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ABSTRACT: Porphobilinogen synthases (PBGS) are metalloenzymes that catalyze the first common step
in tetrapyrrole biosynthesis. The PBGS enzymes have previously been categorized into fourties (I

by the number of Z#t and/or Mg utilized at three different metal binding sites termed A, B, and C. In
this studyPseudomonas aerugino®BGS is found to bind only four Mg per octamer as determined by
atomic absorption spectroscopy, in the presence or absence of substrate/product. This is the lowest number
of bound metal ions yet found for PBGS where other enzymes birfcb&livalent ions. These four Mg
allosterically stimulate a metal ion independent catalytic activity, in a fashion dependent upon both pH
and K'. The allosteric Mg" of PBGS is located in metal binding site C, which is outside the active site.
No evidence is found for metal binding to the potential high-affinity active site metal binding sites A
and/or B.P. aeruginosaPBGS was investigated using Kmas an EPR probe for Mg, and the active

site was investigated using [3!8C]porphobilinogen as an NMR probe. The magnetic resonance data
exclude the direct involvement of Mg in substrate binding and product formation. The combined data
suggest thaP. aeruginosaPBGS represents a new type V enzyme. Type V PBGS has the remarkable
ability to synthesize porphobilinogen in a metal ion independent fashion. The total metal ion stoichiometry
of only 4 per octamer suggests half-sites reactivity.

Porphobilinogen synthases (PB&EC 4.2.1.24) are  cations whose binding site(s) remain(s) unkno&ngj. On
homooctameric enzymes that catalyze an early step inthe basis of these characteristics a further subclassification
tetrapyrrole biosynthesis. The reaction, illustrated in Figure for Mg?™- and Zrf"-dependent PBGS’s was suggested which
1, is the conversion of two molecules of 5-aminolevulinic includes four types of enzymes that differ in their ability to
acid (ALA) to the monopyrrole precursor porphobilinogen, bind divalent cations at three different sité). (The metal
which is further oligomerized to form tetrapyrroles such as ions of PBGS can function either catalytically or allosteri-
heme, chlorophyll, or corrinslj. The two substrates are cally.
called A-side ALA and P-side ALA according to their fate Pseudomonas aerugino$BGS has been established to
in the product. be a M@" utilizing PBGS with activity independent of Zh

All PBGS that have been purified and characterized to (7). Like some other PBGS's, the activity also responds to
date are metalloenzymes that require¥gZn?*, or both monovalent cations such as potassium. On the basis of an
for catalysis. This functional diversity is reflected by initial inspection of the potential metal binding sequences
structural differences within putative metal binding motifs and the degree of amino acid identity to Beadyrhizobium
(2). In general, the Z4t-dependent enzymes are characterized japonicum PBGS, our initial presumption was tha&.
by highly conserved cysteine and histidine residues for the aeruginosaPBGS is a type IV protein. Type IV PBGS'’s
coordination of the metal while Mg_dependent enzymes contain 12 metal ions, with 4 at the active sites and 8 at
possess carboxylic acid containing residues inst&ad)( allosteric sites ).

Interestingly, some PBGS's are stimulated by monovalent The stoichiometry of metal ions d8. japonicumPBGS
and bovine PBGS suggests half-sites reactivity for these

enzymes®, 8). The concept of half-sites reactivity for PBGS
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Ficure 1: PBGS-catalyzed reaction. In an asymmetric condensation two molecules of ALA form porphobilinogen, the precursor for all
tetrapyrroles. The two substrate molecules are called A-side ALA and P-side ALA according to whether they contribute respectively to the
acetyl- or propionyl-containing halves of porphobilinogen. The asterisks markGhkabels for'3C NMR studies.

Here we describe the detailed characterization of the by a least-squares best fit using the program Kaleidagraph
numbers and functions of the Nigof P. aeruginosPBGS. (Abelbeck Software) to equations described in Results and
The unexpected results lead to the proposal Fhaerugi- Discussion.
nosarepresents a new type V PBGS with the unusual ability — Determination of M§Binding by Atomic Absorption
to catalyze the formation of porphobilinogen in a metal ion SpectroscopyMetal ion stoichiometry was determined by

independent fashion. atomic absorption using a Perkin-Elmer Analyst 100 flame
spectrometer. All binding experiments were carried out in
MATERIALS AND METHODS 100 mM bhis-tris propane-HCI, and 100 mM KCI, pH 8.2.

