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ABSTRACT. Porphobilinogen synthase (PBGS) is a metalloenzyme which catalyzes the asymmetric
condensation of two molecules of 5-aminolevulinic acid (ALA) to form porphobilinogen. There are at
least four types of PBGS, categorized according to metal ion usage. The PBGSifadyrhizobium
japonicumrequires Mg(ll) in catalytic metal site A, has an allosteric Mg(ll) in metal site C, and also
contains an activating monovalent cation binding site [Petrovich et al. (1R%®pl. Chem. 2718692—

8699]. *C NMR and Mn(lIl) EPR have been used to probe the active site and Mg(ll) binding sites of this
310 000 dalton protein. Th®C NMR chemical shifts of enzyme-bound product demonstrate that the
chemical environment of porphobilinogen boundBojaponicumPBGS is different from that of PBGS
which contains Zn(ll) rather than Mg(ll) at the active site. Use of Mn(ll) in place of Mg(ll) broadens the
NMR resonances of enzyme-bound porphobilinogen, providing evidence for a direct interaction between
Mna and product at the active site. Prior characterization of the enzyme defined conditions in which the
divalent cation occupies either the A or the C site. Mimicking these conditions allows Mn(ll) EPR
observation of either Mnor Mna. The EPR spectrum of Mnis significantly broader and less intense
than “free” Mn(ll), but relatively featureless. The EPR spectrum ofsMs broader still and more
asymmetric than Ma The EPR data indicate that the coordination spheres of the two metals are different.

Porphobilinogen synthase (PBG3&,k.a.5-aminolevulin- summarizes this model for divalent metal ion interactions
ate dehydratase, EC 4.2.1.24) is the first enzyme shown towith PBGS; by the criteria set out in Table 1, there are at
have experienced a phylogenetic shift between a catalyticleast four types of PBGS. In addition, some PBGS respond
Zn(ll) and a catalytic Mg(ll). PBGS catalyzes the asym- to monovalent cations7( 8, 9. Despite the differences in
metric condensation of two molecules of 5-aminolevulinate metal ion usage, a universally conserved lysine that forms a
(ALA) to form porphabilinogen, the monopyrrole precursor  Schiff base with one ALA and high overall sequence
of the porphyrins, chlorophylls, corrins, and cofactor F430 conservation suggest that all PBGS’s use a common catalytic
(see Figure 1). The phylogenetic variations in divalent metal mechanism.
ion usage of PBGS can be described in terms of three
different types of divalent binding sites called A, B, and C
(1). The function of the divalent ion in site A is to facilitate
A-side ALA binding and reactivity (see rdfand Figure 1).
Although the B-site metal ion has been proposed to aid in
the removal of a proton lost during porphobilinogen forma-
tion, it has not been found to be “essentia).( Based on

studies of mammalian PBGS, four A-site metal ions and four h . : . ith del
B-site metal ions bind to each octamér 8, 4, equivalent 6,10, 11, 12). The comparison is consistent with a mode

to the stoichiometry of four active sites. To help explain Where type IV PBGS uses a catalytic Mghile types | and
the stoichiometry of metal sites A and B, a putative metal ! PBGS use a catalytic Zzn These results are inconsistent
binding domain of each subunit has been proposed to provideith an alternative model in which type Il PBGS uses eight
ligands toeither the A-site or the B-site metal ion$,(4). catalytic Mg, and eight allosteric Zn(13, 14, 13.

The C-site metal ion, which binds elsewhere in the sequence,
is an allosteric activator that increases g, decreases
theKn, for ALA, and decreases th&, for metal ions in sites

A and B; its stoichiometry is 8 per octamés, ©). Table 1

The plant endosymbidBradyrhizobium japonicunpro-
duces a Mg-utilizing type IV PBGSB japonicumPBGS)
protein (see Table 1) which also responds to monovalent
cations @). We have undertakeriC NMR and Mn(ll) EPR
studies ofB. japonicumPBGS to probe its active site and
metal binding sites. The results of these studies are
compared to our previous studies of types | and Il PB&S (

MATERIALS AND METHODS

Materials. The chemicals KCI, potassium phosphate,
phenylmethylsulfonyl fluoride, ampicillin, chloramphenicol,

T This research was supported by NIH Grants ES03654 (E.K.J.), T_ES_' mchloroacetl_c aCICp_(dlmethylamlno)benzalc_jehyc_le’
CA09035, and CA06927 (Institute for Cancer Research), and by an dithiothreitol, ALA, isopropy|3-p-thiogalactopyranoside, bis-
appropriation from the Commonwealth of Pennsylvania. tris propane, EDTA (free acid), O (99.9%), and DCI
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728-3695. Fax: 215.728-2412. E-mail: EK Jaffe@fcce.edu. (100%) were all purchased from Sigma, and are ACS reagent

