J. CHEM. SOC. PERKIN TRANS. I 1982

2427

Biosynthesis of Porphyrins and Related Macrocycles. Part 18.'.2 Proof
by Spectroscopy and Synthesis that Unrearranged Hydroxymethyl-
bilane is the Product from Deaminase and the Substrate for Cosynthetase
in the Biosynthesis of Uroporphyrinogen-lll

By Alan R. Battersby," Christopher J. R. Fookes, Kerstin E. Gustafson-Potter, Edward McDonald, and
George W. J. Matcham, University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW

When the enzyme deaminase acts alone on porphobilinogen, it releases a transient intermediate into the medium
which is unaffected by further treatment with a large excess of deaminase. The intermediate undergoes rapid ring-
closure chemically (¢, ca. 4 min) to form uraporphyrinogen-1. '3C Spectroscopic studies on the intermediate
generated from 13C labelled porphobilinogen combined with synthesis of labelled standards for determination of
chemical shifts establish its structure to be a linear tetrapyrrole, the unrearranged hydroxymethylbilane. Other
workers deduced a different, cyclic structure (preuro’gen) which is shown here to be incorrect by chemical studies,
13C spectroscopy and 13C:'5N double-labelling experiments. That the intermediate is the unrearranged hydroxy-
methylbilane is confirmed by its unambiguous synthesis. The natural and synthetic samples of this bilane are
shown to be excellent and identical substrates for cosynthetase (free from deaminase) with production of uro-
porphyrinogen-1ll. Thus, deaminase is the enzyme for assembly of four porphobilinogen units to the linear
tetrapyrrole stage and cosynthetase is the ring-closing and rearranging enzyme. Two proposals are discussed for
the mechanism of inversion of the terminal ring- D of the hydroxymethylbilane in the formation of uroporphyrinogen-

THE formation of uroporphyrinogen-I11 (uro’gen-III) (3)
and ammonia from four molecules of porphobilinogen
(PBG) (1) is catalysed in living systems by two proteins,
deaminase and cosynthetase. Cosynthetase is easily
destroyed by heat-treatment and deaminase alone acts
on PBG (1) to produce uroporphyrinogen-1 (uro’gen-I)
(2), an unnatural isomer. Uro’gen-1 (2) is #ot enzymic-
ally isomerised to uro’gen-III (3) (Scheme 1). It was
clear that cosynthetase must act on an intermediate pro-
duced by deaminase, or it must interact with deaminase
at some stage to modify the way in which the PBG units
are linked together. Parts 6,3 16,4 and 17! of this Series
covered the mass of evidence proving that the biosyn-
thesis of uro’gen-I1I (3) involves a single intramolecular
rearrangement which occurs after the construction of an
unrearranged linear tetrapyrrole.

In support of this conclusion, it was shown ¢ that the
synthetic aminomethylbilane (4}, corresponding to head-
to-tail assembly of PBG units (1), was a substrate for
deaminase-cosynthetase and was converted by a single
intramolecular rearrangement into uro’gen-III (3),
essentially free of isomers (Scheme 1). This ring-closure
of the aminomethylbilane (4) to uro’gen-III (3) was
strongly accelerated by the enzyme system relative to
the non-enzymic rate of ring-closure, which produced
uro’gen-I (2). However, the preceding paper ! reported
that this enzymic rate was slower by a factor of ca. 15
than the rate at which uro’gen-III (3) was produced
enzymically from the natural substrate, PBG (1). Thus,
the aminomethylbilane (4) cannot be, in that exact form,
a true intermediate on the biosynthetic pathway from
PBG (1) to uro’gen-III (3). This kinetic discrepancy led
to rate studies on the action of deaminase alone (no
cosynthetase) on the aminomethylbilane (4). The im-
portant observation was made ! that enzymic acceler-
ation of ring-closure occurred but there was a clear lag
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over the first few minutes of the run before formation of
uro’'gen-I (2) reached the maximum rate. This ob-
servation was in marked contrast to the results which had
been obtained when deaminase and cosynthetase were
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used together; then uro’gen-III (3) was reproducibly
formed without any detectable initial lag.!

The present paper describes research on the chemistry,
structure and synthesis of the intermediate accumulated
during this lag; the results from enzymic experiments
can then be combined with the solid structural knowledge
to clarify the roles of deaminase and cosynthetase in the
biosynthesis of uro’gen-I11 (3).

Kinetic Studies—The kinetic experiments outlined
above were extended by examining the action of deamin-
ase alone on PBG (1); an amount of enzyme was used
(3 000 units) * which would consume all the substrate
within a few minutes. Both the consumption of PBG

700 140
600 ‘ 4120
—¢C A
— 500H Bloo _
g | g
£ 400 180 £
| \ I
1
1 300+ 160
o ) &
e °
& 200 | {40 £
\a
100} % e C 420
B,
0 L 1 1 L 1
0 5 10 15 20 25 0
Time (min)
Ficure 1 Conversion of PBG by deaminase into the hydroxy-

methylbilane (5) at 37 °C and pH 8.25, followed by ring-
closure: (A) without additional deaminase; (B) in the
presence of additional deaminase; (C) with added deaminase-
cosynthetase

(measured spectroscopically by the Ehrlich reaction) and
uro’gen-I production were monitored over the early stages
of the run.as done for the aminomethylbilane (4) above.
The results (Figure 1) were striking. When virtually all
of the PBG had been used (at arrow A, Figure 1),
uro’gen formation (curve A) had reached only ca. 109, of
its eventual maximum. Clearly an intermediate, with
a half-life of ca. 5 min, had been formed which, after
25 min without consumption of additional PBG, had
changed into uro’gen. As expected, isomer analysis
on this final product by the improved h.p.l.c. method !
showed it to be >999, uro’gen-I (2). The intermediate
must be free rather than enzyme bound since far too
little enzyme had been used to react stoicheiometrically
with the consumed PBG.

The foregoing experiment was then repeated and at
arrow B (Figure 1), additional deaminase (9 000 units)
was added; the rate of uro’gen-I formation was virtually
unchanged (curve B, Figure 1). It was evident that
uro’gen-I (2) had been formed chemically from the inter-
mediate and that having built this product, deaminase
had completed its task. The chemical formation of

* 1 Unit is the amount of enzyme required to consume 4 nmol
of PBG per hour.
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uro’gen-I (2) from the intermediate strongly suggested
a linear tetrapyrrole structure formed by head-to-tail
assembly of four PBG units (1).

For the final kinetic experiments, the intermediate
was again generated and at arrow C, Figure 1, deaminase-
cosynthetase (12 000 units) was added; virtually in-
stantaneous production of uro’gen occurred (curve C,
Figure 1). In this case, isomer analysis ! showed that all
the uro’gen generated after addition of deaminase-
cosynthetase was the type-III isomer (3). The great
rapidity with which the intermediate was converted into
uro’gen-III in this experiment explains why no lag had
been observed when PBG (1) was treated with deamin-
ase and cosynthetase together.

The foregoing results, in combination, showed that (a)
deaminase converts PBG (1) into an unstable intermedi-
ate, (b) this intermediate transforms spontaneously at
pH 8.25 to form uro’gen-1I (2), and (¢) the intermediate is
converted into uro’gen-1I1 (3) on treatment with deamin-
ase-cosynthetase. Since deaminase has no apparent
effect on the intermediate, it was likely that uro’gen-II1
(3) is formed from it by cosynthetase alone.

The following section covers our proof that the inter-
mediate is the unrearranged hydroxymethylbilane (5).
Shortly before this proof, we received preprints 5 from
Professor A. I. Scott also reporting the detection (by
n.m.r.} of an intermediate from deaminase said to have
the cyclic structure (6) shown below to be incorrect.
Since it was later claimed % that this structure had been
proved and the claim has never been withdrawn,% it will
be helpful to cover in this paper the evidence which
firmly establishes the hydroxymethylbilane structure (5)
and, in addition, that which unambiguously eliminates
the cyclic structure (6).
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Proof that the Intermediate is the Unrearranged Hydroxy-
methylbilane (5).—To gain information about the struc-
ture of the intermediate, it was generated as above but
now from [11-13C1PBG#® (la). When most of the sub-
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strate had been consumed, the pH of the reaction mix-
ture was adjusted to >12 with sodium hydroxide to
quench the enzymic reaction and stabilise the product.
The 18C n.m.r. spectrum of the mixture was then deter-
mined using 'H noise decoupling; the result is shown in
Figure 2. With off-resonance decoupling, all four signals
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Figure 2 25.2 MHz 13C n.m.r. spectrum of product from action
of deaminase on [11-BCJPBG (la) recorded with H noise
decoupling at 37 °C, pH >12. Signal P, HOCH,-bilane;
Q, pyrrole-CH,-pyrrole of HOCH,-bilane; R, H,NCH, of
residual PBG; S, pyrrole-CH,-pyrrole of uro’gen-I. SW 5 000
Hz, 90° pulse, AT 0.8 s, NT 22 800; 3 referred to Me SiCD,-
CD,CO,Na

appeared as triplets, so all arise from 13CH, groups.
Signal S, & 24.0 could be assigned from the chemical
shift as arising from the four bridge methylene groups of
uro’'gen-I (2); this assignment is confirmed below.
Signal R at & 38.4 was familiar in being due to 13CH,NH,
of the residual [11-13C]PBG (la). Thus the remaining
two signals P and Q were the ones arising from the inter-
mediate. The integrals P : Q were in the ratio 1:3 and
since signal Q, 8§ 24.5 was known from experience with
synthetic bilanes 4 to correspond to the three bridge
methylenes of a bilane, it was highly probably that sig-
nal P, 8 57.2 arises from the terminal pyrrole-1*CH,Y of
the same bilane. Signal P is 18.9 p.p.m. downfield from
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the signal corresponding to pyrrole-3CH,NH,, 8 38.3, in
the 18C spectrum of the aminomethylbilane % (4a). This
difference is very close to that observed 7 when the chemi-
cal shifts of a primary alcohol R-13CH,OH and its amine
counterpart R-BBCH,NH, are compared. So these
results clearly indicated that the intermediate released
into the medium when deaminase acts on PBG (1) is the
hydroxymethylbilane (5a). The unrearranged struc-
ture for this bilane follows from the knowledge that it
ring-closed chemically to form uro’gen-I [as (2)].

To eliminate the possibility that the hydroxymethyl-
bilane (5a) was an artefact produced from some true
intermediate by reaction with the added hydroxide ions,
[11-13C1PBG (la) was converted by deaminase at pH 8.25
into the intermediate and a 13C spectrum was run rapidly
at low temperature without raising the pH. The same
four signals of Figure 2 were present (and no others); the
signal for pyrrole-1®*CH,0OH was at & 57.1. The only
change was that the signal from residual labelled PBG,
which at pH 8.25 was now in the protonated form-

15CH,NH,, appeared at higher field (5 37.2). During
the accumulation of this spectrum, signal S (¢f. Figure 1)
from the interpyrrolic methylenes of uro’gen-I (2) in-
creased at the expense of the two signals from the
hydroxymethylbilane as expected.

Support for the hydroxymethylbilane structure (5)
deduced for the intermediate came from synthesis of the
hydroxymethylpyrrole (9), which is the hydroxy-
analogue of PBG (1). Alkaline hydrolysis of the 3C-

Ao pMe A P A P
iy — old — I}
H H LA
(7 (8) (9) @ ="

(9a) ® ='3¢

A = CH,CO,H
P = CH,CH,CO,H

AMe = CH,C0,Me

PMe = CH,CH,CO Me



2430

labelled formylpyrrole 4 (7) gave the corresponding di-
acid (8) which was reduced with sodium borohydride at
room temperature. The 13C n.m.r. spectrum obtained
from the resulting alkaline solution of the hydroxy-
methylpyrrole (9a) showed a strong signal at § 57.3 for
the BCH,OH group, in close agreement with the value
found above for the natural intermediate. When the
13C spectrum of (9a) was determined at pH 7, the 13CH,-
OH signal appeared at & 57.2 but significant self-con-
densation of this labile substance occurred during the
run. A spectrum taken after the solution had been kept
overnight at room temperature showed no remaining
signal from BCH,0OH and only that corresponding to
essentially complete formation of uro’'gen. The chem-
istry of hydroxymethylpyrroles will be considered fur-
ther below.

