH
8.5, 10 mM MgC}, and 10 mMSME. The fractions with
high specific activity were combined, concentrated by
ultrafiltration (Amicon, PM30 membrane) to about 14 mg
mL~%, flash-frozen in liquid nitrogen, and stored-a80 °C.
Activity Assays for Pea PBGSPurified PBGS was
preincubated [typically at 3&g (mL of assay solution}]
in 0.1 M Bis-tris propane hydrochloride, pH 8.5, 10 mM
BAME, and 10 mM MgCj for 10 min at 37°C prior to the
addition of substrate ALA-HCI to a final concentration of
10 mM. The reaction was allowed to proceed for 5 min prior
to termination with a half volume of stop reagent (50%
trichloroacetic acid and 0.1 M Hgg}l Precipitated protein

Biochemistry, Vol. 39, No. 30, 200®021

dialyzed against 0.1 M Bis-tris propane hydrochloride, pH
6.3, and 10 mMSME for 6 h to strip the existing Mg(ll).
This was followed by dialysis against 0.1 M Bis-tris propane,
pH 8.5, and 10 mMGME for 16 h. Dialyzed enzyme was
concentrated to~31 mg/mL by ultrafiltration (Centricon-
10, Amicon, Beverly, MA), and 614 mM MgCL was added
to concentrated samples with a total volume of80for
each sample. After incubation for about 30 min, free and
bound Mg(ll) were separated by ultrafiltration in Microcon-
10 concentrators. Both the effluent and the enzyme solutions
were then diluted 75250-fold with water to adjust Mg(ll)
concentration to the 1060 uM range before determination
of Mg(ll) concentration with a Perkin-Elmer Analyst-100
flame atomic absorption spectrometer. The final dilutions
contained protein at-311xM subunits. This experiment was
also carried out in the presence of 5 mM porphobilinogen,
originally added to the enzyme sample as 10 mM ALA.
Model Building for Pea PBGSA model for the structure
of pea PBGS was constructed by the methods described in

and SME were removed by centrifugation. The quenched ref 20. PSI-BLAST was used to construct a profile of the
assay solutions were diluted 1:25 with a 2:1 mixture of assay family of PBGS sequences by searching the nonredundant
buffer and stop reagent and then 0.5 mL of diluted solutions protein sequence database available from National Center
were mixed with 0.5 mL of modified Ehrlich’s reagent. Color  for Biotechnology Information, NIH, Bethesda, MD, over
development was allowed to proceed for about 8 min and four iterations. The resulting profile was used to search a
the porphobilinogen formed was determined by absorbancesequence database of proteins in the PDB with PSI-BLAST.

at 555 nm. The extinction coefficient of the pink complex
formed €sss) is 62 000 Mt cm L. Specific activity is defined
as micromoles of porphobilinogen formed per hour per
milligram of protein. For the pH rate profile, pH values
reflect the pH after the addition of ALA-HCI to 10 mM. In
the determination of Mg(ll) dependence on the activity at
concentrations<0.1 mM Mg(ll), the samples were first
dialyzed against 0.1 M Bis-tris propane hydrochloride, pH
6.3, and 10 mMBME for at leas 6 h to strip the existing
Mg(ll) from the enzyme. In the determination of the protein

This produced alignments to bokh aeruginosaand yeast
PBGS with 46% and 36% identity, respectively. TRe
aeruginosaalignment had fewer gaps and the corresponding
PDB entry, 1b4k 15), was used as the basis for modeling
of pea PBGS. The alignment of pea PBGS with the
aeruginosasequence from PSI-BLAST was adjusted manu-
ally to shift some gaps into loop regions, which is where
such sequence changes are most likely to occur. The
backbone coordinates from 1b4k were renumbered and
relabeled with the pea sequence according to the alignment,

concentration dependence of the specific activity at very low and the Cartesian coordinates for conserved residues were
protein concentration, the reaction time was extended up toretained and numbered according to the pea sequence. We
40 min. These reaction solutions were not diluted before the used the side-chain conformation prediction program SCWRL

color reaction.
Inhibition by Succinyl Acetondctivity of pea PBGS (0.8
uM subunit) was tested over a 0.001 mM range of

(22) to place all other side chains onto the pea structure
model. SCWRL uses a backbone-dependent rotamer library
(22) to place side chains on the backbone, followed by a

succinyl acetone concentration. Three different preincubation combinatorial search to remove steric clashes that arise from

times at 37°C were tested before the specific activity was
established by routine assay.