® Abstract published ifdvance ACS Abstract©ctober 15, 1997.  grade or better. KOH was purchased from Aldrich. Ultra-
! Abbreviations: PBGS, porphobilinogen synthase; ALA, 5-ami- pure MgC}h was purchased from Johnson Matthey. Glacial

nolevulinic acid; TESN-[tris(hydroxymethyl)methyl]-2-aminoethane- — gcetic acid and 70% perchloric acid were purchased from
sulfonic acid; bis-tris propane, 1,3-bis[tris(hydroxymethyl)methylamino]- _. h h |
propane; NMR, nuclear magnetic resonance; EPR, electron paramagnetié:IS er and are ACS reagent grade. 2-Mercaptoethanol was

resonance; EDTA, ethylenediaminetetraacetic acid. purchased from Fluka and vacuum-distilled prior to use.
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Ficure 1: PBGS-catalyzed reaction. A-side ALA becomes dloetyl-containing half of porphobilinogen and retains the primamino
group. P-side ALA becomes th@opionyl-containing half of porphobilinogen; its amino group is incorporated intqytele ring. The
asterisks reflect the probable substrate- or product-derived ligands to the catalytic A-site metal ion.

Table 1: Three Divalent Metal lon Model for PBGS PBGS_ Actiity Ass_ays A(_:tivity assays \_Nere carried out
as previously described with the exception that 2-mercap-
toethanol was omitted from the assay and mercuric chloride
was omitted from the STOP reage®).( The activity as a

metal ion required for full
activity per homooctamer

type example site A site I:’ site € function of Mg(ll) s Mn(ll) studies were performed using
| mammat 4 Zn(Il) 4 Zn(ll) absent _
I E. colfe? 4zn(l)  4zn(l) 8 Mgl apo-enzyme and O'rll %TE&OH' pH ?@2' %J]ﬁerd d'T:'f‘Zymfe
i plante 4AMg(l)  4Mg(l) 8 Mg(ll) concentration was held constant at gM. The addition o
v B. japonicurh 4 Mg(ll) absent 8 Mg(ll) ALA under these conditions causes the final pH of the assays
2Refs 3, 21. " Not strictly required (ref 2)¢Refs 5, 6.9 Total to be 8'(_)'_ Specific activity is ex.p'ressed as miqromoles of
stoichiometry according to ref3. ® Total stoichiometry according to  Porphobilinogen produced per milligram of protein per hour
ref 22. fRef 9. at 37°C.

) 13C NMR Studies.'®C NMR spectra were obtained at
Ultrapure ammonium sulfate was purchased from ICN 7545 MHz on a Bruker AM300 spectrometer by using
Biomedical. Phenyl-Sepharose and Sephacryl S-300 high-acquisition parameters identical with those reported previ-
resolution matrixes were purchased from Pharmacid®@-  oysly for studies of porphobilinogen bound to bovine PBGS
ALA, [S-1*CJALA, and [3-“C]ALA were custom-synthesized (10,11, 12. Spectra were acquired with a®%gulse and a
by C/D/N Isotopes. DEAE-biogel A gel was purchased from 5 g repetition rate and were digitized at a resolution of 1.2
BioRad. Centricon-10 concentration devices were purchasedHZ/point_ Spectra were obtained at 37, unless otherwise
from Amicon. Slide-A-Lyser cassettes were purchased from jndicated. Protein spectra were processed with a 15 Hz

Piercg. , Lorentzian line-broadening function. Proton decoupling was
[5-“CJALA was deuterated at £and G as previously  ychieved using a Waltz-16 pulse sequence.

described with minor modificationl@). A solution of 0.1 .

M [5-13CJALA-HCI and 0.1 M bis-tris propane, in 99.9%  Mn(I) EPR Studies. X-band (9.14 GHz) EPR spectra

D0, was adjusted to pH 7.1 (meter reading) with DCl and V&'® obtained on a computer-interfaced Varlano E-109
spectrometer. Binding studies were performed at°@5

incubated in a flame-sealed vial for 48 h at&7. The use il ded with th .
of bis-tris propane rather than potassium phosphate caused!NJl€ scans were recorde with the speptrometer settings
of 1 mW microwave power, 10 G modulation amplitude, a

a slower exchange rate at,@nd no self-condensation was

observed. The resultant [3CJALA was ~98% deuterated sweep rate of 4.17 G/s, and a time constant of 0.128 s. The
at G as determined b§C NMR. receiver gain was varied from 1.25 10° to 1.6 x 10*

