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1. Introduction

Porphobilinogen deaminase catalyses the homo-
polymerization of 4 molecules of porphobilinogen
(1) to give preuroporphyrinogen (2) [1,2]. Preuropor-
phyrinogen is the natural substrate for uroporphyrin-
ogen III cosynthetase leading to the formation of uro-
porphyrinogen IiI (3) [3] in quantitative yield. In the
absence of cosynthetase, preuroporphyrinogen spon-
taneously converts to uroporphyrinogen I (4). The
order in which the deaminase catalyses the assembly
of the 4 porphobilinogen molecules has been deter-
mined in [4—6] and it appears that addition of the 4
pyrrole rings to the enzyme follows the sequence ring
a followed by ring b and ¢ and finally ring d (see struc-
ture (2)). Observations that the addition of stoichio-
metric amounts of porphobilinogen to deaminase give
tightly bound species in which 1,2 or 3 mol substrate
(or equivalent) are bound to the enzyme have suggested
that discrete enzyme intermediate complexes exist
[5]. Elegant experiments [7] involving excess [*H]-
porphobilinogen and human deaminase have shown
the existence of 4 labelled protein bands with deami-
nase enzyme activity again suggesting the existence
of discrete enzyme intermediate complexes. Related
work [8] with the deaminase from Rhodopseudomonas
spheroides has largely confirmed these latter findings
although only 3 discrete labelled protein bands are
formed with the bacterial enzyme when incubated
with ['*C]porphobilinogen. In addition we have
established that the enzyme forms a relatively stable
covalent link with the bound pyrrole residues [9].

Although the appearance of 3-intermediate com-
plexes in the case of the bacterial deaminase suggests
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the existence of complexes with 1,2 and 3 pyrrole
units linked to the enzyme, the demonstration of 4
complexes in the case of the human deaminase is less
easy to explain. It was therefore important to isolate
the labelled enzyme intermediate complexes and to
convert each into product. Since the order in which
the pyrrole rings are incorporated into the tetrapyrrole
is known [5] the degradation of the products formed
from each labelled complex should reveal the exact
location of label and thereby allow the structural
characterization of each enzyme intermediate com-
plex. This paper deals with experiments carried out
with the deaminase from Rhodopseudomonas sphe-
roides.

2. Experimental

Biogel HTP was obtained from BioRad Labs.

(St Albans, Herts); DEAE cellulose (DE52) was pur-
chased from Whatman (Maidstone, Kent) and Sephadex
G-100 (fine) from Pharmacia (London W5); Acryl-
amide and methylene N,N'-bis-acrylamide were
obtained from Koch Light Labs. Porphobilinogen and
[3,5-14C,]porphobilinogen were prepared as in [9].
All other chemicals were from BDH Chemicals (Poole,
Dorest).

Porphobilinogen deaminase was isolated as in [10]
from Rhodopseudomonas spheroides (NC1B 8253)
obtained from the Torry Research Station (Aberdeen,
Scotland) which was grown according to {11,12].
Enzyme activity was assayed as in [9].

2.1. Formation and isolation of porphobilinogen
deaminase—intermediate complexes

Enzyme and [3,5-14C,]porphobilinogen (spec. act.
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106 uCi/umol) were mixed in a rapid mixing apparatus
(see table 1 for amounts). The enzyme intermediate
complexes were isolated by electrophoresis in a 7.5%
polyacrylamide gel slab (11 cm X 24.5 cm X § mm)
in the long dimension. All manipulations were carried
out at 0°C. After electrophoresis the enzyme bands
were visualised by incubation of a 1 mm strip from
each gel track with 2 mM porphobilinogen at 37°C
for 30 min. The strips were then treated with benzo-
quinone in methanol (1%, w/v) and the fluorescent
areas were detected under UV light. The correspond-
ing enzyme intermediate complexes were then recov-
ered from the remainder of the gel track by homoge-

enising the gei in 0.1 M Tris/HCi buffer (pH 8.2) foi-
lowed by extraction at 4°C for 1.5 h.