the initial placement. Conserved side chains were kept fixed
in their original conformations. SCWRL has proved more

Dry Weight Analysis To Precisely Determine Pea PBGS reliable than other methods in predicting side-chain confor-

Concentrations.Four labeled crucibles were placed in a
drying oven at 55°C. The mass of the crucibles was

mations in blind trials Z0).
Data Analysis Most data were fitted to standard or cited

determined every day until two consecutive readings were equations by the program SigmaPlot (SPSS Inc., Chicago,

identical. The OBRgo of a PBGS solution10 mg/mL, 10-
fold dilution before Aygo determination), which had been
dialyzed against 20 mM Bis-tris propane, pH 8.5, 10 mM
MgCl,, and 10 mMSME, was determined vs dialysis buffer.

IL). The protein dissociation data were fitted to the following
equations. These are simplified versions of the equations
originally used to fit the protein dissociation data fBr
japonicumPBGS @3). The dynamic equilibrium between

An apparent protein concentration was also determined dimers, tetramers, and octamers is defined by the following
relative to bovine serum albumin by use of the Pierce reaction where Sis the dimer, $is the tetramer, andgSs

Coomassie reagent. One milliliter 6§10 mg/mL protein
solution was placed in two crucibles and 1 mL of dialysis

buffer was placed in the others. The crucibles were held in
the drying oven until the mass no longer changed. The weight

of the protein was determined by subtraction.

Analysis of Mg(ll) Binding by Atomic Absorption Spec-
troscopy.Mg(ll) binding studies were carried out at room
temperature. The purified PBGS-{2 mg mL?) was first

the octamer:

K K,
S, ==2S, S,==2S
Current models dismiss the existence of a monomer. The
total concentration of subunit§, is defined as the sum of
all subunits in all species as follows, whel, is the
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Table 1: Purification of Recombinant Pea PBGS

protein activity
step volume (mL) mg/mL total (mg)  umol h™*mg™* total (wmol h™2) yield (%)
lysed cells 216 20.4 4406 fia na -
redissolved 45% (Nk,SOs pellet 38 315 1197 93 111,321 100
pooled DEAE Bio-Gel peak 130 4.1 533 164 87,412 79
concentrated Sephacryl S-300 peak 25 11.7 293 213 62,409 56

aNot assayed.

concentration oh-multimers present:
C=2N,+ 4N, + 8Ng
ExpressingC as a function ofNg and theKy values yields
C= Z(KdZ(KdSNS)llz)llz + 4(KdSN8)1/2 + 8N8

Newton’s method is used to calculdt as a function ofC
(24). The specific activity was calculated according to two
models wherex is the theoreticaVmax for octamer:

model 1 specific activity= a[2N, + 8Ng)/C

model 2 specific activity= a[4N, + 8Ng)/C

highly expressed homologols coli henB gene. The rare
codons (CTA, ATA, AGG, CCC, AGA, and AGT)10),
numbering 31 in the original peALAD gene, were also
replaced by codons that can be easily recognizeH.lgoli
(see Figure 1). A construct designed to start at S35M did
not express well. ArNdd site was inserted at a position
that eliminated the N-terminal 68 amino acids such that the
resulting peaPBGS(short) is 330 amino acids, identical in
length toE. coli and human PBGS. This resultant plasmid
is pMVpeashort.

Pea PBGS(short), below simply stated as pea PBGS, was
expressed from the artificial gene from pMVpeashorEin
coli strain BLR(DE3). To optimize cell growth, fidelity of
expression, and optimal folding, (1) glucose was included
in the first growth to repress expression of the genes under

These equations allowed us to determine specific activities the control of thdac promoters, (2) the cells were transferred

for each concentratio at any set of constantSy,, Kgs,

to fresh medium with no glucose prior to induction, (3) IPTG

ando. The space of these three constants was searched tinduction was added at 0.1 mM concentration, and (4)
fit the calculated specific activities to the observed values expression was at 1% for 2 days. The primary purification

by the least-squares method.
Other Methods.Protein amounts were measured with

steps for pea PBGS were ammonium sulfate fractionation,
ion-exchange chromatography on a DEAE Bio-Gel column,

Coomassie Plus protein assay reagent (Pierce, Rockford, IL)and gel filtration on Sephacryl S300. Purification from 6 L
relative to the standard curve prepared with bovine serum batches typically yielded around 300 mg of PBGS protein
albumin. Dry weight analyses indicated that the resultant (Table 1) with the purity being~95% as determined by
protein concentration should be multiplied by 0.83 to give SDS-PAGE (Figure 2A). SDSPAGE carried out in the

the correct PBGS value. SB®AGE was carried out on

absence ofME showed a significant amount of covalent

the PhastSystem (Amersham Pharmacia Biotech) and pro-dimer formation, which was explored experimentally, with

teins were stained with Coomassie Brilliant Blue R-250.