PBGS Purification. B. japonicurBGS was expressed depending on signal intensity. Spectra of enzyme-bound
in E. coli and purified as previously reporte€)(with the ~ Mn(ll) were recorded at 10 mW microwave power and are

following modification. The final step in the protein a0 average of 4 scans.
purification was passage through ax5100 cm Sephacryl The EPR samples were all prepared from &ogaponi-
S-300 high-resolution column in 0.1 M KPpH 7.0, cum PBGS. Because a reaction was observed between
containing 1 mM MgCJ. This column removes the mer- Mn(ll) and bis-tris propane, prior to EPR studies the apo-
captoethanol and separates PBGS from a contaminatingenzyme was dialyzed agatrisL of 0.1 M TES-KOH, pH
activity which degrades porphobilinogerB. japonicum 8.2, for 16 h. Samples d@. japonicumPBGS plus Mn(ll)
PBGS elutes at-1050 mL. were prepared by mixing 4@L of apo-B. japonicumPBGS
Preparation of Metal-Free Apo-Enzymépo-B. japoni- (45 mg/mL) with 10uL of a Mn(ll) solution in 0.1 M TES-
cumPBGS was prepared by dialyzing-B mL of concen- KOH, pH 8.2. The final concentration of Mn(ll) ranged from
trated enzyme (35150 mg/mL) in a Slide-A-Lyser cassette 0to 2 mM. Samples oB. japonicumPBGS plus Mn(ll) in
for 6 h agains| L of 50 mM bis-tris propane-HCI buffer,  the presence of porphobilinogen were prepared by mixing
pH 7.0, followed by an overnight dialysis against a second 25uL of 74 mg/mL apoB. japonicunPBGS in 0.1 M TES
liter of the same buffer. After dialysis, the protein was KOH, pH 8.2, with 10uL of Mn(ll) solution in 0.1 M TES-
concentrated using a Centricon-10 device. Apo-enzyme wasKOH, pH 8.2, and 1%L of 14 mM ALA in 0.1 M TES—
always prepared just prior to use, as apo-enzyme is relativelyKOH, pH 8.2. The final concentration of Mn(Il) ranged from
unstable and slowly loses activity even when stored@ .4 0 to 4 mM. The samples were allowed to react f010
Apo-enzyme is inactive and requires addition of Mg(Il) for min prior to scanning to allow full conversion of ALA to
activity. porphobilinogen.
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7 Table 2: Kinetic Parameters for the Mg(ll)- or Mn(ll)-Dependent

Activity of B. japonicumPBGS at pH 8.2

60 -

] . . Vimax
50 Kd(req)a Kd(act)b activation (iumol 1)

metal buffer (uM) Vo (uM) factor h™'‘mg-
Mg(ll)¢ bis-tris propane <0.3 22+1 39+ 7 2.0 44.4
+ KCI

40 7

Mg(ll) TES—KOH <04 31+1 37+6 1.7 53.9
Mn(ll) TES—KOH <0.4 39+2 83+22 1.6 61.5

aThis reflects the, for the A-site metal in the presence of substrate
or product. This reflects theK, for the C-site metal in the presence
of substrate or product.Ref 9.

Specific Activity (umoles hr'' mg™!)

0.0001  0.001 0.01 0.1 1 10 The value ofKygeq) for both Mg(ll) and Mn(ll) is an upper
Total [Me(I] mM limit because these assays u&daponicumPBGS at~1

FiGURE 2: Comparison of the effect of Mg(I1)®) or Mn(ll) (m) uM subunits; thus, total Me(ll) is a poor approximation for

on B. japonicumPBGS activity in 0.1 M TESKOH at pH 8.2 free [Me(I)] at [Me(Il)] below 5uM. Vs slightly higher
demonstrates that Mn(ll) can be used as a valid probe for the Mg(ll) for Mn(ll) than for Mg(ll). The activation factors for the

e om S mode 9 s L and e b e, metal ons are vitualy dentcal, However,
are included in Table 2. ' Sor Mn(ll)_ is roughly twice that of I\_/Ig_(ll). Table 2 shqws
that the kinetic values are all very similar to those previously
reported for Mg(ll) in bis-tris propane at pH 8.2 in the
RESULTS "
presence of K (conditions where th&, for Kt <1 mM;
Prior characterization d. japonicumPBGS revealed that  ref 9). This kinetic model was shown to be invalid in the
the substrate and divalent metal binding properties are absence of K. Without K*, the response of specific activity
dependent upon each other as well as being dependent upoto Mg(ll) is cooperative with a Hill coefficient of-2 (see
pH and monovalent cationS), Based on these results and ref 9).
the model presented in Table 1, one can capitalize upon these Mn(ll) EPR of Me and Me Bound to B. japonicum

characteristics to prepare NMR and EPR samples under apggg B japonicumPBGS preferentially binds Meover
variety of conditions such that the protein will differ in its Mea in the absence of substrate or product and Meer
propensity to bind product, Mp and/or Mre. The NMR 1o iy the presence of substrate or product @ehd Table

and EPR _studie; described hgre were employeq to. test theZ). This is confirmed by the spectra illustrated in Figure 3.
model which derived from our interpretation of kinetic and The EPR spectrum of “free” Mn(ll) in TESKOH is

metal binding datad). illustrated in Figure 3A. One can achieve specific binding

Activity as a Fl_mction of Mn(ll). In order to use Mn(ll) of Mn(ll) to the C-sites Kq 80—160 uM, capacity 2/active
as a paramagnetic EPR probe for the Mg(llBofaponicum ey g the A-sites Kq > 1 mM, capacity 1/active site) at