At this point, it was important to determine whether
the aminomethylbilane (4) is converted by deaminase
into the hydroxymethylbilane (5) for if that occurred,
all the earlier data %4 from enzymic studies both on PBG
(1) and on the various labelled forms of the synthetic
aminomethylbilane (4) would fall into place. Accord-
ingly, the [aminomethyl-3Clbilane (4a) was synthesised
by the established route* from [11-23C]PBG lactam
ester & (10) carrying 90 atom 9%, 13C. This bilane (4a)
was treated with a large amount of highly purified
deaminase and the enzymic reaction was stopped before
completion by adjustment of the mixture to pH 12.
The 3C n.m.r. spectrum obtained from this solution
(Figure 3) showed a considerable accumulation (15—
20%,) of [hydroxymethyl-13C)bilane (5b); the signal from
the pyrrole-13CH,OH group appeared at & 57.2. The
amount of hydroxymethylbilane accumulated in this
case was, as predicted, much less than from PBG because
the rate of its enzymic formation from the aminomethyl-
bilane is much lower, whereas the rate of its chemical
ring-closure to uro’gen-I (2) remains the same whether
the hydroxymethylbilane is generated from PBG (1) or
from the aminomethylbilane (4). At the end of the run
which provided Figure 3, the n.m.r. sample was adjusted
to pH 7 and after 10 min at 37 °C, the 13C n.m.r. spectrum
was redetermined. As expected, the hydroxymethyl
signal from bilane (5b) had disappeared and the signal
from uro’gen-I (as 2) at § 24.0 showed a corresponding
increase in size.

This formation of the hydroxymethylbilane (5b) from
the synthetic aminomethylbilane (4a) is highly impor-
tant. Firstly, it provides further support to the struc-
tural conclusions about the natural intermediate pro-
duced by deaminase which have been based so far on
spectroscopic observations. Secondly, we now know
that the 13C;-, and 13Cy-labelled samples of the amino-
methylbilane [as (4)], extensively studied in Part 16,
were enzymically converted first into the correspondingly
labelled hydroxymethylbilane [as (5)]; all the conclu-
sions drawn from these experiments thus gain further
strength. Lastly, one can now understand the lag in
formation of uro’gen-I (2) when the aminomethylbilane
(4) is treated with deaminase. Clearly, the lag phase
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represents the formation and build up of hydroxy-
methylbilane (5) until the pool size of this product is
sufficient that its removal by unimolecular ring-closure
to uro’gen-1 (2) balances the rate of its enzymic formation
from the aminomethylbilane (4). It has already been
noted that the chemical ring-closure of the latter is a far
slower process.
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Iicure 3 25.2 MHz C n.mn.y. spectrum of product from action
of deaminase on [aminomethyl-1*C]bilane (4a) (1 mg) recorded
with 'H noise decoupling at 37 °C and pH 12. Signal P,
HOCH,-bilane; R, H,NCH,-bilane; S, pyrrole-CH,-pyrrole
of uro’gen-I. SW 5 000 Hz, 90° pulse, AT 0.8 s, NT 74 000

We can now comment on the chemistry of hydroxy-
methylpyrroles. The ease with which such molecules,
which are unsubstituted at position-5, form porphyrino-
gens under mildly acidic conditions is well known.® The
reaction almost certainly involves protonation of the
hydroxy-group followed by dehydration to give the
electrophilic l-azafulvenium ion (11) which can then
react with another molecule of pyrrole (Scheme 2).
Cyclisation of the hydroxymethylbilane (5) probably
occurs by the same mechanism in which the rate-de-
termining step is likely to be elimination of water to form
the protonated azafulvene system (12). The rate of this
step will be proportional to the concentration of the
protonated hydroxymethyl species and so dependent on
the pH of the medium. Our observation that the inter-
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mediate produced by deaminase from PBG (1) forms
uro’gen-1 (2) rapidly at pH 8.25 but is relatively stable
at pH 12 is in keeping with this view and with the earlier
structural conclusions.

When treatment of the alkaline solution of the 13C,-
formylpyrrole (8) with borohydride was prolonged or run
at higher temperatures, a small signal appeared at § 12.9
in the BC-n.m.r. spectrum of the solution. If the reac-
tion was run in 2M-potassium hydroxide for 30 min at
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90 °C, this hightield resonance completely replaced that
previously observed for the BCH,OH group of the
pyrrole (9a). With off-resonance decoupling, the signal
at 8 12.9 appeared as a quartet, J,.,q = 46.3 Hz, and so
must arise from the methylpyrrole (13). This reduction
probably ¥ involves base-catalysed removal of the imino
proton, elimination of hydroxide ion, and reduction of
the azafulvene (14) (Scheme 3). The strongly alkaline
conditions used here (2M-KOH) would favour formation
of the methylpyrrole (13) since production ot the aza-
fulvene system (as 14) rather than its subsequent re-
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duction is likely to be the difficult step. That this was
so was demonstrated by carrying out the reduction in
0.2M-potassium hydroxide when only ca. 25%, of the
methylpyrrole (13) was formed, the other product being
the hydroxymethylpyrrole (9a).

These results made it likely that the hydroxymethyl-
bilane intermediate (5a) could be reduced by borohydride.
Accordingly, [11-33C]PBG (la) was briefly incubated
with deaminase in the usual way and after the solution
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IIGURE 4 Off-resonance 'H decoupled 25.2 MHz 3C n.m.r.
spectrum of methylbilane (15) from action of alkaline boro-
hydride on the hydroxymethylbilane (5a) produced biosyn-
thetically from [11-13CJPBG (la). SW 5000 Hz, 40° pulse,
AT 0.8 s, NT 74 600. The two triplets ca. 8 24 are from the
interpyrrolic methylene groups of uro’gen-I (2) and of the
bilane (15). Inset: corresponding signal from methyl-
pyrrole (13)

had been made 1.5 M with respect to sodium hydroxide,
the labelled bilane (5a) was reduced at 90 °C with boro-
hydride. The 3C n.m.r. spectrum of the product (Figure
4) run with off-resonance decoupling showed a quartet at
3 12.9 with [J,.q = 46.3 Hz exactly as for the methyl-
pyrrole (13). Clearly the intermediate had been con-
verted into the methylbilane (15) thereby providing yet
further support for the hydroxymethylbilane structure
(6a). This reduction offers a way to isolate a derivative
of the very labile intermediate (5a); methylbilanes
similar to that of structure (15) have been synthesised 10
and they are moderately stable.

Elimination of the Cyclic Structure for the Intermediate.
—The cyclic substance (6), so called preuro’gen, claimed
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by Scott et al % to be the intermediate produced by
deaminase can now be considered. A prior:, structure
(6) was highly unlikely since it failed to account for the
most striking feature of the chemistry of the natural
intermediate, viz. its rapid conversion (¢, ca. 4 min at
37 °C, pH 8.25) non-enzymically into uro’gen-I (2). This
change was said to occur % from the cyclic structure (6)
by a sigmatropic rearrangement, N->C. However, it is
evident that the orbitals involved in the postulated re-
arrangement are orthogonal so a very high activation
energy would be expected. In agreement, no mild
N—C rearrangements of N-alkylpyrroles are known and
for those reported, temperatures in the range 500—600 °C
are required.!

Nevertheless, not only was the cyclic structure (6)
claimed to be established % but the hydroxymethyl-
bilane (5) was said to be a biologically valueless artefact
(not a substrate for cosynthetase) derived by attack of
hydroxide on the cyclic system® (6). The preceding
sections have made it clear that our conclusions are
quite different and therefore serious work was necessary
to eliminate the cyclic preuro’gen structure (6).

There are two further inadequacies in structure (6).
(a) This structure requires the 3C signal at 3 57.1* from
the natural intermediate to be assigned % to the C-20
CH, group of (6). But simple shift calculations 7 lead to
the prediction that the signal from a CH, group’ in this
environment should appear at least 12 p.p.m. to higher
field at ca. & 45 [calculated for the analogue of (16) lacking
the methyl groups]. Indeed, the y-effect 7 from C-15
would probably cause the signal from C-20 in structure
(6) to lie to even higher field than 3 45.

(b) The proposed formation of the hydroxymethyl-
bilane (5) by base cleavage of preuro’gen % (6) requires
this displacement to be extremely rapid since it must
overwhelm the already rapid chemical conversion of the
intermediate into uro’gen-I (2). N-Alkylpyrroles do not
normally react in this way.

Me< 7Me CHO 0
Etozc/k/u\

(16) (17)

vo "

(18) R=Me R'=Et
(19) R=R'=H

The foregoing inadequacies in structure (6) for the
intermediate were studied by synthesising the model
systems (16) and (19). The former was prepared by a
Paal-Knorr condensation 12 between hexane-2,5-dione
and PBG (1). The product was isolated as the dimethyl
ester of pyrrole (16) and the diacid (16) was obtained by

* This value results from adjustment of the original figure %

to match our scale (using the CH, signal from uro’gen-I as
reference) to allow for different shift standards.
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hydrolysis. It was stable over the pH range 212
and the 13C signal for the interpyrrolic CH, appeared at
3 42.0 as expected at somewhat higher field than pre-
dicted by calculation above, due to two y-effects from
the methyl groups.

For the second model (19), the known keto-aldehyde 13
(17) was condensed with PBG (1) and the product was
isolated as the ester (18) after treatment with diazo-
methane. The ester groups were then hydrolysed to
allow the 13C n.m.r. spectrum of the product (19) to be
determined under the conditions used for studying the
natural intermediate. Again, this product was quite
stable and the 13C signal for the interpyrrolic methylene
group appeared in the expected position at 3 44.7; in this
model, only one y-effect is operative.

Thus the properties of the model N-alkylpyrrole
systems (16) and (19) differ greatly from those of the
intermediate produced by deaminase. These models ()
showed normal 3C n.m.r. signals, (b) did not undergo
ready N—C rearrangement, and (c) were not cleaved by
alkali. It was clear that structure (6) was incorrect.

In view of the overwhelming evidence against struc-
ture (6), it is important to examine that on which it was
founded. This structure rested solely on the observation
that when [1-15N,11-13C]PBG (1b) (Scheme 4) was con-
verted by deaminase into the intermediate, the H-
decoupled 13C signal assigned to C-20 of structure (6b)
appeared somewhat broadened and was claimed to be a
6 Hz doublet resulting from one-bond 3C-15N coupling.5
The following synthetic and enzymic studies allowed a
true understanding.

[amino-1N, 2,1-13C1PBG (1c) was prepared from the
doubly-labelled aldehyde  (7) via the oxime as in Scheme
4. This product was used in the Paal-Knorr reaction as
above to afford the triply labelled system (16c) which
showed a clear one-bond ¥C-'3N coupling of 10 Hz. The
complementary experiment involved synthesis of the
[1-15N,11-13C1PBG (1b) and of its hydroxy-analogue (9b)
as in Scheme 4. The BN was introduced from sodium
nitrite (99 atom 9, 15N) at the stage of construction of the
pyrrole (20). The 3C n.m.r. spectrum of the hydroxy-
methylpyrrole (9b) showed a fwo-bond coupling, 3C-15N,
of 2.3 4+ 0.2 Hz. This result made it essential to convert
the doubly labelled PBG (1b) by deaminase into the inter-
mediate to check the size of the coupling.

Four separate experiments with the doubly-labelled
PBG (1b) were carried out at pH 8.25. In the first,
incubation at 37 °C was followed by adjustment of the
solution to pH > 12 before determination of the 13C
n.m.T. spectrum of the product at 37 °C. The second and
third experiments also involved incubations at 37 °C but
the spectra were run at 20—25 °C and 4 °C, respectively,
without pH adjustment. The final incubation was run
at 13 °C [the lowest temperature at which the rate of
formation of the intermediate compared favourably with
the rate of its chemical conversion into uro’gen-I (2)] and
the spectrum was recorded at 4 °C, without pH adjust-
ment.

The four 13C spectra of the intermediate (5c) so eb-
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tained were all identical, the key signal appeared at
3 57.1-—57.2 as earlier and was a doublet for which the
two-bond coupling ranged between 2.2 and 2.5 Hz
(Figure 5 *) exactly as had been found for the standard
model compound (9b).

2-4Hz

a

FiGure 6 !*C Signal from HO?2CHjg-bilane (8 57.1) in 'H noise
decoupled 13C n.m.r. spectrum, run at 4°, 256.2 MHz, of product
(6c) from deaminase acting on [1-18N, 11-3C]JPBG (1b). See
also footnote below

Thus again the structure of the intermediate released
by deaminase is confirmed as the hydroxymethylbilane
(6). The chemical, enzymic and spectroscopic proper-
ties of the intermediate determined in Cambridge are
essentially identical with those reported by Scott et al; 8
it was clear to us that they were handling the same sub-
stance. Their so-called 6 Hz doublet on which structure
(6) was based is spurious and can now be explained as a
ca. 2.4 Hz two-bond ¥C-15N coupling which appeared in
their work further broadened due to inadequate phasing
In a spectrum of poor quality.