Matrix-assisted laser desorption ionization time-of-flight

modeling, and with mutagenesis (see below). Mass spectral
analysis for the sample in 10 mp@ME gave a molecular

mass spectroscopy (MALDI-TOF-MS) was performed on a mass of 36 805+10 Da (Figure 2B), which is in good
PerSeptive Biosystems Voyager DE mass spectrometer inagreement with the predicted mass (36 725 Da) of the 330

linear mode at an accelerating voltage of 20 000 V. N-

amino acid protein. N-Terminal sequencing revealed unam-

Terminal sequencing was carried out on an Applied Bio- biguously a single sequence, Met-Leu-Pro-lle-GIn-Arg-Arg,
systems 477A gas-phase sequencer from a protein blottedvhich indicated thaE. coli cells effectively removed the

onto a poly(vinylidene difluoride) (PVDF) membrane, and

formyl group but did not remove the N-terminal Met from

the phenylthiohydantoin amino acids were identified on-line the expressed protein. Dry weight analysis showed the
with a model 120 analyzer (Applied Biosystems, Inc., Foster AJ2% to equal 0.80 AU and determined that the protein

City, CA).
RESULTS

Protein Expression and PurificatiofProduction of human
(3, 295 and plant §) PBGS in bacterial expression systems

concentration, as determined by Pierce Coomassie assay
relative to bovine serum albumin, had to be multiplied by
0.83 to get an accurate protein concentration for the 330
amino acid form of pea PBGS.

Specific Actiity Is Protein Concentration Dependerl

has been difficult, in part due to suboptimal codon usage. the known PBGS proteins exist as oligomers, and they are
This is one general reason eukaryotic proteins may expressprobably all homooctamer2), Thus, it has been hypoth-
poorly in bacterial expression systems. In the case of humanesized that some kind of communication between individual
PBGS, poor expression has recently been overcome bymonomers is needed for the completion of enzymatic
altering the triplet codons in the sequence so that the codonsatalysis. For example, a protein concentration dependence
would better accommodate the expression machinery presenfor the specific activity has been seen Rirjaponicum(23)

in E. coli (18). In the present study, a similar protocol was
followed. An artificial gene encoding pea PBGS was

andP. aeruginos&PBGS (L7). However, protein concentra-
tion dependence is not a universal characteristic of PBGS.

constructed by recursive PCR from synthetic oligonucleotides It has not been documented for PBGS fr&ncoli, yeast,
so that the triplet codons resembled as much as possible ther from mammalian sources. We tested here if the protein
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A kDa 1 2 3 of ~210umol h™* mg from pH 7.7 to 9.2 (Figure 3B).
The apparent g, values are 7.4 and 9.7, and botK,p
transitions are sharper than expected for a simple one-proton
94 - transition and may reflect an element of cooperativity.
67 - Mg(Il) was an essential cofactor for the enzymatic activity
43 i (Figure 3C). The Mg(ll) activation profile was fitted to a
prr] - model developed by Petrovich et a3, where there is a
required Mg(ll) and activating Mg(ll). The equation describ-
30 - ing the Mg(ll) dependence is

20 5 Vo[Mg]
. PR ol
14 - i specific activity= —Kdreq+ Mgl
B {(V,)(activation factor)- V } [Mg]
500 - 36805 Kgact+ [Mg]

In this case, the maximal velocity associated with the required
Mg(ll), Vo, is 97umol h™* mg and theKgreq for this Mg-
(1) is 35 uM. The allosteric Mg(ll) appears to bind with a
300 - Kgsact of 2.5 mM and the activation factor is a 2.3-fold
activation. The solid line describes the nonlinear best fit to
200 - this equation for the indicated points. Figure 3C also shows
the effect of an additional inhibitory Mg(ll) that becomes
dominant at>30 mM Mg(ll).
Mg(ll) Binding StudiesEquilibrium dialysis and atomic