PBGS.’ one must first demonstrate that Mn(ll) fgnctionally millimolar concentrations oB. japonicumPBGS active sites
substitutes f_or Mg(l!). Becguse the buffer prgwously used (dimers) by using a substoichiometric amount of Mn(ll) in
to characterize the interaction of Mg(ll) with. japonicum 4o ahsence of substrate or product. The addition of 0.5 mM
PBGS @) was fo“r.‘d to react W't.h Mn(ll), we used the buffer Mn(ll) to 1.1 mM B. japonicumPBGS active sites at pH 8
TES—KOH for a I§|net|c_ comparison of the effects Of_ Mag(ll) yields the spectrum illustrated in Figure 3B. The lines are
and Mn(Il) onB. japonicumPBGS and for all experiments modestly broadened relative to “free” Mn(ll), and the
where excess Mn(ll) was uged. . intensity is reduced by a factor 6f10. The [Mn(ll)] “free”

The dependence @&. japonicumPBGS activity onadded ey these conditions is calculated to be between 0.02 and
Mg(ll) or I_\/In(!l) at pH 8.2 n 0.1 M TESK_OH are 0.04 mM. Due to the intensity differences between “free”
compared In Flgure 2. The simplest T“Ode'. to_flt the sets of and bound Mn(ll), even these relatively low amounts of
Qata IS a two-site .m.odel, where the tight binding mgta_l 0N «free Mn(ll) contribute appreciably to the Mn(ll) EPR
is essential for activity (Mg and the second looser binding spectrum. Figure 3C is the result of subtracting 4.8% of
metal ion acts as an allosteric activator @le This model Figure 3A from Figure 3B, and is a more accurate repre-
IS aIS(.) valid for Mg(ll) in b|s-_tr|s propane if Kis present sentation of the EPR spectr'um of Mbound toB. japonicum
to s§t|sfy the monovalent cation requwgm@)t (The I|_nes PBGS. At subsaturating Mn(ll), the addition of substrate is
in Figure 2 were generated by eq 1 using the best-fit values predicted to cause a migration of Mo Mna. In fact, the

in Table 2; whereKyreq)iS the dissociation constant for the -y i of excess ALA+4 mM) causes a dramatic change
g?fﬁ:gﬂlor:gr?é Ir%gglsi(t)krlﬁ ma);;”:ﬁé%ﬁgggé;g‘f:f:;gﬁf in the Mn(Il) EPR spectrum as illustrated in Figure 3D. The
for the allosteric metal io’nd(a;%d the activation factor is the line shape becomes distinctly asymmetric,_and the intt_ansi_ty
fold activation upon bindin'g the allosteric metal ion decreases by another factor of 2. According to the kinetic
’ data in Table 2, the distribution of Mn(ll) is now calculated
to be 98% Mn, 2% M, and <0.1% “free” Mn(ll). At

specific activity= VolMe(Ih)] these concentrations, neither “free” Mn(ll) nor Wns
Kageq T [Me(Il)] expected to contribute appreciably to the spectrum in Figure
[(V, x activation factor)- Vg][Me(Il)] 3D. Thus, the Mn(ll) EPR spectra demonstrate the predicted

(1) disproportionation of Mn(ll) from the C-sites to the A-sites
Kaacy T [Me(Il)] upon the addition of substrate or product.
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Ficure 3: Mn(ll) EPR spectra. (A) 0.5 mM Mn(ll) in 0.1 M TES
KOH, pH 8.2. This spectrum represents “free” Mn(ll). (B) Sample
A plus 1.1 mM B. japonicumPBGS active sites. Under these
conditions, Mn(ll) is primarily at the Mgsites with some remaining
free. (C) Spectrum B minus 4.8% of spectrum A to correct for the
free component in spectrum B. (D) Sample B plus 2 mM
porphobilinogen. Addition of product causes disproportionation of
Mn(Il) from the Me: sites to the Mg sites. Porphobilinogen is
proposed to be directly bound to the catalytic A-site metal ion (1).

Mn(Il) Binding Stoichiometry by EPRThe high intensity
of the EPR signals for Mn(ll) bound 1. japonicumPBGS

Petrovich and Jaffe
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Ficure 4: EPR signal intensity of Mn(ll) pluB. japonicumPBGS

in the presencea) and absencew) of porphobilinogen. The
concentration oB. japonicumPBGS subunits was 0.96 mM in the
presence of porphobilinogen and 0.93 mM in the absence of
porphobilinogen. The lines where generated by summing the
intensity contributions of Mg, Mnc, and free Mn(ll) as calculated
using K¢, = 0.4 uM and Ky, = 83 uM in the presence of
porphobilinogen an&y, = 1 mM andKy. = 120uM in the absence

of porphobilinogen. In both cases, the intensity of the EPR signal
from Mn, is 10 arbitrary units, Mais 17—20 arbitrary units, and
free Mn(ll) is 140-150 arbitrary units.