The deaminase_intermadiate comnlexes (tahla 1)

The deaminase—intermediate complexes, (table 1)
were incubated with excess unlabelled porphobilinogen
(3.6 mg) and the resulting preuroporphyrinogen was
converted in situ to protoporphyrin IX in a linked
enzyme system from Rhodopseudomonas spheroides
containing uroporphyrinogen IiI cosynthetase, uro-
porphyrinogen III decarboxylase and coproporphy-

rinogen oxidase as in [S].
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2.2. Isolation and degradation of protoporphyrin IX
The enzyme reaction was terminated by the addi-
tion of benzoquinone (6 mg) in methanol resulting
in oxidation of any remaining porphyrinogens into
porphyrins. Protoporphyrin IX was isolated by extrac-
tion as in [5,13]. Protoporphynn IX [5] was reduced

RO APy R, iy Alntbae wraa nvidizad ke

l-U lllChUPUlPlly'llll lX auu Lhc idilvl wad VAIULLLVU LY
Cr01:H,S80, to hematinic acid and ethyl methyl
maleimide [14]. The maleimides were purified by
vacuum sublimation [5].

2.3. Radioactivity measurements

All samples were counted in a Philips Liquid Scin-
tillation System (Model PW 4700) in toluene methanol
(75:25, v/v) containing 5{biphenyly!)2-(4-butylphen-
y1)-1-oxa-4-diazole (6 gfl) as the scintillant. All sam-

ples were corrected to dpm using the appropriate
quench curves. Specific radioactivities of protopor-
phyrin, ethylmethyl maleimide and hematinic acid
were determined using the following extinction coef-
ficients; protoporphyrin in ether €40 = 165 000 M ™
L-!; hematinic acid in water ;95 =475 M. L?;
ethyl methyl maleimide e;95 =435 M. L.

221



July 1981

FEBS LETTERS

Volume 129, number 2

jowr/wdp 01 19J01 SAIHALIOR J1J190dS "(Yors JO [ouir ' ]~) PIOE JIUIIBWOY PUR JpTuIoTeul-JAY1ow [AY1s ojul papeIidep pue (jourr ¢~) payyund sem X1 uuiyd

-10dojoid 3urynsar oy pue (jowrr ¢1~) usfournqoydiod pofleqeIun Yiim pajeqnoul axam (oW §'0—1°0) D pue g ‘v sexspdwo)) "usSourpqoydiod yym 18 oy jo dins

® Jo uoneqnoul uo paulio] | utifydiodoin jo spueq JuUs0SOION]] SY3 WIOIJ PAINSLIU AIoM Soxa[duIod oy jo senIfqou o1aoydorlos[y 7 uonoses ul se pogund alom D—V
soxe[dwod sjerpawajul pafjeqe] SunInsal ay; pue ‘fown/iHr 90T "1o' oads {(jowu ¢— 1) uafourpqoydiod[®),,-s°¢] M poxTUIpE Sem (jouru T) sseurwresp usloumqoydiod

€89 007¢ 866 2089 078 0¢ 9Ly 811 + 0L o
0:001 08TL 0 0T€ ¥1 0oL LS 0€8 ¥1¢ + s9 q
4:001 01Ll 0 68¢¢E 00C ST 0ST €T + 6S \ 4
- - - - - - + 9¢ aseuUTUwIESp
AIIEN
ploe orurjeway (Towr/widp)
pTuo[eW spluorew (rowrr!/wdp) (Jowr/wdp) uniydiodolord 9jerpauLIo)ul
-[Ayloux [AYy3e -TAyzaur 1AY3e ploe Jrunjeway unrfydiodojoid pajeost poje[ost Ananoe Q4p Iayoen
9, oney Ananoe oroadg A1A1I08 OToadg Aj1Anoe o1j10adg $3UNOd B0 SJUNod 1RI0L aseutwrea %ANIGO puegqg

saxopdwod alepawIalul aseurwreap ualourrqoydrod jo serizadolrg
T °1qeL

222



Volume 129, number 2
3. Results and discussion

Polyacrylamide electrophoresis of porphobilinogen
deaminase admixed with increasing stoichiometric
amounts of [3,5,-1*C,]porphobilinogen revealed 3
new protein bands with progressively higher electro-
phoretic mobility (table 1 A—C) suggesting an increase
in net negative charge compared to that of the native
deaminase. All 3 newly formed protein bands exhibited
deaminase catalytic activity and were labelled with
14C. The label was quantitatively incorporated into
uroporphyrinogen I on incubation with unlabelled
prophobilinogen [8].