31},00 35{-,00 39{,00 absorption spectroscopy was used to determine Mg(ll)

Mass (miz) binding stoichiometries for the pea PBGS. The binding curve,

. . . .. presented in Figure 3D for millimolar concentrations of
FiGURE 2: Protein expression from the pMVpeashort plasmid in - .
BLR(DE3) cells and the purified protein product. (A) Sample from M9(ll) and enzyme subunits fits most cleanly to a single
E. coli strain BLR(DE3)pMVpeashort cell lysate after 2 days of model (2.6 mM) at a stoichiometry of 3 Mg(ll)/subunit.
expression of the artificial gene at 16 (lane 1); purified pea PBGS ~ Models with a tight catalytic Mg(ll) binding site did not fit

(6 ug) from the DEAE column (lane 2); and from the Sephacryl the data. The presence of product porphobilinogen in the

S300 column (lane 3). Samples were analyzed in an-SI2$%% PR o
polyacrylamide gel and stained with Coomassie Blue. (B) MALDI- Mg(ll) binding buffer had no effect on the Mg binding

TOF-MS analysis of the Sephacryl S300-purified pea PBGS.  affinity or stoichiometry under these high concentration
conditions (data not shown). This result is inconsistent with

concentration of pea PBGS affects its specific activity. The the kinetic data presented in Figure 3C, because it does not
routine enzyme assay was used, which measures the formasupport a tight Mg(ll) site. It may be significant that the
tion of porphobilinogen from the asymmetric condensation data in Figure 3C was acquired at lower protein concentration
of two molecules of ALA. The results clearly show that the in the presence of excess substrate. One possible explanation
specific activity is protein concentration dependent and aboutis that a tight catalytic site only exists in the presence of the
0.8 uM PBGS subunit [31ug of protein (mL of assay  substrate ALA but not the product porphobilinogen. As
solution)!] is needed to obtain the maximal activity (Figure precedent, the substrate has been shown to cause the
3A). Thus, at lower enzyme concentration, the optimally disproportionation of substoichiometric Mn(ll) from the
active octameric form dissociates to less active or inactive allosteric site 0B. japonicumPBGS to the catalytic site6).
units. In the case dB. japonicumPBGS, similar data were Modeling of the Pea PBGS Structumiéhe crystal structure
fitted to a model where a monomer was considered in- of one Mg(ll)-dependent PBGS, from the human pathogen
active, a dimer was the minimal functional unit, and the Pseudomonas aerugingdaas been solved at 1.67 A resolu-
activity of tetramers and octamers were considered simply tion (15). The primary structure oP. aeruginosaPBGS is
proportional to the numbers of dimers they contained. This 46% identical to that of pea PBGS over the 330 amino acid
model must be updated to conform to the more recently core (Figure 4A) and thus it is assumed that these two
determined crystal structure of PBGS (see Discussion). All proteins share a similar fold. A molecular model for pea
further kinetic characterization was carried out ag8ImL* PBGS was built from a profile-based sequence alignment
PBGS. from P. aeruginoséPBGS (ID code 1b4k) according to the
Activity Optimization for pH and Mg(ll).The effect of alignment shown in Figure 4A. The deletions in the align-
pH and the dependence of the enzymatic activity on Mg(ll) ment result in two chain breaks at positions4(1 and 212
were tested to optimize conditions for activity assays. 213 that are artifacts of the modeling process. The insertion
Previous studies have shown that the optimal pH for plant at D293 causes this residue to be omitted from the model.
PBGS activity is typically in the range of-® (9, 10. The N-terminal two amino acids and the C-terminal three
Purified pea PBGS showed a similar pH rate profile at 10 amino acids are also missing in the model because they are
mM ALA and 10 mM Mg(ll). The enzyme was inactive disordered in 1b4k.
below pH 6.7, and the specific activity increases sharply In the predicted pea PBGS structure, each monomer forms
above pH 7 and remains constant at about a maximal activitya (a)s-barrel fold typical for all PBGS that have been