of more Mn(ll), gradually changes to the signal for free
Mn(ll) (Figure 3A). This is in keeping with our model for
two types of Mn(ll) binding sites with four Mn(ll) at the
A-site and eight Mn(ll) at the C-site per homooctam@y. (
The lines in Figure 4 were generated using eq 2:

It = Ifo + IaXa+ IcXc (2)

wherel; is the observed intensity of the Mn(Il) EPR signal;
I, 15, andl, are the intensities for the EPR signal for 1 mM
Mn(ll) “free” in solution, bound in site A, and bound in site
C, respectively; and;, X,, andX. are millimolar concentra-
tions of “free” Mn(Il), Mn(ll) bound in site A, and Mn(ll)
bound in site C, respectively. The best-fit lines shown in
Figure 4 were obtained by setting the stoichiometry for site
A to 0.5 per subunit and for site C to 1 per subunit. In the
presence of porphobilinogek;, X,, andX. were determined
using aKg for site A of 0.4uM and for site C of 83M. In

the presence of porphobilinogen, the best-fit values used for
ls, la, and Il were 150, 10, and 17. In the absence of
porphobilinogenX;, X, andX. were determined using &y

for site A of 1 mM and for site C of 12AM. In the absence

at either the A-sites or the C-sites precludes the use of aq¢ porphobilinogen, the values used fir I, and . were
standard Scatchard type analysis to determine Mn(ll) sto- 140, 10, and 20. Thi, values used for the linear fits were
ichiometries and affinities, because the intensity of the bound yerived from the experimentally determined values for both

Mn(Il) signal is not negligible compared to that of “free”
Mn(ll) (16). Therefore, the stoichiometry of bound Mn(ll)

was determined by modeling binding curves generated by

plotting the EPR signal intensity as a function of Mn(ll)
concentration in the presence-ef mM B. japonicumPBGS

Mn(ll) in the presence of porphobilinogen and Mg(ll) in the
presence and absence of porphobilinog®n (

13C NMR Studies of Product Bound to PBGR order to
probe the active site environment, the chemical shifts and
line widths of enzyme-bounéfC-labeled porphobilinogen

subunits in both the presence and absence of porphobilinogerayve been determined fd. japonicumPBGS using!3C
(Figure 4). In the presence of porphobilinogen, the pre- |abels at all of the carbons which participate in bond-making

dominant signal seen at low [Mn(ll)], less than 0.6 Mn(ll)/
subunit, is that of Mp (Figure 3D). The addition of more

or bond-breaking events during the PBGS-catalyzed reaction
(see Table 3). Isotopically-enriched I32]ALA, [4-13C]-

Mn(ll) is followed by the appearance and then dominance ALA, and [5-3C]ALA, when used individually as substrates,

of the Mr¢ signal (Figure 3C). Addition of Mn(ll) above

yield the products [4,83C]porphobilinogen, [3,5%C]por-

1.6/subunit results in the appearance and then dominance ophobilinogen, and [2,11C]porphobilinogen, respectively

the “free” Mn(ll) signal (Figure 3A). In the absence of
porphobilinogen, one observes Me(ll) association with
enzyme alone rather than with the enzypreduct complex.

(see Figure 1). The quaternary carbons G, and G of
porphobilinogen can yield relatively sharp lines when bound
to a 310 000 dalton protein, so long as the temperature of

Under these conditions, the predominant signal seen at lowdata acquisition is mildly elevated (3T), because they have

[Mn(11)] is that of the M (Figure 3C) which, upon addition

no directly attached protons which can cause severe dipolar
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Table 3: 13C NMR Parameters of Porphobilinogen both Free and
Bound to Various PBGS

chemical chemical shift differences
shift, 6 (ppm) between free and bound
bound to porphobilinogenAd (ppm)

B. japonicum B. japonicum

carbon free PBGS PBGS bovine@ E. colP
2 116.4 1145 -1.9 —-2.8
3 123.0 122.6 -0.4 —-1.5 —-15
4 1179 117.3 -0.6 —-3.4
5 121.0 121.8 +0.8 +6.2 +6.2
6 21.8 nd nd® 0
11 349 34.0 -0.9 +2.6

aSee refd 0, 11, 12. ® See reb. © Cs is not visible in enzyme-bound
spectrum becauses@vas not deuterated.

broadening (see reft0, 11). As an example, Figure 5A
illustrates part of the natural-abundarié@ NMR spectrum
of B. japonicum PBGS, and Figure 5B illustrates the

analogous spectrum showing distinct resonances from enzyme

bound [3,51%C]porphobilinogen. However, on such a large
protein, resonances from the proton-beartf@ atoms of
porphobilinogen, & Cs, and G,, are broadened beyond
observability unless said protons are replaced with deuteron
(11). To allow observation of the methine carbon &d
the methylene carbon ¢ [5-3CJALA was deuterated
through enolization in BD. [3-13C]JALA was not deuterated
since the aromatic £contains no protons; thus, the meth-
ylene carbon gof enzyme-bound [4,6*C]porphobilinogen
remained unobservable. The chemical shifts af @G, C,,