Materials. All chemicals were purchased from Sigma, For preliminary ultrafiltration experiments, the initial PBGS
Deisenhofen, Germany, or Sigma, St. Louis, MO, and were concentration was 10M subunits mixed with 2&iM ALA
ACS grade or better. Glacial acetic acid and 70% perchloric and 40uM Mg?*. After 15 min incubation at 22C, free
acid were purchased from Riedel-de-Haen, Seelze, Germanyand bound metals were separated by ultrafiltration using
Centricon-10 concentrator devices were purchased fromCentricon-10 devices at 4C. The enzyme solution was
Amicon as were PM10 membranes used in stirred pressureduantified for protein and Mg content, and the effluent
cell concentrators. was quantified for Mg". Similar experiments were carried

Protein MethodsProduction and purification d?. aerugi- ~ out at 37 °C using 20uM PBGS subunits and Mg
nosaPBGS were performed as described by the accompany-concentrations varying from 10 to 40M and a prewarmed
ing paper 7). The kinetic assays in this work followed the rotor.

protocols of Petrovich et al6}. High protein concentrations For equilibrium dialysis experiments 1@Q of PBGS (35
were obtained usma 3 mLstirred pressure cell at 30 psi  mg/mL, ~1 mM subunits) was dialyzed against 250 mL of
(Amicon). 100 mM bis-tris propane-HCI, 100 mM KCI, and 1 mM

Dependence of PBGS Adgty on Mg+ Concentration at ~ MgCl;, pH 8.2, in the presence or absence of 10 mM
Different pH Values and Potassiumdlability. PBGS was  levulinic acid or 10 mM ALA-HCI. Samples were dialyzed
dialyzed overnight against 100 mM bis-tris propane-HCI, pH at 22 °C for 16 h and diluted 1:50 prior to protein
8.2, which resulted in a drastic decrease of enzymatic activity concentration determination and atomic absorption analysis.
(~4% residual activity); the dialyzed protein was determined  '3C NMR Studies:*C NMR spectra were obtained at 75.45
to be essentially metal free by atomic absorption spectros-MHz on a Bruker AM300 spectrometer using a°4tulse
copy. This was designated apo-PBGS. Different?Mg angle ad 2 s recycle time. To minimize the rotational
concentrations prepared in the same buffer were added tocorrelation time of this 300 KDa protein, the sample
the enzyme and assayed using@fmL PBGS in the assay temperature was regulated at 37 (15). Proton decoupling
and a fixed ALA-HCI concentration of 10 mM. The stopped was utilized; blocks of 4000 scans were obtained; andlB
reaction mixtures were diluted as necessary with a 2:1 blocks were obtained per sample. To prepare the sample,
mixture of buffer and 20% TCA prior to treatment with 1.4 mL of PBGS (56 mg/mL) was mixed with 0.3 mL of
Ehrlich’s reagent to keep the absorption in the linear range D,O. Subsequently, [43C]ALA (see Figure 1) was added
(<1.0). Under these conditions, the loweAtss values at a ratio of 1 equiv per enzyme subunit followed by
obtained were in the range of 0.15 and were obtained with successive addition of Mngand EDTA to final concentra-

a high degree of precision. The Kydependence of the tions of 2 and 15 mM, respectivei?C NMR spectra were
activity was determined at pH values of 6.5, 6.9, and 8.2 in obtained after each addition. Protein was recovered by
the presence and absence of 100 mM KCI. The pH 8.2"Mg dialysis against 2 1 | 50 mM TES-KOH, pH 6.7, for 8 h,
activation curve was also obtained at 16 and?@2ecause  followed by overnight dialysis agaib® L of 100 MM TES-
temperature has been seen to effect metal binding to otherKOH, pH 8.2, to obtain apo-PBGS, which had full activity
PBGS proteins (unpublished results). The data were analyzedvhen assayed in the presence of MgCl
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FIGURE 2: Mg?" dependence d?. aeruginoséPBGS activity as a
function of pH and K in the buffer bis-tris propane at 10 mM
ALA-HCI and 35ug/mL enzyme. Closed symbols represent assays

Frankenberg et al.