Counts

100 -
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Ficure 3: (A) Protein concentration dependent specific activity of pea PBGS. Specific activity is presented as a function of subunit
concentration in 0.1 M Bis-tris propane hydrochloride, pH 8.5, 10 mM Mg® mM SME, and 10 mM ALA and was determined by a
fixed-time assay. (B) Activity profile for pea PBGS i®] Bis-tris propane hydrochloride o©f Ches-NaOH as a function of pH. (C)
Effect of Mg(ll) concentration on pea PBGS activity. Specific activity was assayed at various Mg(ll) concentrations in a solution containing
0.1 M Bis-tris propane hydrochloride, pH 8.5, 10 mWE, and 10 mM ALA. The enzyme concentration wasggLmL"1. The line is a
nonlinear best fit to a model where one kind of Mg(ll) is required and a second kind of Mg(ll) is allosteric (see text). Data included in the
fit are indicated by®. The fit does not consider the inhibitory Mg(ll) that appears to bind above 30 mM Mg(ll). (D) Mg(ll) binding to pea
PBGS in 0.1 M Bis-tris propane hydrochloride, pH 8.5, and 10 ;iNE. The line represents the maximal binding of 24 Mg(ll)/octamer
(3/subunit) with a singldy of 2.5 mM.

crystallized (5, 27, 28 and contains an extended N-terminal is 49%. HoweverE. coliPBGS is a Zn(ll)-requiring enzyme.
arm that forms several noncovalent interactions with the The packing of dimers in the octameric structure is presented
neighboring subunits. The crystal structure of heaerugi- in Figure 4C. The most distinctive structural difference in
nosaPBGS shows an asymmetric dimer as the fundamentalthe pea PBGS model based on 1b4k compared to PBGS
structural unit and this feature was included in the pea PBGSstructures from yeast (1lawb) ard coli (1b4n) PBGS is
dimer model (Figure 4B). The asymmetry is related to the somewhat looser packing of dimers in the octamer and thus
general thermal factors of each monomer, the order/disorderfewer contacts between monomers in neighboring dimers.
of an active-site lid, and the presence of Mg(ll) on only four This feature may be the discriminating factor between those
of the eight subunits oP. aeruginosaPBGS (5, 17. PBGS that exhibit protein concentration dependence of
Published yeast anH. coli PBGS structures do not show specific activity and those that do not.

this asymmetry and we have no independent data that could The model was searched for possible inter- and intra-
assign the pea PBGS structure as symmetric or asymmetricsubunit disulfide bonds that might account for the dimers
However, we proposed that 1b4k is the best template for that were detected by SD$AGE under nonreducing
modeling pea PBGS since the 46% sequence identity conditions. In the pea PBGS structure, each monomer
between the 330-residue core region of pea PBGS and thatontains four Cys residues, illustrated in Figure 4B, that are
of P. aeruginosaxceeds that of pea PBGS relative to yeast >18 A apart from each other within one monomer; this
(36%). The sequence identity between peaBncbli PBGS argues against the formation of intramolecular disulfide
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Ficure 4: A model for pea PBGS based on the crystal structuiesefudomonas aerugino®BGS was built according to the amino acid
alignment shown in panel A. Identical residues are shaded. Black background highlights insertions and deletions that were not modeled.
(B) A tightly associated dimer is depicted as a ribbon diagram with all cysteines space-filled in black. This homodimer is the asymmetric
unit in theP. aeruginosaPBGS crystal structure. The location of the active site is marked in the lower monomer. (@)trace of the
monomers in the octamer is shown at & 9@rtical rotation relative to panel B. This view shows that the sulfur of Cys326 of each dimer

is within 11.3 A of its counterpart Cys326n another dimer. (D) Appearance of a covalently cross-linked form of pea PBGS. Native PBGS
(lanes 1, 3, 5, and 7) and a mutant C326A (lanes 2, 4, 6, and 8), both 5 m(tatal 2 mL), were dialyzed at room temperature against

1L of 0.1 M Tris-HCI, pH 8.5, and 10 mM MgGlwithout SME. The samples were collected aft¢h (lanes 1 and 22 h (lanes 3 and

4), 4 h (lanes 5 and 6), and 24 h (lanes 7 and 8). Sample proteins treated with SDS in the ab8bklit@efe analyzed in an SDS.2.5%
polyacrylamide gel and stained with Coomassie Blue.

linkages. There are also no Cys locations that appear likelydimer. Site-specific mutagenesis was used to test this
to form intermolecular disulfide linkages between the hypothesis.