The foregoing results eliminate preuro’gen (6); it is
not involved in porphyrin biosynthesis and with the

* Figure 5 shows the final result of using procedures, developed
by Dr. R. G. Brereton, for computer handling of n.m.r. data to
enhance resolution and signal-to-noise ratio (see Brereton et al.,
J. Magn. Reson., 1981, 43, 224). The resulting spectra were
significantly improved in quality but the J values remained

essentially unaffected. The computer programs are available
from Dr. Brereton, University Chemical Laboratory, Cambridge.
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hydroxymethylbilane (5) being confirmed as the inter-
mediate by unambiguous synthesis (next section) the
cyclic structure % (6) can be deleted from the literature.
This is necessary because the false structure (6) leads to
the conclusion that deaminase is a cyclising enzyme when
clearly it is not.

Synthesis of the Hydroxymethylbilane (5).—Bearing in
mind the great lability of natural hydroxymethylbilane
(8), the plan for our first experiments was to synthesise
the hydroxymethylpyrromethane (31) and to incubate
this at pH 8 in the presence of cosynthetase. The ease,
referred to earlier, with which a pyrrolic «-hydroxy-
methyl group undergoes nucleophilic attack by an «-free
pyrrole residue promised that two molecules of the hy-
droxymethylpyrromethane (31) would combine to
generate the hydroxymethylbilane (5) n situ; cf. the
behaviour of the analogous aminomethylpyrrome-
thane.!* This product was expected to be trapped by
cosynthetase as it was formed to generate uro’gen-I11I (3).
Such a scheme was not envisaged as a true synthesis but
a successful outcome would encourage attack on the
challenging problem of total synthesis and characteris-
ation of the fugitive hydroxymethylbilane itself (5).

PMe AMe PMe AMe

Me Me Me Me
AG N 7 NP AT N P
m M
R NH HN 0,CH,Ph OHC NH HN R

(25) R = Bu'0,C (27) R = COH
(26) R = OHC (28) R = I
(29) R=H
P A P A
AR Z\\P
% P
NH HN

HO

A
(30) R = OHC % P
(31) R = HOCH, A P
(32) R = Me (5)
A
P A = CH,CO,H
P = CH,CH,COH
AMe: CH,CO,Me
A P PMe= CHchchZMe
A
(33)

SCHEME 5

Scheme 5 shows the synthesis of the hydroxymethyl-
pyrromethane (31). The route to the precursor (25) of
starting material (26) was already established ! and the
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benzyloxycarbonyl group was removed by the standard
sequence (27)—(28)—(29). Hydrolysis of the ester
groups then gave the aldehyde (30) from which the re-
quired product (31) was obtained by borohydride reduc-
tion; it was characterised using 3C n.m.r. by comparison
with standard synthetic pyrromethanes.

For the first set of experiments, the alkaline solution of
the hydroxymethylpyrromethane (31) was neutralised
and aliquots were incubated (4) without enzymes (blank)
(b) with deaminase alone, (¢) with deaminase and cosyn-
thetase, and (4) with cosynthetase alone. The isomer
distribution in the uro’gens formed was determined as
earlier.! The results (Table 1) confirmed that deaminase

TaBLE 1
Uro’gen isomers formed from hydroxymethylpyrro-
methane (31) ¢ia bilane (5)

Uro’gens formed *#
(% of total)

Expt. e -
No. Enzyme added Type-I Type-I11 Type-1V
1 None 83.5 5 1L.5
2 Deaminase 82.5 4 13.5

3 Deaminase-cosynthetase 25 65 10

4 Cosynthetase 24 65.5 10.5
5 None 90.5 3 6.5
6 Cosynthetase (10 pl) ¢ 19 75.5 5.5
7 Cosynthetase (100 pl) ¢ 10.5 83.5 6.0
8 Cosynthetase (1 600 pl) ® 5 89.5 5.5

¢ No Type-II could be detected. ¢ Volume of standard

preparation of cosynthetase.

does not apparently affect the hydroxymethylbilane (5)
(experiments 1 and 2) but that deaminase-cosynthetase
or cosynthetase alone (experiments 1, 3, and 4) greatly
increase production of the rearranged type-I11 isomer (3)
at the expense of the type-1 system (2). Attention is
also drawn to the finding that the proportion of uro’gen-
IV (33), formed chemically by head-to-head combination
of the hydroxymethylpyrromethane (31), remains roughly
constant in all runs, as would be expected.

The rate-limiting step in the foregoing experiments
could be either the chemical condensation step producing
the bilane (5) or the enzymic conversion of this product
into uro’gen-III (3). This aspect was studied by incu-
bating a standard quantity of hydroxymethylpyrro-
methane (31) with increasing amounts of cosynthetase
(10 to 1600 pl of enzyme solution). There was no
appreciable difference in the rate of formation of uro’gen
so the slow step is the chemical one. Improved methods
were used in this second set of experiments (see Experi-
mental section) which led to a very satisfying difference
between the blank (experiment 5, Table 1) and the one
with a large amount of cosynthetase (experiment 8).

These results encouraged efforts on synthesis of the
hydroxymethylbilane itself (5). Several approaches
were studied; only the sole successful one is now des-
cribed which again made use of the reactivity of hydroxy-
methylpyrroles (Scheme 6). The foregoing formyl-
pyrromethane ester (29) was reduced with borohydride
to give the hydroxymethyl analogue (34). This was then
condensed with an excess of the same aldehyde (29) in
methylene chloride-acetic acid to yield the formylbilane



J. CHEM. SOC. PERKIN TRANS. I 1982
PMC AMG
M
AL “ NP
/

\ NH HN
OHC
(29)

NH HN
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AMe pMe

(34)

\\ AMe

(36) R =Me
(5) R=H
SCHEME 6

octamethyl ester (35). It was the only material spar-
ingly soluble in methanol and so was readily separated
from the excess of aldehyde (29) and oligomeric by-
products. The formylbilane (35) was reasonably stable
and was fully characterised.

Alkaline hydrolysis of the bilane ester (35) followed by
reduction with borohydride gave an alkaline solution of
the hydroxymethylbilane (5). The H-decoupled 13C
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n.m.r. spectrum of this material (Figure 6) confirmed its
purity and, importantly, the signal from the CH,OH group
appeared at 8 57.1 (¢f. 8 57.2 for the natural material).

For kinetic experiments with enzymes, it was found
necessary to produce solutions of synthetic hydroxy-
methylbilane (5) free from boron-containing materials.
Therefore the formylbilane ester (35) was reduced in
chloroform-methanol containing triethylamine. After
the unwanted materials had been washed out with
water, the solution readily yielded pure hydroxymethyl-
bilane ester (36) since this product, like the corresponding
aldehyde (35), had low solubility in methanol. The
esters were then saponified immediately to give an
alkaline solution of synthetic hydroxymethylbilane (5).

‘It was now possible to make the crucial comparisons.
The synthetic and natural samples of hydroxymethyl-
bilane (5) were shown to be excellent and identical sub-
strates for cosynthetase and the product in each case was
essentially pure uro’gen-111 (3) (Tables2and 3). The final
column of Table 3 is particularly important in showing
virtually identical ¥, for cosynthetase alone acting on
the synthetic and natural substrates.

Furthermore, the rate of chemical ring-closure to
uro’gen-I (2) was the same for samples from both sources.
Finally the opportunity was taken to demonstrate that
the chemical and enzymic properties of the natural
intermediate (5), generated from PBG (1) by deaminase
at pH 8.25 were unchanged after incubation at pH > 12
(Table 3). Thus, the conclusion drawn from the earlier
study based on 3C n.m.r. that the natural intermediate
is not affected by hydroxide ions is fully confirmed.

All these results rigorously establish that the inter-
mediate produced from PBG by deaminase is the
unrearranged hydroxymethylbilane (5).

A P A P A P A P \
[ \ \ \ \
N N N N
HO H H H H
D
M
P
T T T T *'lvvv1éovv ‘l"'I“'l""160'"‘l‘"l‘_'"ﬁ""l""sio'f'_F1' T T .

Figure 6 Natural abundance *C n.m.r. spectrum at 256 MHz of synthetic hydroxymethylbilane (37 mg) at pH >12.
SW 5 000 Hz, 40° pulse, AT 0.3 s, NT 164 500

HOCH,-bilane; D, dioxan; M, methanol.

Signal P,
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TABLE 2

Uro’gen isomers formed from synthetic hydroxy-
methylbilane (5)

Expt. Uro’gen formed (%, of total)

—~ )
No. Enzyme added « Type-1 Type-111 Type-1V
1 None 100 0 0
2 Deaminase 100 0 0
3 Cosynthetase 7.5 92.5¢ 0

% Run at pH 8.25, 30 °C. ? By allowing for the 6%, uro’gen-I
(2) shown to have been formed chemically before the cosyn-
thetase was added, this corresponds to >989%, conversion of
hydroxymethylbilane (5) into uro-gen-IIT (3).
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The Roles of Deaminase and Cosynthetase.—The fore-
going experiments prove conclusively that deaminase
joins four PBG units (1) head-to-tail and in the absence
of cosynthetase releases the unrearranged hydroxy-
methylbilane (5) into solution; deaminase is an assemb-
ling enzyme not a ring-closing enzyme.

Cosynthetase then converts the hydroxymethylbilane
(5) by an intramolecular rearrangement of ring-p 3% into
uro’gen-1I1 (3); cosynthetase is the ring-closing and re-
arranging enzyme.

Present knowledge of how PBG (1) is transformed by

TABLE 3

Comparison of synthetic and natural HOCH,-bilane (5)

% Uro’gen-I11

formed by
Main 13C n.m.r. signals @ ty (pH 8.25, cosynthetase Vmas, for
(p.p-m.) 37 °C)/min alone cosynthetase ¢

Synthetic 3 57.1%¢°, 24,44 4.0 >98 151
Natural 3 57.1, 24.5 4.2 94 148

(kept at pH 8.25)
Natural 85725 24.5 4.1 98 148

(after pH >12, 37 °C, 20 min)

a All & referred to internal Me,SiCD,CD,CO,Na. ® Run at pH >12. ¢ HOBCH,-Pyrrole. 4 Pyrrole-13CH,-pyrrole. ¢ Uro’gen

produced (umol h™!) at pH 8.25 and 25 °C, per ml of cosynthetase preparation; 1 umol h™! equals 1 unit.

P P
AN Deaminase AKA
N [ Y —
A7 & "
" H‘) X H— B\ I
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- tHO
v —
NH:()/
Chemicall
Uro’gen -1 it (5) RONHCH, - Bilane
Cosynthetase (40) R=Me
P A
A P A b
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(41)

(3) Uro'gen—1I

SCHEME 7
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deaminase and cosynthetase into uro’gen-III (3) is in
accord with Scheme 7. It is certain that the first PBG
unit is covalently bonded to deaminase through a nucleo-
philic group X. Strong evidence for the existence of
such covalently bound intermediates is provided by (a)
the chromatographic separation of deaminase into differ-
ent species carrying up to four units of bound PBG,
(b) evidence for stable bound forms which are catalytic-
ally active from partial reaction of deaminase with un-
labelled PBG and completion of the process using
13C-PBG, and (¢) proof that C labelled PBG remains
firmly bound even after deaminase has been denatured
or degraded by proteolytic enzymes.t?

With the linear tetrapyrrole (37) built (Scheme 7),
elimination of X would form the azafulvene (38) which
could react with water to give the hydroxymethylbilane
(6). This addition of water must occur with (38) held on
the active site of the enzyme since otherwise cyclisation,
either to form a lactone with the acetate side-chain at
position-2 or to give uro’gen-I (2) would be expected.
Added small nucleophiles such as ammonia, hydroxyl-
amine, and methoxyamine can compete with water in
trapping the azafulvene (38) to yield the moderately
stable bilanes (4), (39), and (40) detected in the important
work of Bogorad '8 and Neuberger.l® Similar trapping

ng -A
uzufulvene

—> Uro’'gen M + t/ﬁ&
(3)

SCHEME 8
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and exchange experiments carried out in Cambridge will
be described fully in Part 20.2 The aminomethylbilane
(4) is readily equilibrated with the azafulvene (38) on the
surface of deaminase which allows the synthetic bilane
(4) to act as a substrate for deaminase-cosynthetase
and enter the normal biosynthetic pathway.