Table 1. Kinetic Parameters Describing the Wd\ctivation of P.
aeruginosaPBGS As lllustrated in Figure®2

app

temp 100  V*(umol V' (umol Kgeacy activation Hill

pH (°C) mMK*" mg*h™) mg'h?) (mM) factor coef
6.5 37 + 0.76 7 20.

6.9 37 - 48.7 1.8
6.9 37 + 0.84 2.1 67.&

82 37 - 58.2 35
8.2 37 + 3.2 0.046 19.&
22 + 0.2 0.47 92.&
16 + 0.2 1.90 48.&

a All kinetic constants derived from data obtained in the presence
of potassium were obtained by fitting to eq 3. In the absence of
potassium the kinetic constants were deduced using eq 1.

Mg?*, and a Hill coefficientn. Table 1 shows these values
at pH 8.2 and 6.9. At pH 6.5 the enzyme shows virtually no
activity without K* even at 10 mM Még".

done in the presence of 100 mM KClI; assays done in the absence In the presence of potassium the data can be fitted to a

of KCl are shown as open symbols. The pH values @)epH 8.2,
(A) pH 6.9, and @) pH 6.5. The solid line represents the best fit

to eq 1. Dashed lines represent the fits to eq 3. The insert in the

upper left corner is an enlargement of the pH 8.2 curve fits to eqs
2 (solid line) and 3 (dashed line) between 0 and 0.04 mM MgCI
The kinetic parameters are included in Table 1.

Mn?* Electron Paramagnetic Resonance Studiesand
(9.14 GHz) EPR spectra were obtained on a computer-

interfaced Varian E-109 spectrometer. The data acquisition

was at 22°C with spectrometer settings of 50 mwW
microwave power8 G modulation amplitude, and a sweep
rate of 250 G/min; four scans were averaged. Prior to EPR,
apo-PBGS was thoroughly dialyzed against 100 mM FES
KOH, pH 8.2, and concentrated t&2 mM subunits. Matched
samples were prepared at various concentrations of"Mn
(25—500uM) with and without 2 mM ALA, the final protein
concentration was 64 mg/mL.

RESULTS

PBGS Actiity as a Function of Mg ConcentrationPrior
studies showed th&. aeruginosaPBGS activity responds
to Mg?tand not ZA* (7). To identify the role(s) of Mg in
P. aeruginosé®BGS, Md" activation was investigated as a
function of pH in the buffer bis-tris propane-HCI in the

two-site model with an essential Mgand an allosteric Mg
described by eq 2. ¥describes enzyme activity in the

(V’a) — V) Mg]
Kd(act) + [Mg]

VIMg]
Kd(req) + [Mg]

specific activity=
(2)

presence of one required Mg anda is an activation factor
derived from a second, allosteric ®fg Kgreqy@andKgacy are
dissociation constants for these two Mgrespectively. This
model provided an excellent fit f@&. japonicunPBGS under
these conditionsg). In the case oP. aeruginosaPBGS at

pH 8.2, eq 2 provides a good description of data obtained at
Mg?* concentrations above 4M, whereKqgeq) < 0.4 uM,

Wis 3.9umol h™* mg?, Kyaceyis 47uM, and the activation
factor is 15-fold upon binding the allosteric ¥fg These
parameters are close to those obtained Borjaponicum
PBGS and predict the existence of a very tight bindingMg

in the presence of substrate or produgt However, eq 2
gives a poor fit to the data in the presence of potassium at
low Mg?" concentrations (Figure 2 insert, solid line). Hence,
a third model was considered whePe aeruginosaPBGS
binds only an allosteric Mg that stimulates a divalent metal
ion independent catalytic activity. This is described by eq

presence and absence of potassium. We have already whereVv* is the metal-independent rate aKg describes

established that K activatesP. aeruginosaPBGS and
followed the work of Petrovich et al6), who showed that
both the divalent and monovalent metal ion activations of
B. japonicumPBGS were dependent upon pH. Figure 2
illustrates the M§" dependence d?. aeruginosaPBGS at

((V*a) — V*)[M(]
Kq + [Mg]

specific activity= V* + 3)

pH 8.2, 6.9, and 6.5 in the presence and absence of 100 mnihe binding of an allosteric Mg. The values for these kinetic