monomers of the asymmetric dimer (Figure 4B). However, Remaal of Cys-326 by Site-Specific Mutagene€lys-

if one considers the octamer, it appears that a conformational326 was replaced with alanine to test whether the C326A
change in the C-terminal region and/or a minor whole-body mutation would disallow the formation of intermolecular
motion of the dimers toward each other might allow Cys- disulfide linkages. The C326A mutant of pea PBGS was
326 to form intermolecular disulfide linkages between expressed and purified as described above inclugig
asymmetric dimers. In principle, each octamer can maximally in column buffers. The specific activity for purified C326A
form four such disulfides, thus covalently linking each is 233umol h™* mg%, which indicates that removal of Cys-
subunit to a neighboring subunit of a different asymmetric 326 does not affect the enzymatic activity. To test for the
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‘; 60 Ficure 6: Alignment of the N-terminal sequences of soybean, pea,
= and Bradyrhizobium japonicuniPBGS. The putative chloroplast
§_ 40 transit peptide predicted for soybean PBGS by PSORT and ChloroP
w20 programs (see text) is underlined. In pea PBGS, starting residues

(mutated to Met) for the enzymes used in Cheung etSlafd in
0.001 0.01 0.1 1 this study are marked by gray and black backgrounds, respectively.

[Succinyl acetone] (mM)

0

FIGURE 5: Effect of succinyl acetone on the specific activity of Was around 0.1 mM. Thus, these experiments show that if
pea PBGS. The samples (Q:81 subunit) were preincubated with ~ the preincubation time is extendedl6 h, about a 6-fold
succinyl acetone for 10 min®), 30 min ©), or overnight {), excess of succinyl acetone completely inhibits pea PBGS.
and the activity was measured under standard assay conditions (0.Jpeg PBGS crystallizes fairly easily in a complex with this
M Bis-tris propane hydrochloride, pH 8.5, 10 mM MgC10 mM inhibitor (unpublished result) and thus it may be a good

BME, and 10 mM ALA). . . L .
) ) alternative to levulinic acid in the structural studies of the
appearance of covalent-bound dimers, the formation of plant PBGS/inhibitor complexes.

disulfide linkages was enhanced by dialyzing both the native

and C326A enzyme preparations in a pH 8.5 buffer solution p|SCUSSION

that did not contaiffME. Samples were removed at various

time points and the formation of multimeric forms linked ~ Chloroplast Transit Sequencelere we describe a short
by covalent bonding were ana|yzed by SPSAGE in form of pea PBGS that is devoid of all N-terminal sequence
sample buffer that did not contafpME (Figure 4D). For beyond that found in mammalian and some microbial PBGS.
the native pea PBGS, formation of intermolecular disulfide The characteristics of this protein resemble those determined
linkages started immediately, as was detected by the ap-for a recombinant pea PBGS that contained an additional
pearance of a dimeric protein (size 74 kDa) ie thh time 34 N-terminal amino acids and was produced in much
point (lane 3). The amount of 74 kDa protein was pronounced smaller quantitiesd). Some of the additional N-terminal

in the 4 h time point (lane 5), and after 24 h of dialysis (lane residues might normally be part of a chloroplast transit
7) around 50% of the sample had undergone dimer formation.sequence, which is present in many nuclear encoded proteins
No higher molecular weight complexes were detected. For destined to chloroplast8Q, 31). The peaALAD cDNA clone,

the C326A protein, no formation of dimers or higher originally isolated from etiolated leaveS)( was used as a
molecular weight forms were detected during the entire time starting material in Cheung et ab)( This clone does not
course (lanes 2, 4, 6, and 8). Thus, it is evident that, in the encode the full-length pea PBGS and thus prevented predic-
native PBGS, disulfide linkages can form between Cys-326, tions for the possible length or type of the putative chloroplast
which results in a covalently bound 74 kDa dimer. It is transit peptide. Another full-length plant PBGS gene (U04525)
significant that the ratio between the formed 74 kDa dimer has been isolated from a closely related leguminous plant
and the decreased 37 kDa monomeric form never exceededoybean Glycine maxL.), and the amino acid sequence
1:1 although the dialysis was continued for 4 additional days. identity for the whole sequences of pea and soybean PBGS
Having covalently linked two of the four dimers apparently is 88% (Figure 6). PSORT3@) and ChloroP §3) analyses
leaves insufficient mobility to form the final two disulfides for soybean PBGS sequence revealed a putative N-terminal
(see Figure 4C). Thus, upon denaturation, only four of the chloroplast transit sequence of 58 residues (Figure 6). Thus,
eight subunits are cross-linked. Dialysis at pH 9.4 or addition it seems probable that the pea PBGS used in Cheung et al.
of oxidized and reduced glutathione in varied concentrations (9) contained approximately 10 amino acid residues belong-
did not enhance dimerization. ing to the transit peptide. Here the artificdVpeashorgene