Cs, and G, of enzyme-bound porphobilinogen are tabulated
in Table 3 along with the chemical shifts from free

porphobilinogen. These values are compared to those of

porphobilinogen bound to bovine aid coli PBGS in Table
3. The chemical shifts of free porphobilinogen are insensi-
tive to pH in the range of 6:88.4. “Free” porphobilinogen
does not appear in the NMR spectrum until the stoichiometry

exceeds 4 porphobilinogens per octamer, consistent with 4

functional active sites per octamer, as is observed with bovine
andE. coli PBGS (spectra not shown},(2).

Addition of [5,5%°H; 5-13C]ALA to PBGS is expected to
yield [2,11,112H; 2,111%C]porphobilinogen. Thé’C NMR
spectra of [2,11,1%H; 2,1143C]porphobilinogen bound to
B. japonicumPBGS vyielded chemical shifts of 114.5 ppm
for C, and 34.0 ppm for G (spectra not shown). The line
width of the G sighal was 55 Hz, consistent with there being
a deuterium attached to,©f porphobilinogen. However,
the line width for the @, signal was 152 Hz, indicating an
unexpected proton exchange at @ A-side ALA leading
to the presence of at least one proton at @ the
porphobilinogen product.

Assignment of signals for the enzyme-bound species is

Biochemistry, Vol. 36, No. 43, 19973425

ppm. One signal arises from [318c]porphobilinogen. This

is the center resonance whekg is 3.5 Hz, and is not seen
as a doublet due to the line width of the signal)( The
second doublet arises from [3'#]porphobilinogen, where
Jcc = 53 Hz. This same pattern is observed for the C
resonance at 117.9 ppm whelg: of [4,6-*C]porphobili-
nogen is an unseeh coupling of ~2 Hz andJcc of [3,4-
Clporphobilinogen is again 53 Hz. The singlet at 121 ppm
is comprised of two superimposed unresolved doublets
arising from G of [3,5-'3C]porphobilinogen and [5,6C]-
porphobilinogen. Thé*C NMR spectrum of the porpho-
bilinogen mixture bound t®. japonicumPBGS is shown

in Figure 6B. The spectrum acquired at 32 (Figure 6B)
looks very similar to that of [3,33C]porphobilinogen-bound

B. japonicumPBGS (Figure 5B), except for the new signal
at 117.3 ppm due to f»f [3,4-*3C]porphobilinogen and [4,6-
BClporphobilinogen. Jcs-c4 is not observed because the
inherent line width of the bound porphobilinogen is greater
than the expected 53 Hz coupling. To decrease the line
width, the temperature was raised in increments 4t &intil

the line width of the signal at 121.8 ppm was less than 50
Hz. If this signal derives from £ it should be possible to
observe the €-C, coupling. Since the signal at 121.8 ppm

Sremains a sharp “singlet”, we assign this resonancesto C

Consequently, the enzyme-bound signal at 122.6 ppm is
assigned to €

Having assigned thé*C NMR spectra of'*C-labeled
porphobilinogen bound tB. japonicumPBGS, comparison
with previous studies shows substantially different chemical
shifts are observed relative to those seen for boving.or
coli PBGS 6, 12. Prior3C and>N NMR studies of bovine
andE. coli PBGS with [3,5%C]porphobilinogen suggest that
the chemical environments of the active sites of these two
enzymes are very similar if not identical to each other. For
all labeled porphobilinogens, the magnitude and direction
of the chemical shift changes are consistent with a dramatic
elevation of the apparent active site pktthat of the buffer,
and support an active site model in which porphobilinogen
is directly bound to a Zn(ll) through a deprotonated amino
group 6, 12. The very different chemical shifts seen for
porphobilinogen bound tB. japonicumPBGS indicate that
the chemical environment of the active siteBofjaponicum
PBGS is dramatically different than those of bovine &d
coli PBGS. We believe this difference is due to the active
site Mga. Nevertheless, the absolute shifts from “free” seen
with porphobilinogen bound tB. japonicunPBGS are again
consistent with an elevation in the apparent active site pH
vs buffer pH. The data suggest a lower active site pH for
B. japonicumPBGS than either bovine @&. coliPBGS. One
possible explanation is the presence of Mg¢)Zn(ll) in
the active site. Alternatively, the proposed ligands for the
active site Mg(ll) ofB. japonicumPBGS are more acidic

essential for data interpretation and could be unambiguouslythan those for the Zn(ll) in the active site of either bovine

based on hybridization except for [3!&]porphobilinogen.
To assign the 121.8 and 122.6 ppm peaks to either Cs,
porphobilinogen was prepared using a 50:50 mix o2}
ALA and [3-°CJALA. This reaction produced equal amounts
of [3,5-*%C]porphobilinogen, [3,4%C]porphobilinogen, [5,6-
13C]porphobilinogen, and [4,&5C]porphobilinogen as shown
in Figure 6A. The®C NMR spectrum of the porphobili-
nogen mixture “free” in solution is shown in Figure 6D. The
signal for G appears as a 1:2:1 triplet; however, it is

or E. coli PBGS (7).