KCI. The Mg activation curves obtained for the.
aeruginosaPBGS look remarkably similar to those 8f
japonicumPBGS, which was found to bind four catalytically
essential Mg" and eight allosteric Mg (6). Without
potassium the data fit to a cooperative binding model that
can be described by eq 1 (the solid lines in Figure 2). This

V[Mg]"

specific activity= —
Kd(req) + [Mg]

(1)

model is characterized by a maximal r&fe a singleKq for

constants are given in Table 1 at pH 8.2, 6.9, and 6.5, and
the best-fit lines are included in Figure 2 (dashed lines).
Although egs 2 and 3 fit the data equally well at higher’Mg
concentrations, and provide approximately the same kinetic
constants for the allosteric Mg eq 3 gives a superior fit to
the low [Mg?"] data (Figure 2 insert, dashed lines). The
difference between these two models lies in the inclusion of
a high-affinity Kq < uM) Mg?" binding site. Thus,
discrimination between these two models can be based on
the experimental determination of the total stoichiometry and
affinity of Mg?" ions for P. aeruginosé®BGS as described
below.
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In the course of the outlined Mg activation studies, we
also discovered a large temperature dependence of the Mg
activation profiles. This temperature dependence of the
kinetic parameters is included in Table 1 for pH 8.2 in the
presence of potassium. The dramatically reduced metal ion
affinity with decreasing temperature suggests that metal
binding contributes to the large Arrhenius coefficients that
have been documented for other PBA%,(13, 16.

Determination of the Number of MigBinding SitesTo
experimentally examine the existence of a high-affinity metal
binding site inP. aeruginosaPBGS, ultrafiltration studies
were performed at Mg concentrations below the apparent
Kq for the allosteric M§" at pH 8.2 in the presence of

potassium. These studies were carried out in the presence

of substrate/product because the apparently analogous tight
binding Mg?* site of B. japonicumPBGS only exists under
these conditionsg; 17). Room temperature binding measure-
ments under these conditions revealed enzyme-bourtd Mg
at less than one per octamer. The experiments were repeate
at 37°C, and again the maximum amount of bound metal
detected was no more than one ¥ger octamer. These
data provide no evidence in support of a high-affinity g
binding site inP. aeruginosaPBGS.

Total Mg?* stoichiometry under conditions that saturate
the allosteric Mg" site was determined by equilibrium
dialysis at 1 mM total M§" (pH 8.2 plus potassium; see
Figure 2) and 1 mM enzyme subunits in the presence and
absence of substrate or the substrate analogue levulinic acid
Under these conditions the appar&nf.. for the allosteric
Mg?*t is ~50 uM; thus stoichiometric binding is expected
when the concentrations of both enzyme and#Maye at 1
mM and the Md" is in a 250-fold molar excess over enzyme
subunits. In all cases, the total amount of enzyme-bound
Mg?t was 4.0+ 0.5 per octamer. This remarkable result
reveals an extraordinarily low amount of total divalent metal,
in fact the lowest determined for any PBGS yet described.

The M@ binding data combined with the Mgactivation
studies discriminate between the two models described by

egs 2 and 3. Equation 2 requires the presence of a high-

affinity Mg2* binding site in addition to the allosteric Mg

site. In the case oB. japonicumPBGS this high-affinity
site existed only in the presence of substrate or product
(6, 17. The binding experiments presented here exclude a
high-affinity metal binding in the presence or absence of
substrate or product and are not consistent with the model
described by eq 2. The marginal amount of gresent at
low [Mg?'] is consistent with subsaturating occupancy of
the allosteric Mg" site. The binding data and the kinetic
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FIGURE 3: sp and spregions of thé3C NMR spectra of [3,5°C]-
porphobilinogen and PBGS complexes. Spectrum A repregents
aeruginosaPBGS. The sample contained 1.7 mL of 46 mg/mL
protein in 100 mM bis-tris propane-HCI, 10 mM MggCL00 mM

Cl, pH 8.2, and 21% (v/v) BO. There were 44 000 transients.

pectrum B shows [3,5C]porphobilinogen bound tB. aeruginosa
PBGS. 18uL of 100 mM [4-13C]ALA was added to the previous
sample; 32 000 transients were collected. Spectrum C shows the
effect of adding MA" (35 uL of 91 mM MnCl,) to the previous
sample. There were 36 000 transients. Spectrum D shows the effect
of adding EDTA (25.5uL of 1 M EDTA, pH 8.0) to the previous
sample; 36 000 transients were collected.
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additional support for the concept of half-sites reactivity (see
Discussion).