Inhibition of Pea PBGS with Succinyl Acetor®ome is missing the entire transit peptide and additionally 24
studies on the inactivation of plant PBGS with various residues from the mature N-terminus. However, on the basis
inhibitors have been carried oW, (9, 1Q. One of the potent  Of the high specific activity 210 umol h™* mg™?) of the
compounds found was succinyl acetone, a substrate analogu€xpression products used here and in Cheung e8jaliwe
believed to bind at the enzyme active site and known to conclude that the additional N-terminal residues of pea PBGS
inactivate the proteir®( 29. Figure 5 shows enzyme activity ~used in Cheung et al9) are unrelated to enzymatic activity.
over a wide range of succinyl acetone concentrations We cannot exclude the possibility that the protein con-
following enzyme-inhibitor incubation times of 10 min, 30  centration dependence for the specific activity observed here
min, and 16 h. Pea PBGS exhibited a time-dependentfor the pea PBGS is a result of the N-terminally truncated
inactivation with succinyl acetone that prevented the deter- protein used in the assays. However, in support of our
mination of a K; value for the inhibitor. However, a assumption that it is noBradyrhizobium japonicur@BGS,
practically inactive enzyme/inhibitor complex was obtained which shows a protein concentration dependence of the
with around 5uM succinyl acetone after 16 h of preincu- specific activity almost identical to the data presented here
bation. If the preincubation time was shortened to 10 min, (see below), contains 24 N-terminal residues beyond the
the lowest inhibitor concentration for a complete inhibition N-terminus of pea PBGS used here (Figure 6). In addition,
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the published activity assays for the 34 amino acid longer
pea PBGS in Cheung et ab)(were reported to be carried
out at high protein concentration.

Mg(ll) of Pea PBGS Plant PBGS functions in the
chloroplast, where Mg(ll) concentration can be as high as
10 mM (34) and free Zn(Il) must be relatively low to prevent
its spontaneous insertion into protoporphyrin B6). Prior
work (9) established that pea PBGS binds two metal ions
per subunit, as tested with Co(ll) and Mn(ll), which bind
with a higher affinity than Mg(ll). However, the binding data
with Mg(ll) presented here suggests that pea PBGS can bind
up to 3 Mg(ll)/subunit. The kinetic data support a required
Mg(ll), an allosteric Mg(ll), and an inhibitory Mg(ll), but

A
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the current data are insufficient to address the individual B 100 < 100
stoichiometries of these three types of Mg(Il). One might 90 | la0
intuitively set these stoichiometries each to eight per octamer. ‘; 80 | o ~ g0 B
We also lack data to address whether pea PBGS exhibits & 70 | - 170 é
half-site reactivity, i.e., of the eight spatially distinct active g 60 f o ya 160 &
sites, only four are catalytically functional at any one point = 50 ¢ o a 150 €
in time. Half-site reactivity may or may not be a universal E 40 Vool 140 5
characteristic of the PBGS proteins. § 30 ¢ //ao V2 ~ 130 ;
Minimal Functional Unit of PBGSThe protein depen- o 20} P ya ~~_ 120 =
dence to the specific activity of pea PBGS closely resembles 10} ///o e 10
that documented fdB. japonicumPBGS @3). One necessary 0 or e : — 0
component to the analysis of this type of data is the 0.001 0.01 0.1 1
assumption that there is a dissociated unit that is inactive, Subunit Concentration (pM)
or far less active, than one or more oligomeric units. For
PBGS, in general, the possible active oligomers are octamers, 100 — ° 100
tetramers, dimers, or any combination thereof. The possible 5, 90 ¢ 19
inactive species are monomers, dimers, tetramers, or any % 80 | S 180 2
combination thereof. The data on the protein dependence of & 70+ 170 8
the specific activity ofB. japonicumPBGS fit several of g 60 S 160 G
these models equally well. Consequently the published % 90 - v 150 g
analyses used the simplest model; monomers were considered E 40 o ARNEE 8
inactive and all larger oligomers were considered to have g 30| o s D130 o
activity directly proportional to the number of subunis) 5 20¢ s 120 2
This model, published before the release of any PBGS crystal 10 7 ... 10
structures, must now be revisited in light of the new structural 0 0 oo;L 0 ;1 ol 1 1 0