The hydroxymethylbilane (5) can cyclise chemically at
considerable speed to give uro’gen-I (2) but its natural
role is to act as the substrate for cosynthetase to form
uro’gen-IIT (3). An attractive intermediate in this
rearrangement is the spiro-system (41) similar to that
first considered in 1961 by Mathewson and Corwin.2
The forward process to uro’gen-I1I (3) could then involve
fission and recombination, as illustrated, but a series of
[1,5isigmatropic shifts is also possible around the periph-
ery of ring-p.

A second possible mechanism involves fission of the
C-15/C-16 bond of bilane (5) after protonation at C-16,
while it is on the surface of cosynthetase, followed by
inversion of ring-Dp involving strictly no exchange with
the medium of the now separated pyrrole fragment.
Recombination could then yield the ring-np reversed
bilane (42) for straightforward cyclisation to uro’gen-I11
(3). Arecent test of this idea using a synthetic sample of
the ring-D reversed bilane (42) showed it to be a poor
substrate for cosynthetase 22 so eliminating this possi-
bility.

There is, however, an attractive alternative to the
spiro-mechanism which we refer to as the external methy-
lene mechanism.* This is outlined in Scheme 8 where
the external methylene group is illustrated as a quater-
nary imine. On this view, ring-p is held during the
inversion sequence covalently attached to the external
methylene group and finally the electrophilic methylene
is regenerated when uro’gen-III (3) is formed. There are
obvious minor variations of this basic principle.

Knowledge of the structure and chemistry of the hy-
droxymethylbilane (5), its availability in specifically
labelled forms by synthesis together with supplies of the
two enzymes in separate preparations, allow further
experiments. These are designed to decide between such
alternatives as outlined above and so to fill in the last
remaining gaps in understanding the biosynthetic
pathway to uro’gen-I1123 (3). This work is in progress.

EXPERIMENTAL

General directions are given in ref. 1 where also are
described the methods for assay of uroporphyrinogens and
for separation by h.p.l.c. of isomeric coproporphyrin esters.
Porphobilinogen was determined by the method of Mauzer-
all and Granick.?¢ 13C N.m.r. spectra were run using a
12 mm tube usually fitted with a 0.9 ml micro-cell; the
3-values are referred to Me;SiCD,CD,CO,Na as standard.

Investigation of the Lag in Uvo'gen Production when
Deaminase Acts on Porphobilinogen.—PBG monohydrate
(6.40 mg, 2.62 pmol) was incubated at 37 °C with deaminase

* This proposal grew as a result of a valuable discussion
with Dr. D. C. Williams (Trinity College, Dublin) who we warmly
thank, on the possible involvement of methylene-tetrahydrofolate
in porphyrin biosynthesis.
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(11 250 units) in 0.5M-phosphate buffer, pH 8.25 (total vol-
ume, 1.50 ml). Consumption of PBG was followed using
Ehrlich’s reagent 2¢ (0.010 ml samples taken at 0.5 min
intervals) and after 2.75 min, a sample (0.050 ml) was taken
for uro’gen assay. The experiments were then continued as
follows.

Experiment A. After 3.5 min, part (0.40 ml) of the in-
cubate was mixed with water (0.60 ml) at 37 °C and the
sample was held constant at this temperature; production
of uro’gen was then monitored by taking samples (0.050 ml),
initially at 3 min intervals, for the standard assay.

Experiment B. After 3.83 min, a second portion (0.40 ml)
of the original solution was mixed with deaminase (9 000
units) in 0.025M-phosphate buffer (0.60 ml) at 37 °C and the
experiment was continued as for Experiment A.

Experiment C. After 4.25 min, a third portion (0.40 ml)
was mixed with deaminase-cosynthetase (12 000 units) in
0.025M-phosphate buffer (0.60 ml) at 37 °C. The experi-
ment was then continued as for experiment A but in this
case samples for uro’gen assay were taken every 0.25
min.

The results are plotted in Figure 1, in which the figures
from the initial incubation have been adjusted to represent
the amounts of PBG and uro’gen in each 0.40 ml aliquot
used.

Isomer Analysis of Uro’gens Produced from PBG by
Deaminase in the Lag Experiment.—Porphobilinogen mono-
hydrate (0.42 mg, 1.72 pmol) was treated at 37 °C with
deaminase (8 000 units) in 0.25 m-phosphate buffer, pH 8.25
(total volume, 1.0 ml) as above. After 6 min, when the
solution contained 56.8 nmol of uro’gen per ml, portions
(0.4 ml) were added to water (0.6 ml) and deaminase-
cosynthetase (0.6 ml, 12 000 units) and the two mixtures
were incubated at 37 °C.

After 3.25 min, the incubation mixture with deaminase-
cosynthetase contained 115.2 nmol of uro’gen; it was
treated with iodine and isomer analysis of the resulting mix-
ture of porphyrins showed it to contain Type-III (78.6%,)
and Type-1 (21.4%). Therefore, 98.3%, of the uro’gen
produced after addition of deaminase-cosynthetase was
uro’gen-III (3).

After 33.5 min, the other incubation mixture (containing
95.9 nmol of uro’gen) was treated as above; >999% of the
macrocyclic material present was uro’gen-I (2).

Incubation of [11-13C]Porphobilinogen with Deaminase:
Identification of the Released Product as Hydvoxymethylbilane
(sa) by 1BC N.m.r.—The [11-13C]porphobilinogen lactam
methyl ester ¢ (10) (3.0 mg, 13.5 umol) was hydrolysed in
2M-potassium hydroxide (50 wl) (65 °C, 5 min and 25 °C,
16 h) and the solution was adjusted to pH 8.25 with 1m-
potassium dihydrogen phosphate. The resulting solution of
[11-18C]PBG was incubated at 37 °C with deaminase (25 500
units) in 0.2M-phosphate buffer, pH 8.25 (total volume, 2.25
ml), and samples (5 ul) were withdrawn at 1-min intervals
for standard PBG assay. After 7.5 min, when >909%, of
the PBG had been consumed, a determination of uro’gen
showed that only 330 nmol (ca. 109, of the theoretical) had
been formed. At this 7.5 min stage, part (0.8 ml) of the
incubation mixture was withdrawn immediately and mixed
with deuterium oxide (0.1 ml) for *C n.m.r. analysis at 7 °C.
The remainder (1.40 ml) was added to deuterium oxide
(0.16 ml) containing sodium hydroxide (40 mg) for 3C
spectroscopic study at 37 °C; the result from the latter
run is shown in Figure 2.

The n.m.r. data at pH 8.25 were accumulated for 75 min
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at 7 °C to give: 3y 24.0 (pyrrole-CH,-pyrrole of uro’gen),

+
24.5 (pyrrole-CH,-pyrrole of bilane), 37.2 (CH,NH, of
residual PBG), 57.1 (CH,OH of bilane).

For the run at pH > 12, data were accumulated for 5 h at
37 °C to give: 3g 24.0 (pyrrole-CH,-pyrrole of uro’gen), 24.5
(pyrrole-CH,-pyrrole of bilane), 38.4 (CH,NH, of residual
PBG), 57.2 (CH,OH of bilane). Ratio of peak integrals was
24:53:5:18. With off-resonance decoupling at §g — 5.0,
all these signals were triplets, with J,.; 36.6, 36.0, ca. 38 and
43.9 Hz respectively.

[aminomethyl-13C]Bilane (4a) and the Corresponding
Lactam Heptawmethyl Ester.—The starting material was the
[aminomethyl-3Cltripyrrene, corresponding to rings a, B,
and c of structure (4a); this had been previously synthe-
sised.* The labelled tripyrrene hydrobromide (35 mg) was
condensed with the a-free formylpyrrole [as (7), unlabelled]
(10.1 mg) in the usual way L4 and the resulting biladiene
dihydrobromide (42.8 mg, 989,) was reduced with sodium
borohydride 1% to give the lactam heptaester (90 atom 9%,
13C) (25.1 mg, 68%) as a pale yellow powder, m.p. 224—
228 °C (decomp). This was identical, apart from the 13C
label, with the sample prepared earlier; ¢ § (400 MHz) 2.33
(2H,t, J 8Hz),247 (4 H, t, J 8 Hz), 2.51 (2 H, t, J 8 Hz),
and 3.32 (8 H, m) (4 x CH,CH,CO,), 3.35 (2H, t, J 3.2 Hz,
CH,CONH), 3.32, 3.42, and 3.44 (each 2 H, 5, 3 x CH,CO,),
3.56, 3.58, 3.60, 3.62, 3.64, 3.65, and 3.69 (each 3 H, s, 7 X
OCH,), 3.68, 3.71, and 3.73 (each 2 H, s, 3 x methane-CH,),
4.38 (2 H, br d, J 141 Hz, B¥CH,NH), 5.92 (1 H, br, 13CH,-
NH), 6.38 (1 H, d, J 2.4 Hz, pyrrole-H), and 8.65, 9.03, 9.05,
and 9.19 (each 1 H, br, 4 x NH).

Material of 10 atom 9, 3C content at the aminomethy!l
carbon (243 mg, 659,) was synthesised from the same label-
led tripyrrene hydrobromide above (35 mg) mixed with
unlabelled tripyrrene hydrobromide (315 mg), the mixture
being condensed with the a-free aldehyde [as (7)] (102 mg).

Formation of the [aminomethyl-13C]Bilane (4a) and its
Study by 3C N.m.r. Spectroscopy.—The foregoing labelled
bilane lactam ester (10 atom %, 13C, 60 mg) was hydrolysed
under nitrogen in aqueous 2M-potassium hydroxide (0.6 ml)
for 3hat 65°Cand 12 hat 25°C. Deuterium oxide (0.1 ml)
and water (to 0.9 ml) were added and the 13C n.m.r. spec-
trum of the resulting alkaline solution of the [aminomethyl-
13C]bilane (4a) was determined at 37 °C: 3§ 23.8, 24.0, 24.5,
and 24.7 (4 x CH,CH,CO, plus 3 X methane-CH,), 35.4
(4 x CH,CO), 384 (CH,NH,), 40.9 (1C) and 41.9 (3C)
(4 x CH,CH,CO,), 115.3, 115.8, 116.0, 119.7, 120.1, 120.5,
124.9, 126.4 (2C), 127.1, 127.7, 128.2, 128.5, 128.9, 130.5,
and 131.2 (16 X pyrrole-C), and 184.2 and 185.1 p.p.m.
(8 x CO,).

When the 13C spectrum was redetermined, at pH 6, the
chemical shifts of the highfield carbons were essentially

+
unchanged, except for 3¢ 37.4 p.p.m. (CH,NH;). The
pyrrole carbons now gave rise to signals at 115.3, 115.7,
116.1, 120.0, 120.3, 121.9, 124.8, 127.1, 127.7, 128.2, 128.9,
130.5, and 130.7 p.p.m.

After 4 days at 25 °C, pH 6, ca. 85% of the bilane had
been converted into uro’gen-I: 38z 24.0 (pyrrole-CH,-
pyrrole), 24.5 (4 x CH,CH,CO,), 35.3 (4 X CH,CO,), 42.1
(4 x CH,CH,CO,), 115.3, 120.4, 127.1, and 129.2 (each 4 C,
16 x pyrrole-C), and 184.4 and 185.3 (each 4 C, 8 x CO,).

Conversion of [aminomethyl-13C]Bilane (4a) info [hydroxy-
methyl-18C]Bilane (5b) by Deaminase.—The foregoing
[aminomethyl-13C]bilane lactam ester (90 atom %, 1.0 mg)
was hydrolysed in 2M-potassium hydroxide (50 wl) (16 h at
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25 °C) and the solution was adjusted to pH 8.25 with 1m-
potassium dihydrogen phosphate. The resulting solution
of [aminomethyl-13C)bilane (4a) was incubated at 37 °C for
15 min with highly purified deaminase (90 000 units, sp. act.
>20 000 units/mg) in 0.125m-phosphate buffer, pH 8.25
(total volume, 0.8 ml). Sodium hydroxide (20 mg) in
deuterium oxide (0.1 ml) was then added and the mixture
was examined by *C n.m.r. spectroscopy (I'igure 3): 3g
24.0 (pyrrole-CH,-pyrrole of uro’gen), 38.3 (CH,NH, of
aminomethylbilane), and 57.2 (CH,OH of hydroxymethyl-
bilane); ratio of peaks = 33 :44:23.