. Evaluation of the Kinetic Consequences of Binding the
Allosteric Mg*. Experiments were performed to quantify
the allosteric effect of Mg on the residual 4% metal-
independent PBGS activity. Earlier studiestofcoli PBGS
showed that the allosteric Mt caused a 10-fold reduction
in the K, for ALA (at neutral pH), a 2-fold increase Wnax

and an increased affinity for the required?Zr{18). Hence
we determined th&,, and V.« values forP. aeruginosa
PBGS in the presence and absence ofMdhe protein
was exhaustively dialyzed against pH 8 buffer until no
residual Mg+ was detectable. The,, andk.q values were
determined in the presence and absence of 10 mM*Mg
Mg?" dramatically reduced thi€n, for ALA from 4.2 to 0.3
mM. Mg?" increased the value a4 25-fold from 0.05 to
1.26 s, the later of which corresponds to a maximal specific
activity of 60umol h™* mg* and is calculated on the basis
of four active sites per octamer. These allosteric effects of
Mg?" onP. aeruginos@BGS mirror those oE. coliandB.

japonicumPBGS 6, 18. In support of the identification of

the Mg** of P. aeruginosaPBGS as comparable to the
allosteric Mg@" of E. coli PBGS, we previously showed that

data are consistent with the model described by eq 3 whereboth stabilize the octamer against electrophoretic separation

the four enzyme-bound Mg correspond to the allosteric
activation phenomenon. Several significant conclusions arise
from a stoichiometry of 4 allosteric Mg per octamer and

no tightly bound M§" even under conditions that support
catalysis. Most importantly, this establishes that, at low
[Mg?t], P. aeruginosaPBGS can slowly catalyze the
formation of porphobilinogen in a metal ion independent
fashion. It suggests that tlie aeruginosé®?BGS active site
does not contain divalent metal ions even under conditions
of maximal activity. Second, this suggests that the protein
uses only four functional monomers per octamer at any one
time, a concept known as half-sites reactivity. The newly
revealed crystal structure &f. aeruginosaPBGS provides

(7, 18.

13C NMR To View Porphobilinogen Bound at the Enzyme
Active Site A P. aeruginos@?BGS active site that is free of
divalent metal ions is quite different from other PBGS we
have characterized. Thus, we undertdé® NMR studies
to view the active site using’C-labeled substrate/product.
The natural abundanééC NMR spectrum of the enzyme is
shown in Figure 3A, it contains no unexpected features and
resembles those obtained for the other PBGE (5, 17.
The addition of [413C]JALA (see Figure 1) vyields the
immediate conversion to [3,5C]porphobilinogen whosEC
NMR resonances are seen to arise at 122.8 and 121.6 ppm
(Figure 3B). This spectrum is identical to that seen Bor
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japonicumPBGS where a mixed labeling experiment identi- 32 uM, and the activation factor was 22-fold for Nfn
fied the signals as arising from C3 and C5, respectiveR. ( activation ofP. aeruginosaPBGS in 100 mM TESKOH
The identity of the two spectra extends to the asymmetry of buffer at pH 8.0. These values nicely mimic those seen for
the carbon resonance intensities, the upfield signal appearingVig?" under comparable conditions (see Table 1) and allow

slightly less intense. us to apply MA" EPR to the study oP. aeruginosé?BGS.
The addition of MA" to the P. aeruginosaenzyme- The enzyme-bound M EPR spectra showed a typical
product complex had a remarkable effect on t#& NMR six-line pattern, somewhat broader than free?Mim the

spectra as seen in Figure 3C. Consistent with expectationssame buffer and considerably reduced in intensity (data not
the free carboxyl resonances from the proteii80 ppm)  shown). The preparation of matched samples containing
are broadened significantly. Quite unexpectedly, the aromatic sypstrate/product caused no detectable change in the intensity
resonances derived from the protein are also significantly of Jine width of the EPR spectra. No changes were detected
broadened (reduced in intensity) (X140 ppm region)  even under conditions where only 10% of the total2¥n
relative to the backbone carbonyl region (3658 ppm).  sjtes were saturated (78M Mn2* and 1.6 mM subunits).