It has been established [5] that porphobilinogen
is incorporated into the linear tetrapyrrole, preuro-
porphyrinogen, in a sequential reaction with ring a
being the initial pyrrole residue bound to the deam-
inase followed by rings b, ¢ and finally d. The possi-
bility thus arises that there may be at least 4 distinct
enzyme intermediate complexes E(CH,pyr)*,
E(CH;pyr),, E(CH,pyr); and E(CH,pyr),. Our find-
ing that in the deaminase from Rhodopseudomonas
spheroides, only 3 complexes are formed together
with the observation [7] that the human deaminase
forms4 labelled complexes highlighted the importance
of isolating and characterizing each intermediate com-
plex to determine the number of pyrrole residues
bound in each.

Accordingly, porphobilinogen deaminase was
incubated with increasing amounts of [3,5-*C,]-
porphobilinogen under conditions required to maxi-
mise the formation of each intermediate complex
(see table 1). The labelled complexes were then puri-
fied by preparative polyacrylamide slab gel electro-
phoresis and each intermediate complex was incubated
with an excess of unlabelled porphobilinogen to com-
plete the turnover of the labelled enzyme bound
intermediate to form regiospecifically labelled pre-
uroporphyrinogen. Preuroporphyrinogen is highly
unstable (¢, = ~ 4 min at 37°C, pH 8.2) and forms

E = deaminase

(CH,pyr) = | ]
'-C“'_ N
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the symmetrical uroporphyrinogen I in a rapid chem-
ical reaction. Since the identification of the position
labelled in the tetrapyrrole depends on a regioselective
degradation, it was important to convert preuropor-
phyrinogen into uroporphyrinogen III and thence
into protoporphyrin IX (5). The specificity of the
enzymes involved allow the utilization of only the
assymetric Il isomer series, and more importantly,
ensures a specific modification of the propionate resi-
dues on rings @ and b to vinyl groups thus allowing a
distinction between rings @ + b and rings ¢ +d in the
protoporphyrin IX. Hence a comparison of the radio-
active label in hematinic acid (6) and ethyl methyl
maleimide (7) isolated from protoporphyrin (5)
originating from labelled enzyme intermediate com-
plexes will enable the number of pyrrole residues
bound to the complexes to be determined. Of 4 possi-
ble intermediate complexes only 3 are observed (bands
A—C) and since these 3 bands were separated by simi-
lar distances on the polyacrylamide gel (table 1) it
follows that are almost certainly observing either the
sequential intermediates E(CH,pyr), E(CH,pyr), and
E(CH,pyr); or E(CH;pyr),, E(CH.pyr); and
E(CH;pyr),. These two possibilities may be distin-
guished by a comparison of the ratios of radioactivity
between ethyl methyl maleimide and hematinic acid.
Should the 3 intermediate complexes represent
E(CH,pyr), E(CH,pyr), and E(CH,pyr); then the
ratio of ethyl methyl maleimide to hematinic acid
would be 100:0, 100:0 and 67:33, respectively.
Should the three bands be due to E(CH,pyr),,
E(CH,pyr)s and E(CH;pyr),4 then the ratios observed
should be 100:0, 67:33 and 50:50.

The results shown in table 1 are very close to those
expected for the complexes containing 1,2 and 3
pyrrole rings bound to the deaminase enzyme. Further
indirect evidence for this conclusion comes from a
close investigation of the electrophoretic mobility of
bands A—C compared with the native deaminase. The
observed increase in mobility between bands A and B
and between bands B and C is about twice that noted
for the distance between native deaminase and band
A thus suggesting the net increase in negative charge
on forming of band A is only ~% of that compared
with the conversion of A—B and B—C. Since the bind-
ing of each pyrrole residue would contribute 2 net
negative charges (after loss of —ItIH3) it follows that
the binding of the first pyrrole residue to the enzyme
must be neutralizing a negatively charged enzyme
group thus only providing a net increase of one negative

223



Volume 129, number 2

charge. The mobility data together with those obtained

from the degradation of the labelled protoporphyrin
IX samples thus enable an unambiguous assignment of
bands A—C to E(CH,pyr), E(CH,pyr),, E(CH,pyr)s,
respectively. Under no conditions were we able to find
a band of higher mobility than C, indicating that

under our conditions the isolation of an enzyme bound

tetrapyrrole is not possible although such an inter-

mediate must exist. Such a complex would be expected

to form free enzyme and preuroporphyrinogen in a
very facile manner. The existence of 3 relatively stable

covalent enzyme intermediates which are catalytically

competent complexes and which can be isolated and

characterised is nevertheless a remarkable property of

this enzyme.
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