Effect of Mn(ll) and EDTA on th&C NMR Spectrum of
Enzyme-Bound [3,5C]Porphobilinogen. Addition of [4-13C]-
ALA to B. japonicumPBGS at~1 mM active sites yields
the spectrum illustrated in Figure 5B. WhenfG]ALA
was added in excess of two per active site, free porphobili-
nogen was observed. The protein used to obtain the
spectrum in Figure 5B was dialyzed to prepare apo-protein;
then Mn(ll) was added at a stoichiometry of 1/subunit along

composed of two independent signals both centered at 123.0vith [4-13C]ALA at 1/subunit. The NMR spectrum at 1
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Ficure 5: The sp and spregions of thel®C NMR spectra of [3,5°C]porphobilinogen and PBGS complexes. (A) H&ojaponicum

PBGS. The sample contained 1.8 mL of 113 mg/mL enzyme, 83 mM bis-tris propane at pH 8.2, 8 mM free Mg(ll), 83 mM KCI, and 17%
(v/v) D;O. There were 32 000 transients. (B) [3%&]Porphobilinogen bound tB. japonicumPBGS. Forty microliters of 0.1 M [43C]-

ALA was added to the previous sample; 39 000 transients were collected. The dotted lines indicate the resonance positions of free [3,5-
13C]porphobilinogen. C) [3,8%C]Porphobilinogen bound tB. japonicumPBGS with Mn(ll) in sites A and C. The sample contained 66
mg/mL B. japonicumPBGS, 83 mM bis-tris propane at pH 8.2, 1.9 mM Mn(ll), 83 mM KCI, and 0.6 mM [3Cporphobilinogen;

29 500 transients were collected. (D) Free [BG}porphobilinogen plus apB- japonicumPBGS. Four microlitersfal M EDTA, pH 8.2,

was added to the previous sample; 36 000 transients were collected. (EjqHb+phobilinogen bound t&. coli PBGS. The sample
contained 1.8 mL of 117 mg/mE. coli PBGS, 83 mM bis-tris propane at pH 8.0, 1.65 mM [336]porphobilinogen, 8.&M free Zn(ll),

0.83 mM free Mg(ll), and 8.3 mM 2-mercaptoethanol.

ALA/subunit, illustrated in Figure 5C, shows marked broad- led us to a general model for all PBGS in which any one
ening of both signals from enzyme-bound [3%&]porpho- octamer has four active sites and could use divalent metal
bilinogen. Line width analysis suggests a larger broadening ions for up to three distinct roles, as illustrated in Table 1.
on the resonance derived fromy han that from G This The active sites of types | and Il PBGS both containZn
is consistent with an active site model in which the amino while the active sites of types Ill and IV PBGS contain Mg
group of porphobilinogen is a ligand to Mifsee Figure 1). (9). Types II, lll, and IV all bind the allosteric Mg In
Spectrum 5D illustrates the effect of the addition of 2 mM this model, both the £oxygen and @amino group of A-side
EDTA to the sample from spectrum 5C. EDTA has a higher ALA are coordinated to Mg in the enzyme-substrate
affinity for Mn(ll) (Kg = 104 M) than does the enzyme; complex and the G amino group of porphobilinogen,
thus, addition of EDTA regenerates apo-PBGS. The removal derived from A-side ALA, remains coordinated to M

of Mn, results in the release of [3]5€]porphobilinogen the enzyme-product complex 1).

from the enzyme and regeneration of the signal from “free”  Ap alternative model exists where each octamer has eight
porphobilinogen. This also supports our model where gciive sites and uses divalent metal ions for two roles in two
porphobilinogen is a ligand to Mn Similar EDTA treatment  inds of binding sites, referred to as siteand sites; each
of B. japonicumPBGS containing Mg(ll) does notresultin  5-tive site contains one Mend one Mg(lS 14, 15.
product release because the affinity of EDTA for Mg(Ku(' s alternative model: (1) bovine PBGS is an exceptlon with
= 10"° M) is not tighter than that of the enzyme (data not 4 active sites which contain four sites and foups sites
shown). per homooctamer and both sites bind Zn(1l); E2xoli PBGS
is proposed to contain eight sites and eighf sites per