After the n.m.r. measurements, the solution was adjusted
to pH 7 with 2m-hydrochloric acid and kept at 37 °C for 10
min. The pH was then returned to >12 with sodium
hydroxide (30 mg) and the ¥C n.m.r. spectrum was re-
determined. The hydroxymethyl signal (3 57.2) had com-
pletely disappeared and the ratio of the signals from uro’gen
relative to aminomethylbilane was now 57:43. Finally,
the solution was adjusted to pH 8 and after the uro’gen had
been oxidized with iodine, isomer analysis of the resulting
porphyrin showed that it was >979%, Type-I.

BC-Spectroscopic Studies on Hydroxymethylpyrroles: (a)
the 2-[BC)Hydroxymethyl[5-13Clpyrrole (9a), (b) the 2-[13C]-
Methyl[5-13C pyrrole (13) and (c) the 2-[V¥ClHydroxymethyl-
[1-15N)pyrrole (9b).—(a) 2-[13C]Formyl-4-(2-methoxy-
carbonylethyl)-3-methoxycarbonylmethyl[5-13C]pyrrole ¢
(7) (5 mg) was heated under nitrogen in aqueous 2wm-
potassium hydroxide (0.05 ml) for 15 min at 70 °C and the
solution was then treated at 25 °C with sodium borohydride
(3 mg) for 3 h. Deuterium oxide (0.05 ml), dioxan (0.02
ml), and water (to 0.9 ml) were added and the resulting
solution of the pyrrole (9a) was examined by !3C n.m.r.
spectroscopy (3¢ 57.3 (CH,OH), 117.5 (C-5)].

(b) When the doubly labelled aldehyde (7) (2.25 mg) was
hydrolysed in 2m-potassium hydroxide (0.50 ml) (90 °C,
10 min) and then treated with sodium borohydride (50 mg)
at 90 °C for 0.5 h, there was further reduction. Examin-
ation of the solution by ¥C n.m.r. spectroscopy after ad-
dition of deuterium oxide (0.05 ml), dioxan (0.01 ml), and
water (to 0.9 ml), showed >909%, formation of the methyl-
pyrrole (13). With off-resonance 'H decoupling (10 W) at
3y — 5.0 p.p.m,, the spectrum showed 8¢ 12.9 (q, J,eq, 46.3
Hz, pyrrole-CHy), 115.1 (d, J,q 97.6 Hz, 5-CH).

When the aldehyde (7) (2.25 mg) was hydrolysed in a
smaller volume of alkali (0.05 ml) and the solution diluted
with water (0.45 ml) before reduction, exactly as above, the
13C n.m.r. spectrum of the product showed that the methyl-
pyrrole (13) and the hydroxymethyl analogue (9a) were
present in a ratio of ca. 1: 3.

(c) 2-[**C]Formyl-4-(2-methoxycarbonylethyl)-3-methoxy-
carbonylmethyl[1*N]pyrrole (23) prepared below (5 mg)
was hydrolysed and reduced as in (a) above. Found for
the alkaline solution, 8¢ 57.3 (d, 2/ 2.3 + 0.2 Hz, 15’NC13CH,-
OH). When the solution was adjusted to pH 8 with 1m-
phosphoric acid, the chemical shift and coupling constant
were essentially unchanged.

13C-Spectroscopic Studies on Bovohydride Reduction of
Hydvoxymethylbilane (5a): Fovmation of Methylbilane (15).—
[11-13C]PBG lactam methyl ester (10) (3.0 mg) was hydrolysed
in the usual way (50 ul of 2m-alkali) and the resulting solution
of [11-13C]PBG, after adjustment to pH 8.25, was incubated
at 37 °C with deaminase (50 400 units) in 0.2M-phosphate
buffer, pH 8.25 (total volume 0.8 ml). After 8.25 min,
when ca. 859, of the substrate had been consumed, sodium
hydroxide (60 mg), sodium borohydride (100 mg) and deuter-
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ium oxide (0.1 ml) were added and the mixture was kept at
90 °C for 1 h. The 13C n.m.r. spectrum (Figure 4), was then
determined with off-resonance 'H-decoupling (10 W) at
dg —5.0; 3¢ 12.9 (q, Jrea, 46.3 Hz, bilane-CHj;), 24.0 (t,
Jreq. ca. 55 Hz, pyrrole-CH,-pyrrole of uro’gen), 24.4 (t,
Jrea. 55.5 Hz, pyrrole-CH,-pyrrole of bilane), and 38.3 (t,
Jrea. 58.6 Hz, CH,NH, of residual PBG).
4’-(2-Methoxycarbonylethyl)-3’-methoxycarbonylmethyl-2,5-
dimethyl-1,2'-dipyrrolylmethane, Dimethyl Ester of (16).—
Porphobilinogen monohydrate (112 mg), hexane-2,5-dione
(125 mg), methanol (3 ml), and aqueous 2M-potassium
hydroxide (0.5 ml) were heated under reflux for 1.5 h and
then cooled. After addition of methanol (2 ml) and pH
adjustment to 2 with 3M-hydrochloric acid, excess of ether-
eal diazomethane was added and, 5 min later, the solution
was evaporated. Partition of the residue between water
(25 ml) and dichloromethane (25 ml) gave the product in
the organic layer which was chromatographed onsilica (2.5 g)
in dichloromethane; recrystallisation from ether-hexane
gave the fitle compound as needles (105 mg, 659%,), m.p.
76—77 °C (Found: C, 65.3; H, 7.4; N, 8.7. C,H,N,0O,
requires C, 65.0; H, 7.3; N, 8.49%), 8g 2.12 (6 H, 2 x
pyrrole-CHj,), 2.64 (4 H, m, CH,CH,CO,), 3.43 (2 H, s,
CH,CO,), 3.65 and 3.68 (each 3 H, s, 2 x OCH,), 4.94 (2 H,
s, methane-CH,), 5.81 (2 H, s, 2 X pyrrole $8-H), 6.35 (1 H,
d, J 2.5 Hz, pyrrole «-H), and 7.19 (1 H, br, NH); 35 12.1
(2 x pyrrole-CHj), 20.4 (CH,CH,CO,), 29.7 (CH,CO,), 34.6
(CH,CH,CO,), 39.6 (methane-CH,), 51.3 and 51.7 (2 X
OCH,), 105.7 (C-3,-4), 113.8 (C-5"), 109.5, 121.9, 125.6 and
127.7 (C-2,-5,-2°,-3’,-4"), and 171.9 and 173.4 (2 x CO,);
mle 332 (44%, M*) and 238 (100, M+ — C4H,N).
4’-(2-Carboxyethyl)-3'-carboxymethyl-2,5-dimethyl-1,2'-
dipyrrolylmethane (16) and [*5N,13C,] Labelled Material (16c).
—The foregoing dimethyl ester (50 mg) was suspended in
aqueous potassium hydroxide (0.5 ml) and argon was passed
through for 1 min. The container was sealed and heated at
70 °C for 10 min after which the solution was evaporated
under argon. The residue was dissolved in water (0.8 ml)
plus deuterium oxide (0.1 ml) and the 3C n.m.r. spectrum
run: 3y 14.1 (2 x pyrrole-CHj;), 24.3 (CH,CH,CO,), 34.8
(CH,CO,), 40.6 (CH,CH,CO,), 42.0 (methane-CH,), 107.2
(C-3,-4), 116.4 (C-5"), 115.8, 125.3, 128.1 and 131.9 (C-2,-5,-
2’,-3’,-4"), and 183.5 and 184.8 (2 x CO,).
[amino-15N,2,11-13C,1PBG methyl ester, described later
(97 atom 9, 5N, 10 atom 9, 13C, 10.0 mg), was hydrolysed
in aqueous 2M-potassium hydroxide (0.10 ml) in the usual
way and the solution was adjusted to pH 11 with 3m-
hydrochloric acid. The residue from evaporation. was
heated for 2 h in methanol (0.30 ml) containing water (0.05
ml) and hexane-2,5-dione (7.6 mg, 1.5 equiv.). Evaporation
of the solution then gave a residue of the [15N, 13C,]labelled
compound (16c) which was dissolved in deuterium oxide
(0.10 ml) and 0.5M-potassium hydroxide (to 0.90 ml) for
1BC n.m.r. as above. The bridge methylene, 8y 42.0,
appeared as a doublet with 1J(13C-15N) 10 Hz.
4'-(2-Methoxycarbowylethyl)-3'-methoxycarbonylmethyl-2-
methyl-4-ethoxycarbonyl-1,2’-dipyrrolylmethane (18) and the
Corresponding Tricarboxylic Acid (19) (with Dv. A. Pfennin-
ger)—PBG lactam ester (111 mg, 0.5 mmol) was hydrolysed
as above in aqueous 2N-potassium hydroxide (1 ml, de-
gassed) under argon. The pH of the solution was adjusted
to 9 with 2n-hydrochloric acid and the keto-aldehyde 13 (17)
(110 mg, 0.64 mmol) in ethanol (1.5 ml) was added. After
the mixture had been stirred at 20 °C for 1 h, the pH was
adjusted to 2 and the collected precipitate was washed with
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water. This product in acetone (5 ml) and methanol (5 ml)
was treated with an excess of diazomethane to yield the
pyrrole ester which was purified by chromatography on silica
using ether and crystallisation at —20 °C from ether-
hexane, m.p. 77.5—78.5 (84 mg, 43%,) (Found: C, 61.4; H,
6.7; N, 7.2. CyoH,N,O4 requires C, 61.5; H, 6.7; N,
7.2%),8g 1.25 (3 H, t, J 7 Hz, CH,CH,), 2.09 (3 H, s, CH,),
2.33—2.93 (4 H, m, CH,CH,CO,), 3.38 (2 H, s, CH,CO), 3.62
(6 H,s, 2 x OCH,), 4.18 (2 H, q, J 7 Hz, CH,CH,), 4.89 (2
H, s, N-CH,), 6.25 (1 H, d, J 1.8 Hz, pyrrole-H), 6.44 (1
H,d, J 2.5 Hz, pyrrole-H), 7.06 (1 H, d, J 1.8 Hz, pyrrole-H),
and 8.05 (1 H, br, NH); 35173.6 (s), 172.0 (s), 164.9 (s), 129.7
(s), 125.5 (d), 123.5 (s), 121.9 (s), 115.4 (d), 114.6 (s), 112.4
(s), 108.4 (d), 59.5 (t), 51.9 (q), 51.5 (q), 42.8 (t), 34.8 (t), 29.9
(t), 20.6 (t), 14.5 (q), and 11.8 (q).

This ester (18) (80 mg, 0.21 mmol), suspended in degassed
2N-sodium hydroxide (0.6 ml), was warmed briefly until
complete dissolution occurred; this solution was then kept
at 20 °C for 60 h under argon. The residue from freeze
drying the solution was dissolved in D,O for n.m.r. spectro-
scopic purposes (below) and was subsequently acidified to
PH 4 to precipitate the crystalline triacid, m.p. 188—189 °C
(decomp.), 8 2.17 (3 H, s, CH,;), 2.25—2.80 (4 H, m,
CH,CH,CO), 3.35 (2 H, s, CH,CO), 5.00 (2 H, s, N-CH,), 6.21
(1 H, br, pyrrole-H), 6.63 (1 H, s, pyrrole-H), and 7.17 (1 H,
d, J 2 Hz, pyrrole-H); 3y 184.7 (s), 183.5 (s), 176.3 (s), 132.9
(s), 127.6 (d), 126.7 (s), 124.9 (s), 121.6 (s), 117.3 (s), 117.2
(d), 109.9 (d), 44.7 (t), 40.6 (t), 34.9 (t), 24.9 (t), and 13.6 (q).
‘When the 3C spectrum was determined with irradiation at
3y 5.00, the signal at 8y 44.7 became a singlet.