In contrast, the enzyme-bound porphobilinogen signals are Thys, the addition of substrate does not change either the
NOT dramatically broadened, a strong indication that the affinity or the environment of the M probe. Similar
Mn?* does not reside in the active site. On the other hand, gpservations were made using EPR spectroscopic analysis
the addition of MA" has a subtle effect on the resonances of E. coli PBGS where Mg coordination was also
from enzyme-bound porphobilinogen as the signals are seenndependent of substrate or produgB) This is in sharp

to lose their asymmetry. One possible explanation for this contrast toB. japonicum PBGS where the addition of

could lie in a long-distance paramagnetic relaxation effect, sybstrate was seen to cause a disproportionation of subsatu-
which shortens the relaxation times and overcomes anrating Mre* from the allosteric Mg" site to the catalytic

asymmetric saturation phenomenon sincesirecycle time Mg?* site (17).
does not allow for complete relaxation between magnetic aeruginosa PBGS Defines a New Type V PBG&

pulses. model describing the variation in metal ion usage by PBGS
The final spectrum, shown in Figure 3D, was obtained iq iy strated in Figure 4. This model differentiates three

after the addit.ion of suﬁicient EDT.A to chelate all the different types of divalent metal binding sites called A, B,
divalent metal ions. The chemical shifts of product revert to and C, which coordinate MeMes, and Me: (2, 6, 20. On
thodsecgeen for fre? prgducr: (}21'0 _3’}? 123.0 p;k)Jm fgr Cg the basis of prior work, Mefunctions at the active site to
and C3, respectively), but the line widths remain broad and ¢, jjitate A-side ALA binding and reactivity2(l): the ligands
the asymmetry in peak height returns. The latter character-tO Mes have been proposed to be involved ig oton
istics suggest the enzyme-bound state. One possible i”ter'removal from P-side ALAZ). The A and B nomenclature

pretation for this result is that the chemical environment originated with EXAFS studies of the two Znof bovine
ret“”.‘s to one resembling b'ulk. solvent while the product PBGS and is based on the derived ligands (mostly oxygen
remains _bound. Thls resu_lt is in contrast to that seen for and nitrogen for Zp and mostly sulfur for Zg) (22). Mec
mammalianE. coli, andB. japonicumPBGS; the addition ¢ oy ajiosteric activator and has been proposed to bind at
of metal chelating agents to the enzym:aroduqt CO”.‘P'eX subunit interfaces outside the active sité (18, 20. Figure
causes .the release_ of product from the active site and a, includes the total divalent metal stoichiometries and the
concomitant narrowing of th&C resonances. , proposed stoichiometries of the metals at each of the three
_ Taken together, these results are consistent with thegjieq Figyre 4 also incorporates a correlation to an alternative
interpretation that the active site Bt aeruginosePBGS is  11qqe| that includes only two different types of sites called
different from PBGS previously explored using [3%]- Meo. and Me8 (23). The former model considers half-sites

p'orplhqbilinogen ashan active sfite probe. However, the reactivity while the latter model does not. Inherent in both
similarity between the spectra of enzyme-bound [SCt of these models is the assumption that all PBGS’s have an

porphobilinogen oP. aeruginosePBGS andB. japonicum , bsolute requirement for a divalent metal ion. The current
PBGS was unexpected and suggests the need for a_refme ork identifies the constellation of metal ions Bf aerugi-
interpretation of the data for the latter system (see DisCUs- ,0saPBGS as different from all PBGS's previously char-

sion).2+ N Bindi . acterized. ThusP. aeruginosaPBGS is denoted type V
_Mn?" EPR as a Probe of the Mg Binding SitesThe  ppGs. Type v PBGS disproves the assumption that all
kinetic, metal binding, and NMR studies present a consistent pg g5 require divalent cations and raises the interesting

plcturle of P. faeLuglnosTP BGﬁ, as conltamlnlg no a;:tlvke fsne question of what active site components can functionally
metals. To further explore this novel result, we 100k from g ciiite for Me and M.