data.
The PBGS dimer, shown in Figure 4B, is tightly associated

Subunit Concentration (pM)

and corresponds to the asymmetric unit in the crystal FIGURE 7: Analysis of the effect of multimerization on the specific
structure ofP. aeruginose®BGS. Due to numerous nonco- aCtini]ty of pegBPc?SGS' (Q) IVi'SIW of the tetran;e{)(rlgljfl :Cl’mhe octamer)

: : H H or the pea model. Mionomers are labe onomers
valgnt |nteract|on§ bet\{veen.mor}omers, the dimer is deeme and 3 are depicted as ribbon diagrams; monomers 2 and 4 are
unlikely to reversibly dissociate into monomers. Hence, the shown as space-filing models. The orientation of the tightly
existence of monomers is omitted from new models used to associated dimer consisting of monomers 1 and 2 is approximately
analyze the protein concentration dependence of PBGSthe same as presented in Figure 4B. Monomers 4 and 3 form an
specific activity. If monomers are omitted, the required active identical dimer. The interaction that is present in the tetramer but

. 2 ... hot present in the dimer is the N-terminal arms of monomers 2
species are limited to octamers or tetramers or both, while and 4 fitting into the base of thexg)s barrel in the diagonally

the possible inactive species are tetramers or dimers or bothsjtyated monomers 4 and 2. These N-termini are marked N. In the
An analysis of subunit interactions can be used to further octamer, the second tetramer (not illustrated) is located behind the
limit the possible models. Published crystal structures ( one illustrated. In the octamer, the N-terminal arms fitting into the
27, 29 have shown that, in tetramers and octamers, the base of thedg)s barrel of monomers 1 and 3 come from the second

. P tetramer. (B) Fit of the protein concentration dependence to a model
N-terminal arm of one subunit fits into the base of thg) where the dimer is inactive, half of the asymmetric units of the

barrel of a subunit diagonally situated across the tetramertetramer are active, and all the asymmetric units of the octamer

as shown in Figure 7A for the tetramer. This interaction is are active.) Data for pea PBGS#) data forB. japonicumPBGS

unique to the tetramer and octamer and is not present in the(23); percent protein as<{) dimer, (- — —) tetramer, and---—)

dimer structure. Two models are considered in fitting the Oct@mer is also shown. (C) Fit of the same data to a model where
L L . . . . the dimer is inactive and the relative activity of the tetramer to the

kinetic data; in both the dimer is assumed to be inactive. In eamer is simply proportional to the number of subunits. Symbols

the first model, it is proposed that the relative specific activity and lines are as in panel B.

is proportional to the number of the unique subunit interac-

tions illustrated in Figure 7A. In one tetramer, two subunits sites are functional. In the octamer, all eight subunits contain

contain these unique interactions; thus, only half the active this interaction and all the active sites are functional. Thus,
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for this model, one tetramer has one-quarter of the active (2) confirm that the plant protein has a specific activity nearly
sites as one octamer. It is possible that at least some PBGSn order of magnitude higher than the mammalian protein,
enzymes exhibit half-site reactivity. If one invokes an (3) provide evidence for the PBGS tetramer as the minimal
asymmetric dimer as seen kh aeruginoséPBGS, then the  functional unit, and (4) establish some validity to the modeled
tetramer has one functional active site and the octamer hasstructure through mutagenesis of Cys326. The current data
four. However, whether the enzyme exhibits half-site reactiv- do not establish the precise stoichiometry of the three
ity, the mathematical model is the same because the ratio ofdifferent types of Mg(ll) that can bind to plant PBGS, the
active sites is 1:4 for tetramer:octamer. In the second model,presence or absence of half-site reactivity for this protein,
the relative activity of the octamer to the tetramer is a simple or the locations of the Mg(ll) binding sites in the structure.
direct proportion of the number of subunits and thus one These are the subject of ongoing studies.
tetramer has half the number of active sites as one octamer.
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