[Amino-15N,2,11-18C,] Porphobilinogen  Lactam  Methy!l
Ester (3-Methoxycavbonylethyi-1,4,6,7-tetrahydropyrrolo[2,3-c]-
pyridin-5-one).—A solution of 2-[13C]formyl-4-(2-methoxy-
carbonylethyl)-3-methoxycarbonylmethyl[5-1*C]pyrrole ¢
(7) (10.2 mg, 0.04 mmol) and the corresponding unlabelled
material (91.1 mg, 0.36 mmol) in methanol (3 ml) containing
[*8N]hydroxylamine hydrochloride (97.4 atom 9, 35.5 mg,
0.50 mmol) and sodium acetate (41 mg) was heated under
reflux for 0.75 h to yield the oxime. Adams’ catalyst (90
mg) and additional methanol (7 ml) were then added to the
mixture which was then stirred under hydrogen at 25 °C
for 24 h and then evaporated. A solution of the residue in
methanol-chloroform (1:19) was_filtered and chromato-
graphed on silica (3 g), using the same solvent mixture as
eluant, to give the title lactam, 97 atom 9, N and 10 atom
% 18C (31.4 mg, 389%,) as flakes, m.p. 247.5—249 °C, from
chloroform-hexane; it was identified by comparison with
authentic unlabelled material.*

Benzyl  4-Acetyl-3-(2-ethoxycarbonylethyl)-5-methyl[V*N]-
pyrrole-2-carboxylate (20) —Sodium [*5N]nitrite (99 atom %,
350 mg) was added during 20 min to a stirred mixture of 1-
benzyloxycarbonyl-4-ethoxycarbonylbutan-2-one (1.39 g),
acetic acid (2 ml), and water (0.6 ml) at 0 °C. After 20 h at
room temperature, this solution, and a mixture of zinc dust
(2 g) and ammonium acetate (2 g), were added simultane-
ously to a vigorously stirred solution of pentane-2,4-dione
(0.75 g) in acetic acid (2 ml) at 90—100 °C. After 1 h at
this temperature, the mixture was poured into water (100
ml) and the product extracted into ether (100 ml and 2 x 50
ml). The ether extracts were washed (water, 100 ml;
aqueous 0.5M-sodium hydroxide, 100 ml; water, 2 x 50 ml)
and worked up to give a residue which was purified by chro-
matography on silica (15 g) with ether (0—309%,) in dichloro-
methane-hexane (1:1); the major fraction afforded the
title pyrrole (20) (1.24 g, 699%,) as plates, m.p. 98—99 °C and
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subsequently at 104.5—105 °C (from dichloromethane—
ether—hexane). It was identical (apart from the isotope)
with authentic unlabelled material; this also holds for the
pyrroles (21), (22), (23), and (24) below (Found: M*,
358.1545. C,0H,;®NO; requires M, 358.1546), 3 1.21 (3 H,
t, J 7.1 Hz, OCH,CH,), 2.44 (3 H, s, COCH,), 2.50 (3 H, d,
3] 3 Hz, ®*NCCH,), 2.51 (2 H, m, CH,CH,CO,), 3.38 (2 H, m,
CH,CH,CO,), 4.08 (2 H, q, J 7.1 Hz, OCH,CH,), 5.31 (2 H,
s, CH,Ph), 7.36 (56 H, s, C¢H;), and 9.05 (1 H, d, J 97.1 Hz,
1BNH); mfe 358 (1009, M™), 313 (25, M+ — C,H,0), 284
(24), 271 (34), 270 (20), 267 (40, M* — C,H,), 225 (36), 221
(49), and 207 (32).

Benzyl 3-(2-Methoxycarbonylethyl)-4-methoxycarbonyl-
methyl-5-methyl[V¥N]pyrrole-2-carboxylate (21).—The fore-
going labelled acetylpyrrole (1.23 g) in methanol (15 ml) was
treated with a solution of thallium(rr) nitrate trihydrate 25
(1.62 g) in methanol (5 ml) containing nitric acid (17m; 0.1
ml). After 48 h at room temperature, the precipitated
thallium(1) nitrate was filtered off and washed with meth-
anol, and the filtrate was diluted with water (100 ml). The
product was extracted into dichloromethane (4 x 50 ml),
washed with water (2 x 50 ml), recovered by evaporation,
and chromatographed on silica (7 g) using ether (0—109)
in dichloromethane-hexane (1:1). It crystallised from
ether-hexane to give the labelled pyrrole (21) (1.21 g, 94%,)
as needles, m.p. 78.5—80 °C (Found: M™, 374.1487.
CooH3®NOg requires M, 374.1495); 87 2.21 (3 H, d, 3] 2.6
Hz, NCCH,), 2.51 (2 H, m, CH,CH,CO,), 3.02 (2 H, m,
CH,CH,CO,), 3.42 (2 H, s, CH,CO,), 3.61 and 3.66 (each 3 H,
s, 2 X OCH,), 5.27 (2 H, s, CH,Ph), 7.36 (5 H, s, C¢Hj), and
8.74 (1 H, d, J 97 Hz, ®NH); 3; 11.4 (d, 2] 1.8 Hz, 5-CH,),
20.5(d, 3] 0.9 Hz, CH,CH,CO,), 29.5 (d, 3] 1.6 Hz, CH,CO,),
34.6 (CH,CH,CO,), 51.2and 51.7 (2 x OCH,), 65.6 (CH,Ph),
114.0 (d, 2] 4.3 Hz) and 130.4 (d, 2] 4.5 Hz) (C-3,-4), 116.4
and 131.3 (each d, J 15.0 Hz, C-2,-5), 127.8 (2C), 127.9
(1C) and 128.2 (2C) (phenyl C-2,-3,-4,-5,-6), 135.8 (phenyl
C-1), 160.4 (d, ] 2.7 Hz, ’NCCO,), 171.8 and 173.2 (2 X
CO,); mfe 374 (57%, M¥), 342 (8), 316 (21), and 283 (100,
M* — CH,).

Benzyl  5-Formyl-3-(2-methoxycarbonylethyl)-4-methoxy-
carbonylmethyl[VN]pyrrole-2-carboxylate {as (22), no 13C].—
The 5-methylpyrrole (21) (748 mg) was chlorinated with
sulphuryl chloride (567 mg, 2.1 equiv.) in dichloromethane
(14 ml) and then hydrolysed in the usual way.* The
product was chromatographed on silica (5 g) using ether
(0—309,) in dichloromethane and recrystallised from ether-
hexane to give the labelled pyrrolealdehyde (699 mg, 90%,) as
colourless prisms, m.p. 78—79 °C (Found: M+, 388.1284.
CyoHj, 1°NO;, requires M, 388.1288); 8§ 2.55 (2 H, m, CH,-
CH,CO,), 3.04 (2 H, m, CH,CH,CO,), 3.61 and 3.69 (each
3 H, s, 2 x OCH,), 3.82 (2 H, s, CH,CO,), 533 (2 H, s,
CH,Ph), 7.38 (5 H, s, C¢H;), 9.64 (1 H, d, J 99.7 Hz, 15NH),
and 9.76 (1 H, d, 3] 2.4 Hz, ’NCCHO); m/e 388 (24%,, M),
357 (8), 356 (8), 329 (10), 328 (8), 297 (19, M+ — C,H,), 269
(100, M* — C,H,, CO), and 265 (96, M+ — C,H,,CH,0).

Benzyl 3-(2-Methoxycarbonylethyl)-4-methoxycarbonyl-
methyl[VN]pyrrole-2-carboxylate—The  foregoing  [1¥N]-
labelled aldehyde (694 mg) was decarbonylated as earlier ¢
with tris(triphenylphosphine)rhodium (1) chloride (1.737 g,
1.05 equiv.) in toluene (75 ml). Chromatography of the
product on silica (15 g), using dichloromethane-petroleum
(1:1) containing ether (0—109%) as eluant, followed by
recrystallisation from ether-hexane afforded the o-free
pyrrole (566 mg, 889%,) as needles, m.p. 55—57 °C (Found:
M+, 360.1331. C,,H,,8NO4 requires M, 360.1339); & 2.52
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(2 H, m, CH,CH,CO,), 3.01 (2 H, m, CH,CH,CO,), 3.49 (2 H,
s, CH,CO,), 3.61 and 3.67 (each 3 H, s, 2 X OCH,), 5.29
(2 H, s, CH,Ph), 6.83 (1 H,dd, 2] 4.1 Hz, 3] 3.1 Hz, HC!N-
H), 7.36 (5 H, s, C;H;), 8.92 (1 H, dd, 1] 98.3 Hz, 3] 3.1 Hz,
HCBNH); mfe 360 (27%, M™), 329 (14), 328 (30), 301
(24), 269 (100, M+ — C,H,), 237 (97, M* — C,H,,CH,0),
and 209 (62).

Benzyl  5-[V3C)Formyl-3-(2-methoxycarbonylethyl)-4-meth-
oxycarbonylmethyl[VNpyrrole-2-carboxylate (22).—The
labelled a-free pyrrole (560 mg) was formylated, as earlier,*
with dimethyl[*C}formamide (90 atom 9, 173 mg, 1.50
equiv.) and phosphoryl chloride (358 mg) in acetonitrile
(2.5 ml). After 3.5 days at room temperature, work-up as
before ¢ afforded a product which was purified by chro-
matography on silica (5 g), using dichloromethane—petro-
leum (1:1) containing ether (0—209%) and by recrystal-
lisation from ether-hexane to give the doubly labelled alde-
hyde (22) (540 mg) as prisms, m.p. 79—80 °C. P.lc. of
mother liquors and mixed fractions raised the yield to 576
mg (95%) (Found: M™, 389.1315. 13C12C, H,, ’NO, re-
quires M, 389.1322), 8y 2.54 (2 H, m, CH,CH,CO,), 3.03
(2 H, m, CH,CH,CO,), 3.61 and 3.69 (each 3 H, s, 2 X
OCH,), 3.82 (2 H, s, CH,CO,), 5.32 (2 H, s, CH,Ph), 7.38
(5H,s,C¢H;),9.64 (1 H,dd, 1] 99.6 Hz, 3] 0.9 Hz, H*NC13-
CHO), 9.76 (1 H, dd, 'J 179 Hz, 3] 2.2 Hz, HISNCI3CHO);
8c 179.1 (d, 2J 1.9 Hz, BNCBCHO); m/e 389 (169,, M*),
358 (6), 357 (10), 330 (10), 329 (5), 298 (15), 270 (100, M+ —
C,H,,CO), and 266 (88, M+ — C,H,, CH,O).

2-[BC]Formyl-5-i0do-4-(2-methoxycarbonylethyl)-3-meth-
oxycarbonylmethyl[\¥>N]pyrrole.—The  foregoing  doubly
labelled pyrrole (22) (5670 mg) was debenzylated as earlier ¢
to give the corresponding acid (389 mg, 889%,) as colourless
flakes, m.p. 134—136 °C (Found: M™, 299.0826. 13C12C,,-
H,,’NO, requires M, 299.0852); 3 (CD,0OD), 2.54 (2 H, m,
CH,CH,CO,), 3.01 (2 H, m, CH,CH,CO,), 3.61 and 3.67
(each 3 H, s, 2 x OCHjy), 3.88 (2 H, s, CH,CO,), and 9.72
(1 H, br dd, 1J 177 Hz, 3] 1.0 Hz, 1’NC®?CHO).

A solution of iodine (377 mg) and potassium iodide (456
mg) in water (8 ml) was added during 1 min to a refluxing,
vigorously stirred mixture of the foregoing carboxylic acid
(383 mg), sodium hydrogen carbonate (310 mg), ethanol-free
chloroform (9 ml), and water (5 ml). Five minutes later,
the mixture was worked-up in the usual way* and the
product chromatographed on silica (5 g) using ether (0—
209%,) in dichloromethane—petroleum (1:1). Appropriate
fractions were recrystallised from ether-hexane to give the
sodopyrrole (383 mg, 789%,) as needles, m.p. 103—104.5 °C
(Found: M™, 380.9909. 13C12C H,,I'SNO; requires M,
380.9921); 32.63 (4 H, m, CH,CH,CO,), 3.67 and 3.70 (each
3 H, s, 2 x OCH,), 3.80 (2 H, s, CH,CO,), 9.43 (1 H, dd,
17177 Hz, 3] 2.6 Hz, 1sNC13CHO), 9.50 (1 H, d, J 100.2 Hz,
I1BNH); mfe 381 (27%,, M), 350 (10), 349 (11), 262 (18),
and 254 (100, M " — I).

2-[18C] Formyl-4-(2-methoxycarbonylethyl)-3-methoxycar-
bonylmethyl[WN]pyrrole (23). A mixture of the foregoing
iodopyrrole (381 mg), sodium acetate (400 mg), Adams’
catalyst (50 mg), and methanol (25 ml) was stirred under
hydrogen for 40 min. The product was isolated as earlier ¢
and purified by chromatography on silica (5 g), using ether
(0—409%,) in dichloromethane-hexane (1:1), and by re-
crystallisation from ether-hexane to give the a-free doubly
labelled aldehyde (23) (241 mg, 94%,) as needles, m.p. 97.5—
98.5 °C (Found: M™, 255.0949. 13C12C ,H,,15NO; requires
M, 255.0954); 8g 2.67 (4 H, m, CH,CH,CO,), 3.66 and 3.69
(each 3 H, s, 2 x OCHjy), 3.75 (2 H, s, CH,CO,), 6.90 (1 H, br
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dd, 2] 3.7 Hz, 3] 3.1 Hz, HSNCH), 9.45 (1 H, ddd, 1] 98.5
HZ, 3]HIBN‘OH 3.1 HZ, 3]H“NG“O 0.7 HZ, 1"’;NI'I), 9.62
(1 H,ddd, ] 174.9 Hz, 2] 2.5 Hz, 5] 0.9 Hz, HCSNC¥CHO);
3¢ 177.6 p.p.m. (d, 2J 2.3 Hz, SNCBCHO); m/e 255 (26%,
M), 223 (19), 196 (32), 195 (31), 173 (26), 172 (20), 136 (48),
124 (60), 107 (100), 106 (17), and 105 (33).