the perspective of the enzyme-bound Maising Mr?* as
an EPR probe. MiT has chemical properties similar to those pscussION
of Mg?" and as such serves as an excellent paramagnetic

probe for Mg" binding sites on proteinsl@). Mn?" has The new information abolR. aeruginos@BGS has been
previously been used to view and quantify the allosteriéMg  used to refine the three metal ion model for all PBGS’s as
sites of E. coli PBGS (18), and for B. japonicumPBGS, illustrated in Figure 4. Historically, the existence, location,
Mn?" EPR provided the definitive proof of two different and functions of Mg, Meg, and Me were deduced on the
Mg?* environments 17). basis of sequence comparisons, conserved structural char-
To ensure that Mit EPR is a valid probe forP. acteristics, kinetic measurements, chemical modification

aeruginosaPBGS, we determined that Min functionally studies, metal determination experiments, and NMR and EPR
substitutes for Mg". The apparenKqacy was found to be  studies 2—4, 6, 11, 17, 21, 2426). Recently, the existence
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Metal ions required for full activity
Type Species per homooctamer Metal site Metal site with ligands to Refs.
with ligands to Me, and Meg Mea and Mec
SiteA  SiteB  Site C Total
metals
I | Hsapiens | 47n  4Zn  Absent 8 AEVELEPYTSHGHEGLLSE )
DRREYQL . PPGARGLALRAV
? | Scerevisice | 87,  87Zn  Absent 16 | LSBVELEEYTSHGHEGVLYD (29)
DR@YQL . PPAGRGLARRAL
4Zn 4Zn 8 Mg 16
n E. coli of or MsPTEFEEYTSHGHEGVIEE (11, 20,
Absent 8 Zna 8 Mgp 16 DRKSYQMNPMN . RREAIRQS 27)
4 Mg 4M 8§M 16
HI P. sativum or org g YTRVALEPYSSHGHEGIVRE 28)
Absent 8 Mgo 8 MgP 16 DKKTYQMNPAN . YREALTEM
IV | B. japonicum 4aMg  8Mg 12 | LEHVAL{PFTSHGHJGLIAD ©
DKRTYQMDSAN . TDEALREV
P. aeruginosa | Absent Absent 4Mg 4 IT§VAL§PFTTHGQ§GILDD
NKATYQMDPAN. SDEALI-!V
Metal Ligands According to * * ** * * (2,13,
Biochemical Analysis & Crystal Structures B B AB A c 14, 30)

Ficure 4: Updated three metal ion model for PBGS including the stoichiometry of the various metal ions at the different sites (see references).
Two regions of the PBGS sequence are illustrated that have been shown to be involved in metal ion binding. Doubly underlined amino acid
residues represent regions of metal ion binding postulated on the basis of primary sequence information/conari&insThe asterisks

indicate where X-ray crystallography has established ligands to Zm, and Mg:; the metal sites are listed below the asterisk3, (L4.

Ligands have not yet been established forsMg Mgg or whether these comparable sites exist. The binding of 16 met&sdoli PBGS

has been interpreted in two different wayd (18, 23, 2¥, both of which are included. A fundamental difference between these two models

is the number of functional active sites per octamer. The binding of 18 Mgpea Pisum satium) PBGS @8) is also presented with two
possible interpretations. For yeaSaccharomyces cearsiae) PBGS, the total metal binding has been shown to be 16 per oct@9er (

and the crystal structure shows two enzyme-bourdd #rhose ligands agree with those predicted fox Znd Zrg (13, 20. If this assignment

proves to be correct, then yeast PBGS identifies yet another type of PBGS.