DISCUSSION homooctamer where each site binds either Zn(ll) or Mg(ll),

The porphobilinogen synthases are metalloenzymes thatdepending upon the buffer pH; and (3) pea PBGS contains
are often classified as requiring either Zn(@h) Mg(ll) for eighta sites and eighf sites per homooctamer where each
activity (18, 19, 20. Detailed characterization of bovine site binds Mg(ll). The alternative model proposes only the
PBGS demonstrated that although eight Zn(ll) bound per C, oxygen of A-side ALA as a substrate-derived metal ion
homooctamer, there are two distinct Zn(ll) binding sites each ligand (14). The following discussion relates the current
at four per octamer referred to as site A and site38 (  NMR and EPR studies dB. japonicumPBGS with those
Characterization of the zn(ll) requiring. coli PBGS published for bovine ané&. coli PBGS, and compares the
revealed that the enzyme bound eight Zn(lIl) and eight Mg(ll) magnetic resonance results with the predictions of the two
per homooctamer under physiological conditioBisl@. This alternative models.
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FiIGURE 6: 13C NMR of a mixture oft3C -labeled porphobilinogen
both free and complexed . japonicumPBGS. (A) The mixed
labeled porphobilinogen was prepared by incubating a 50:50 mix
of [4-1°C]ALA (@) and [313C]ALA (#) to produce [3,54C]-
porphobilinogen, [3,43%C]porphobilinogen, [5,68%C]porphobilino-
gen, and [4,6¥C]porphobilinogen in equal amounts. (B) Mixed
labeled porphobilinogen bound B japonicumPBGS. The sample
contained 1.8 mL of 104 mg/mL enzyme, 1.35 mM mixed label
ALA, 78 mM bis-tris propane, pH 8.2, 8 mM Mg(ll), 78 mM KClI,
and 22% (v/v) RO. The sample was held at 3T during the

36 000 transients. (C) Same as (B), except the temperature used

was 52°C. (D) Mixed label porphobilinogen free in solution. The
sample contains 2.7 mM porphobilinogen, 78 mM bis-tris propane,
pH 8.2, 8 mM Mg(ll), 78 mM KCI, a catalytic amount d8.
japonicumPBGS, and 17% (v/v) ED. There were 40 000 transients,
and a line broadening of 5 Hz was used to process the data.

The combined EPR and NMR results fBr japonicum

PBGS presented above are consistent with the predictions

of the three divalent cation model for PBGS and cannot be
reconciled with the alternative two divalent cation site model
of Spencer and Jordad3, 14, 15. The evidence for four
active sites per octamer is compelling fBr japonicum
PBGS. The'3C NMR spectra reveal free porphobilinogen
upon saturation of four sites per octamer; Mg(ll) binding
studies reveal four catalytic Md9); and Mn(ll) EPR studies
are consistent with four Mpnand inconsistent with eight
Mna. The NMR evidence also addresses whetBercoli
PBGS can use a catalytic Mg(ll) at certain pH values.
Consistent with the model presented in Table 1, a PBGS
active site that contains Mg(ll(B. japonicum)has a
dramatically different chemical environment than those that
contain Zn(Il) (bovine andk. coli), while the latter two are
very similar. The near-identity between i€ NMR spectra

of porphobilinogen bound to bovine aid coli PBGS was
originally unexpected since the sequence identity is only
~41%. In fact, the overall sequence identity between any
pair of these proteins (bovin&,. coli, or B. japonicun) is
only 41-46%. The similarity of the chemical shifts of
porphobilinogen bound to bovine &. coli PBGS is now
attributed to the close association betweer Znd porpho-
bilinogen. Porphobilinogen bound to iMdpas very different
chemical shifts. Thus, the NMR data fir coliPBGS with
eight Zn(ll) and eight Mg(ll) over a range of pH values are
inconsistent with a model where Zn(Ill) and Mg(ll) are
interchangeable in the catalytic site. The collected data on

Biochemistry, Vol. 36, No. 43, 19973427

B. japonicumPBGS also address the issue of direct ligation
of Mex to substrate or product. We previously showed that
at Mg(ll) concentrations below thi€s for Mga, the K, for
ALA goes aboe 1 M (9). In the absence of substrate or
product, Mn(ll) primarily binds to the allosteric Mesite
with a stoichiometry of eight per octamer. In the presence
of substrate or product, a catalytically essential site is filled
first with a stoichiometry of four per octamer, one per active
site. We interpret this as evidence for direct ligation between
Mea and both substrate and product. Here we confirm that
the addition of porphobilinogen . japonicumPBGS with
Mn(Il) bound in the allosteric site results in the dispropor-
tionation of the Mn(ll) to the catalytic site. A similar Mn(ll)
EPR experiment witl. coliPBGS, which only binds Mn(ll)

in the allosteric site, indicated that the addition of porpho-
bilinogen had no effect on the EPR spectrum ofd\lim the
presence of Zx) (6). In addition, the observed increase in
the line width for [3,5%3C]porphobilinogen bound to Mn(ll)
containingB. japonicumPBGS supports the active site model
with porphobilinogen bound to the active site divalent metal
ion through a deprotonated amine group.
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