[1-3N, 11-18C)Porphobilinogen Lactam Methyl Ester (24).—
A mixture of the foregoing aldehyde (23) (102 mg), hydroxy-
lamine hydrochloride (42 mg, 1.5 equiv.), sodium acetate (50
mg), and methanol (2 ml) was stirred at room temperature
for 2h. The product was extracted with methylene chloride
and recrystallised from chloroform-hexane to give the oxime
devivative (107 mg, 99%,) as needles, m.p. 127.5—128.5 °C
(Found: M™, 270.1046. 13C12C,;H,15’N¥NO, requires M,
270.1063); m/e 270 (1009, M), 254 (30), 253 (48), 252 (14),
238 (23), 211 (40), 201 (15), 197 (36), 195 (15), 193 (43), 189
(11), 179 (74), 178 (14), and 173 (45).

The oxime (105 mg) in methanol (25 ml) was hydrogen-
ated over Adams’ catalyst (50 mg) for 20 h. Chloroform
(50 ml) was added to dissolve the precipitated lactam, the
filtered solution was evaporated, and the residue chromato-
graphed onssilica (5 g), using methanol (5%,) in chloroform as
eluant. Recrystallisation of appropriate fractions from
chloroform-hexane gave the doubly labelled lactam (24)
(40.2 mg, 46.2%,) as flakes, m.p. 248-—249 °C (Found: M,
224.1002. 13C2C,H,,’N¥NO,; requires M, 224.1008);
3 (400 MHz) 2.55 (2 H, t, J 7.6 Hz, CH,CH,CO,), 2.72 (2 H,
t, J 7.6 Hz, CH,CH,CO,), 3.41 (2 H, t, J 3.4 Hz, CH,CONH),
3.66 (3 H, s, OCHj,), 4.48 (2 H, br dd, !/ 140 Hz, 3] 2 Hg,
IBNC13CH,) 5.93 (1 H, br, B¥CH,NH), 6.55 (1 H, m,
pyrrole-H), and 7.71 (1 H, dd, !J 96 Hz, 2] 3 Hz, H*NCH);
mfe 224 (1009, M*), 223 (81), 151 (76), 122 (72),and 121 (54).

[1-15N,11-18C]Porphobilinogen (1b).—The lactam methyl
ester (24) (2.0 mg) was hydrolysed in aqueous 2M-potassium
hydroxide (0.10 ml) in the usual way (5 min at 70 °C, 16 h at
25 °C) and the resulting solution of the labelled PBG was
diluted with deuterium oxide (0.05 ml), dioxan (0.01 ml), and
water (to 0.9 ml) for examination by 3C n.m.r. spectroscopy;
3¢ 38.4 (d, 2] 2.2 4 0.2 Hz, sNC3CH,NH,).

The solution was adjusted to pH 8.3 with 1M-phosphoric

+
acid to give §; 37.4 (d, 2J 2.4 Hz, 3NCI3CH,NH,).

Formation of Hydroxymethylbilane (5¢) from [1-15N,11-13C]-
Porphobilinogen (1b).—The deaminase used in the following
experiments had been purified 2° to specific activity above
20 000 units/mg; four runs were carried out.

(@) [1-15N,11-133C]Porphobilinogen lactam methyl ester
(24) (1.5 mg) was hydrolysed in the usual way (50 ul of 2M-
alkali) and the resulting solution of [1-15N,11-13C]PBG (1b)
after adjustment to pH 8.25, was incubated at 37 °C with
deaminase (25 000 units) in 0.2m-phosphate buffer, pH 8.25
(total volume, 0.8 ml). After 7 min, when PBG consump-
tion exceeded 909, sodium hydroxide (20 mg), deuterium
oxide (0.1 ml) and dioxan (5 pl) were added and the 13C
n.m.r. spectrum was recorded over 5 h at 37 °C: §; (partial
spectrum) 57.2 [d, 2] 2.3 + 0.2 Hz, BNCBCH,0OH of
hydroxymethylbilane, (5c¢)].

(b) The previous experiment was repeated but no sodium
hydroxide was added at the end of the incubation. The
13C-n.m.r. spectrum was recorded over 1.75 h at 20-25 °C:
3¢ (partial spectrum) 57.1 [d, %] 2.3 Hz, NC3CH,OH of
hydroxymethylbilane (5¢)].

(c) Experiment (b) was repeated (29 000 units of deamin-
ase) and the 13C n.m.r. spectrum was recorded at 3—4 °C
(measured in the tube with the decoupler on). The doublet
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from the hydroxymethyl group was broader than in the
higher temperature runs and hence the signal-to-noise
ratio was poor; the coupling constant was estimated to be
2 Hz (minimum) to 2.5 Hz (maximum).

(@) [1-18N,11-3C]PBG (from 4.5 mg of lactam methyl
ester) was mixed at 0 °C with deuterium oxide (50 pl) and
deaminase (90 000 units) in 0.04 M-pyrophosphate buffer,
pH 8.25 (total volume 0.95 ml). After 2 h at this tempera-
ture, the solution was transferred to the n.m.r. spectrometer
at 3—4 °C but a spectrum recorded between 3.75 and 4.25 h
after mixing indicated that only 259, of the PBG had been
consumed. This figure increased to 359, in the next 2.25 h,
but the uro’gen signal was now larger than that from the
bridge methylenes of the bilane (5¢). The probe tempera-
ture was therefore increased to 13 °C for 80 min and then re-
turned to 3—4 °C. A spectrum accumulated over 2 h
showed the signal from the hydroxymethyl group at § 57.2,
as a doublet, 2] = 2.4 4+ 0.2 Hz.

Computer Assisted Manipulation of the N.m.r. Data
Devived from the [VN,13C]Labelled Hydvoxymethylbilane (5¢)
(with Dy. R. G. Brereton).—The Free Induction Decays
(FIDs) from experiments (a) (b) and (d) above, were trans-
ferred via punched paper-tape from the Varian 620-L mini-
computer to the Cambridge IBM 370/165 mainframe
machine. The procedure used in each case is described
for the spectrum from experiment (d).

The 8 K FID, which was recorded over a spectral width of
2 500 Hz (1.6 s acquisition time) was first trapezoidally
apodized from 1.4to1.6s. After exponential multiplication,
with a time constant of —1 s, the FID was zero filled to 16 K
data points (3.2 s) and then Fourier transformed. A region
of the resulting frequency domain spectrum 78 Hz wide
which included the doublet from the hydroxymethyl group
was inverse transformed and after the pseudo FID had been
trapezoidally apodized from 1.4 to 1.6 s, it was multiplied by
a sine bell function of the form sin (360 Ft + ¢).26 In this
case, F (frequency) was 0.7 Hz and ¢, the phase shift, was
set at 10°; the FID was then zero filled to 13 s (0.08 Hz/data
point) and Fourier transformed. After phasing, a 25 point
Golay smoothing function, of order 3, was applied and to
improve presentation, the spectrum was squared. The
resulting doublet (Figure 5) had 2] 2.44 { 0.08 Hz. This
coupling ranged between 2.35 and 2.48 Hz when the sine
bell frequency and the number of points in the Golay
smoothing operation were varied.

Benzyl 5’-Formyl-4,3'-di(2-methoxycarbonylethyl)-3,4'-
bismethoxycarbonylmethyl-2,2'-methylenedipyrrole-5-carboxy-
late 27 (26).—A solution of the pyrromethane ! (25) (7 g) in
dry nitromethane (20 ml) was treated at — 15 °C with boron
trifluoride—diethyl ether 28 (1 ml) under nitrogen. After
the mixture had been stirred at — 15 °C for 1 h, it was diluted
with acidified water (20 ml) and the product was extracted
into dichloromethane (3 X 10 ml) and washed with water.
This acid crystallised from dichloromethane-diethyl ether—
hexane to give benzyl 5'-formyl-4,3'-di(2-methoxycarbonyl-
ethyl)-3,4"-bismethoxycarbonylmethyl-2,2’-methylenedipyrrole-
5-carboxylic acid as needles (4.03 g, 63%), m.p. 160—161.5 °C
(Found: C, 59.9; H, 5.8; N, 4.2. C3Hj3N,0,, requires C,
60.0; H, 5.7; N, 4.4%), m/e 596.2385, M* — CO, requires
596.2400, 5 10.73 (1 H, s, NH), 10.49 (1 H, s, NH), 7.37 (5 H,
Ph), 5.31 (2 H, s, CH,Ph), 3.99 (2 H, s, pyrrole-CH,-
pyrrole), 3.85 (2 H, s, CH,CO), 3.75, 3.71 (each 3 H, s, OCH,),
3.62 (8 H, 20CH,, CH,CO), and 2.40—3.01 (8 H, m, CH,-
CH,).

A solution of the foregoing acid (4.8 g) in dichloromethane
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(100 ml) was mixed with a solution of toluene-p-sulphonic
acid (2.7 g) in methanol (15 ml) and stirred under nitrogen
for 20 h at 20 °C in the dark. The resultant red solution was
treated with sodium borohydride (0.6 g) in ethanol (3 ml)
and kept until it was pale yellow. Water (100 ml) was
then added followed by ammonia solution (d 0.88) until the
solution was alkaline after which the product was extracted
into dichloromethane and recovered as a gum by evapor-
ation.

This was dissolved directly in dry N,N-dimethylforma-
mide (30 ml), benzoyl chloride (3 ml) was added, and the
solution was stirred under nitrogen at 20 °C for 2 h. The
mixture was then partitioned between 109, aqueous sodium
carbonate and dichloromethane and the product from the
combined, washed organic layers was crystallised from
dichloromethane-diethyl ether-hexane to yield the formyi-
pyrvomethane (26) (3.4 g, 72%), m.p. 119—120.5 °C (lit.,??
120—121 °C), m/e 624.2276, C,,H,,N,0,, requires 624.2319,
39.92 (1 H,s, NH), 9.60 (1 H, s, CHO), 7.36 (56 H, Ph), 5.28
(2 H, CH,Ph), 4.01 (2 H, s, pyrrole-CH,-pyrrole), 3.84, 3.71,
3.65, and 3.56 (each 3 H, s, OCHj), 3.76 and 3.61 (each 2 H,
s, CH,CO), and 2.44—3.13 (8 H, m, CH,CH,).

5'-Formyl-4,3"-di-(2-methoxycarbonylethyl-3,4"-bismethoxy-
carbonylmethyl-2,2’-methylenedipyrrole (29).—A solution of
the foregoing formylpyrromethane (2.23 g) in tetrahydro-
furan (20 ml) and triethylamine (1 ml) was shaken with 109
palladium on charcoal (40 mg) and hydrogen under ambient
conditions until uptake ceased. The filtered solution was
evaporated and the residue was recrystallised from aqueous
methanol to yield the acid (27) as prisms (1.49 g, 759,), m.p.
196-—196.5 °C, m/e 505 (M* — CO,).

A solution of this acid (0.1 g) in a mixture of dichloro-
methane (1.5 ml) and water (1 ml) containing sodium
hydrogen carbonate (0.1 g) was vigorously stirred while a
solution of iodine (55 mg) and potassium iodide (56 mg) in
water (0.5 ml) was added dropwise during 2 min. The
excess of iodine was then removed by addition of sodium
metabisulphite and the product was extracted with dichloro-
methane. Itwaschromatographed onsilica firstin dichloro-
methane followed by dichloromethane-diethyl ether (1 : 19)
and the pure iodopyrromethane (28) was crystallised from
diethyl ether-hexane (79 mg, 699%), m.p. 132.5—134 °C
(Found: M, mje 616.0913, C,,H,IN,O, requires M,
616.0918), 3 10.4 (1 H, s, NH), 9.61 (1 H, s, CHO), 9.32 (1 H,
s, NH), 3.93 (2 H, s, pyrrole-CH,-pyrrole), 3.85, 3.73, 3.72,
and 3.71 (each 3 H, s, OCH,), 3.78 and 3.60 (each 2 H, s,
CH,CO), and 2.53—2.86 (8 H, m, CH,CH,).