of all three sites has been established by X-ray crystal- allosteric Mg" (6). These were assigned as 4 Mand 8
lography @3, 14, and the ligands show a remarkable Mgc. The similarity of the chemical shifts of enzyme-bound
correlation to those predicte@@. However, not all three  [3,5-13C]porphobilinogen for these two proteins suggests a
sites have been detected on one single enzyme. refinement of our model foB. japonicumPBGS. One must
The crystal structure of yeast PBGS shows two different appreciate that thEC chemical shifts of isotopically labeled
active site ZA" (Mex and Me) drawing ligands from a  substrates, products, or inhibitors bound to enzyme active
cysteine- and histidine-rich region of sequence illustrated in sites provide information about the chemical environment
column 4 of Figure 44, 13. The ligands derived from the  of the active site}3C NMR has previously been used to view
crystal structure are noted in the figure. A potential®g  [3,5-3C]porphobilinogen bound to PBGS from mammals,
binding domain in plant enzymes was postulated in the sameE. coli, andB. japonicum(11, 15, 17. These enzymes share
region having aspartic acid residues in the position of some a pairwise sequence identity of approximately 35%. When
Zn?* binding domain cysteine and histidine residu@s Ko identical chemical shifts were observed for [33&]porpho-
PBGS crystal structures have as yet placedMapund to bilinogen bound to mammalian and. coli PBGS, the
this region of the sequence. However, elegant cassettesimilarity was interpreted to reflect the presence ofZat
mutagenesis studies that delete the plant-like sequence anthe active site for both of these enzymes. Becauseign
insert the human sequence demonstrated a shift from?a-Mg proposed to be directly coordinated to porphobilinog®n (
dependent enzyme to a Zrdependent enzyme4). Align- this interaction was deemed responsible for the large chemi-
ment of the deduced amino acid sequencP .odieruginosa cal shift effects that were observed. In contr&staponicum
PBGS with other PBGS sequences initially suggested aPBGS exhibits rather small shifts for this labeled product.
potential Mg binding motif in this active site region of  This was interpreted as an environmental difference on the
the sequence7]. The current results, indicating th& basis of the substitution of Mgfor Zna. In keeping with
aeruginosaPBGS does not require Mg bound to this this interpretation, the replacement of the paramagnetit”Mn
region, suggest that the aspartates of this region, without thefor Mg?* significantly broadened thé*C resonances of
need for a coordinated Mg, can functionally substitute for  product bound tdB. japonicumPBGS (7); paramagnetic
the cysteines that are coordinated ta;Zn broadening is not seen for product boundgtocoli PBGS,
The sequence of. aeruginosaPBGS is most likeB. which uses M@" only in the Me: site (18). The identity of
japonicumPBGS, which has been found to contain four tight- the spectrum of product bound o aeruginosé?BGS with
binding active site Mg§" per octamer in addition to eight that of B. japonicumPBGS suggests that no metal is directly
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bound to product on the latter protein and alters the previous 5.
interpretation. This is consistent with ENDOR studies that
failed to show an interaction betweéefiN]porphobilinogen
and Mr?+ at the active site dB. japonicunPBGS (Petrovich,
LoBrutto, and Jaffe, unpublished results). Thus, since Me
is proposed to be product bound, the four active sité'Mg
of B. japonicumPBGS are reassigned to the Msite as
included in Figure 4.

During the course of these studies the crystal structure of
P. aeruginosaPBGS in complex with levulinic acid (LA)
was solved 30). The octameric enzyme consists of four
asymmetricdimers. One monomer of each dimer is found
to contain a M@" that is located close to the surface in the
vicinity of the N-terminal extended arm of the second
monomer. The known active site amino acids are found in
the central cavity at the C-terminal end of thfs barrel.
The Mg"-bound monomer is found with a “closed” lid
sealing the active site. For the other monomer the active site ;,
lid is partially disordered. In the metal-free active site LA is
seen bound analogous to a Schiff base intermediate that forms
between the P-side ALA molecule with an active site lysine
(3. It is the other, A-side ALA molecule that is believed
associated with the active site metal io2).(Hence, the
crystal structure established the location of the four allosteric
Mg?* but left open the possibility of an active site kig
The current work establishes that, under optimal enzymic
activity, the allosteric M@" seen in the crystal structure are
the only divalent metal ions present.

In conclusion, the results presented herein indicate that
P. aeruginos@®BGS defines a new type V PBGS protein. It
is the first known PBGS where it has been proven that the
formation of porphobilinogen does not have an absolute
requirement for either zinc or magnesium. The type V protein
contains only four magnesium ions per octamer, the lowest
stoichiometry for metal ions in PBGS proteins studied so
far, and provides a strong indication for half-sites reactivity
in this homooctameric protein. The remarkable variation in
metal ion usage at the active sites of the various types of
PBGS suggests substantial variations in the details of the
catalytic mechanism and identifies the metabolically essential
PBGS as a potential drug target.
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