A solution of the iodopyrromethane (0.2 g) in methanol
(10 ml) and triethylamine (0.5 ml) was shaken with Adams’
platinum oxide (20 mg) and hydrogen at ca. 760 mm/20 °C
until uptake ceased (45 min). The solution was filtered,
109, aqueous sodium carbonate (10 ml), and sodium chloride
(0.3 g) were added and the product was extracted into di-
chloromethane. The recovered pyrromethane (29) crystal-
lised from dichloromethane-diethyl ether-hexane as prisms
(0.11 g, 729%), m.p. 101—102 °C (Found: C, 58.5; H, 6.3;
N, 5.5%; M™*, mje 490.1940. C,,H,,N,O, requires C, 58.7;
H,6.2; N,5.7%; M*, 490.1951),v_ 314nm; §9.59 (1 H,
s, CHO), 8.77 (1 H, s, NH), 6.48 (1 H, d, pyrrole-H), 3.93
(2 H, s, pyrrole-CH,-pyrrole), 3.83, 3.72, 3.70, and 3.67
(each 3 H, s, OCH,), 3.78 and 3.55 (each 2 H, s, CH,CO), and
2.50—2.88 (8 H, m, CH,CH,).

Enzymic Studies with the Hydvoxymethylpyrromethane
(31).—(a) Studies on type-isomers formed. A suspension of
the foregoing pyrromethane ester (29) (50 mg) was stirred at
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20 °C under nitrogen for 6.5 h with 2N-potassium hydroxide
(0.5 ml). Sodium borohydride (40 mg) was added to the
clear solution which was then stirred for 1 h after which there
as no significant absorbance at 314 nm. The mixture was
then adjusted to pH 8 with 1m-potassium dihydrogen phos-
phate (9.5 ml) and four aliquots [0.5 ml, containing 2.2 mg
of hydroxymethylpyrromethane (31)] were each incubated
at 37 °C in 0.2 M-phosphate buffer (0.95 ml), pH 8 which was
6 mm with respect to EDTA, with the following additions:
(i) with 50 mm-phosphate buffer pH 8.25 (0.45 ml) and 15
mwM-Tris buffer, pH 8.9 (1 ml); (ii) with deaminase
(16 300 units in 0.45 ml) and 15 mMm-Tris buffer (1 ml), pH
8.9; (iii) with deaminase (16 300 units in 0.45 ml) and a
solution of an excess of cosynthetase (1 ml); (iv) with cosyn-
thetase solution (1 ml) and 50 mm-phosphate buffer pH
8.25 (0.45 ml).

The four incubations were run for 1.75 h and then worked
up and analysed for content of isomeric porphyrins in the
way already described. The results are collected in Table 1,
experiments 1—4.

(b) Kinetic studies. Four further experiments were car-
ried out with a fresh preparation of hydroxymethylpyrro-
methane (31). Four aliquots of the solution of this material
in 2N-potassium hydroxide [0.1 ml containing 0.68 mg of
(31)] were each mixed with 2m-phosphate buffer, pH 8.25
(1.4 ml) and bovine serum albumin (10 mg) in the same
buffer (0.5 ml) containing 3n~-hydrochloric acid (9.4 ul).
These were incubated at 37 °C with the following additions:
(i) water (0.1 ml); (ii) water (0.09 ml) and cosynthetase
solution (10 pl); (iii) cosynthetase solution (0.1 ml); and
(iv) cosynthetase solution (1.6 ml). Samples (50 pl) were
taken after 30 s and 3, 5, 10, 15, 22, 30, 40, 55, and 76 min
and these were analysed as usual for uro’gen content and
for the type-isomers produced. Runs (i)—(iii) were the
comparable ones for kinetic analysis. The results on isomer
analysis are collected in Table 2, experiments 5—S8.

Synthesis of Hydroxymethylbilane

1-Formyl-3,8,13,18-tetra-(2-methoxycarbonylethyl)-2,7,12.-
17-tetvakismethoxycarbonylmethylbilane (35).—Sodium boro-
hydride (20 mg) was added during 2 min to a stirred solution
of the above 5-formyl-3,4’-di(2-methoxycarbonylethyl)-
4,3’-bismethoxycarbonylmethyl-2,2’-methylenedipyrrole
(29) (20 mg) in methanol (0.5 ml) containing triethylamine
(3 drops). Five minutes later, dichloromethane (5 ml) was
added and the solution was washed with dilute brine (3 X
2 ml). Evaporation of the dried dichloromethane solution
gave aresidue of hydroxymethylpyrromethane (34) (one spot
on t.l.c.) which was redissolved in dichloromethane (2 ml)
containing triethylamine (2 drops) and used immediately in
the next step.

A solution of the same aldehyde (29) (60 mg) in dichloro-
methane (5 ml) containing acetic acid (1 ml) was stirred at
20 °C under argon and all the foregoing hydroxymethyl-
pyrromethane solution was added dropwise during 5 min.
Ten minutes later, the solution was washed with dilute brine
(20 ml) and carefully neutralised with solid sodium hydro-
gen carbonate; the organic phase was washed with water
(2 x 10 ml), dried, and evaporated with a stream of argon in
a Craig tube. Methanol (2 ml) was added to the residue
which was triturated and evaporated with argon. The
residue was resuspended in methanol (2 ml) and the solid
collected on a small plug of cotton wool in a Pasteur pipette.
After washing with methanol (3 x 1 ml) (the filtrate con-
tained all the excess of formylpyrromethane), the solid was
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washed through into a Craig tube with methanol-chloroform
(1:9). The residue from evaporation was triturated with
methanol (2 ml), centrifuged, and dried % vacuo to give the
formylbilane (35) (22 mg, 569%) as a glass which was
virtually pure by tl.c. (4% MeOH in CHCI,, green-brown
colour with bromine vapour). It was further purified by
p.lc. on silica, eluant methanol (5%) and triethylamine
(0.1%) in chloroform; the plate was run in the dark under
an atmosphere of argon. The product was recovered with
minimum exposure to air and further purified as above
using methanol to give 17.3 mg (44%,) of pale yellow solid,
m.p. 157-—160 °C (decomp.) (Found: M®*, 964.3975.
C4sHgoN,O,; requires M, 964.3953), v . 3 330br, 1 730, and
1643 cm™; A 312.5 nm; 3 2.26—2.94 (16 H, m, 4 X
CH,CH,CO,), 3.38 (4 H, 3.44 (2 H) (each s, 3 x CH,CO,),
3.56, 3.61, 3.64, 3.66, 3.68, 3.70, 3.72, 3.75, and 3.80 (32 H,
8 X OCH,, 3 x methane-CH, and CH,CO,), 6.38 (1 H,
d, J 2.1 Hz, pyrrole-H), 8.58 (1 H, br, p-ring NH), 9.04 and
9.22 (each 1 H, br, B,c-ring NH), 9.51 (1 H, s, CHO), and
9.80 (1 H, br, a-ring NH); m/e 964 (100%,, M*), 948 (16), 936
(15), 933 (11), 905 (14), 891 (15), 877 (10), 875 (9), 739 (20),
727 (58), 726 (38), 699 (45), and 698 (25).

3,8,13,18-Tetra-(2-carboxyethyl)-2,7,12,17-tetrakiscarboxy-
wmethyl-1-hydvoxymethylbilane (5) (The Hydvoxymethyl-
bilane).—(a) For spectroscopic study. The foregoing formyl-
bilane octamethyl ester (35) (37 mg) was suspended in
nitrogen-saturated aqueous 2M-potassium hydroxide (0.40
ml) and the mixture was kept in the dark at 70 °C for 15 min.
The cooled solution was treated with sodium borohydride
(20 mg) at 25 °C for 3 h, after which dioxan (0.002 ml),
deuterium oxide (0.050 ml), and water (to 0.90 ml) were
added. The resulting alkaline solution of the Aydroxy-
methylbilane (5) was examined by 'H decoupled 13C n.m.r.
spectroscopy (Figure 6): 3 23.7 (4 X CH,CH,CO,), 24.4
and 24.6 (3 x pyrrole-CH,-pyrrole), 35.4 (4 x CH,CO,),
40.8 (1C) and 41.8 (3C) (4 x CH,CH,CO,), 57.1 (CH,OH),
115.6 (C-19), 115.2, 115.9, 118.0, 119.9, 120.4, 124.7, 126.4,
127.0, 128.0, 128.4, 128.7, 128.9, 129.0, and 130.3 (15 X
ring-C), 184.0 (1C), 184.4 (3C), 185.4 (3C), and 185.7
(1C) (8 x COy).

(b) For enzymic work. Sodium borohydride (20 mg) was
added during 2 min to a stirred solution of the formylbilane
octamethyl ester (35) (5.0 mg) in chloroform (0.5 ml) con-
taining methanol (0.2 ml) and triethylamine (3 drops).
Five minutes later, chloroform (2 ml) was added and the
solution was washed with dilute brine (3 x 1 ml). The
dried organic solution was then concentrated with argon (to
ca. 0.2 ml), diluted with methanol (2 ml), and concentrated
as before. The residue was re-suspended in methanol
(0.5 ml) containing triethylamine (2 drops); the solid was
then collected by centrifugation and dried in vacuo. As
soon as the resulting hydroxymethylbilane octamethyl ester
(36) had reached constant weight (3.5—4.0 mg, 70—809%,),
it was hydrolysed under argon in 2M-potassium hydroxide
(0.20 ml) for 16 h at 25 °C. The alkaline solution of the
hydroxymethylbilane (5) was then adjusted in pH as re-
quired for the enzymic experiments.

Enzymic Studies with the Hydvoxymethylbilane (5).—(a)
Studies on type-isomers formed. Hydroxymethylbilane (5)
(0.6 mg) prepared as above, was (i) incubated at 30 °C and
pH 8.25 in phosphate buffer (0.14m). Otherwise identical
incubates included (ii) deaminase (430 units) or (iii) cosyn-
thetase (90 units, as Table 3). Samples (50 ul) were taken
to determine the uro’gen present, by the standard method,
at intervals up to 30 min [(i) and (ii)] and 2 min (iii). At
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these times, the residual solutions were worked up and
analysed for content of isomeric porphyrins in the way al-
ready described. The results are in Table 2.

(b) Comparison of synthetic and natuval hydrvoxymethyl-
bilane (5). Natural hydroxymethylbilane (5) was generated
as described above. Typically, PBG (0.2 mg) was treated
with deaminase (14 000 units) in phosphate buffer (0.35
ml; 0.02 M) for 2 min at pH 8.25 and 37 °C. This solution
was either used immediately or the pH was adjusted to >12
by the addition of 5M-NaOH (25 pl). In the latter case,
the pH was adjusted back to 8.25 after 20 min at 37 °C by
addition of 1M-HCI (0.125 ml) and the buffer for the subse-
quent incubation.

To determine ¢, (chemical ring closure) hydroxymethyl-
bilane (5) (1 mg synthetic in 5 ml incubate), or natural
bilane (from 0.2 mg PBG in 1 ml incubate) was incubated at
37 °C and pH 8.25 in Tris-HCI buffer (0.25 m) and 50 pl
samples were removed to determine the rate of uro’'gen
formation by the standard method.

To examine the effect of cosynthetase on the uro’gen
isomers produced, incubations of synthetic (0.6 mg) or
natural (from 0.2 mg PBG, with and without alkali treat-
ment) hydroxymethylbilane (5) with cosynthetase (150
units/mg bilane equivalent) were as described for (iii) in the
previous section. Uro’gen production was monitored and
that present before the addition of cosynthetase (type-I) was
deducted before calculation of the percentage of type-Iil
produced by cosynthetase.

The determine ¥V for cosynthetase, five portions of
hydroxymethylbilane (5) (0.1 mg) were incubated at 25 °C
with cosynthetase (5 pl of enzyme preparation) in 0.5, 1.0,
1.5, 2.0, and 2.5 ml of Tris-HCl buffer (0.16m; pH 8.25), thus
producing a range of concentration of the bilane. Samples
corresponding to one tenth of each of these solutions (50,
100, 150, 200, and 250 pl, made up to 0.75 ml) were taken for
uro’gen determination at intervals up to 4 min. From each
initial experimental rate was subtracted the rate of chemical
formation of uro’gen from hydroxymethylbilane (5) (0.1 mg
in 0.5 ml same buffer). A similar experimental approach
was used for examining the effect of varying the concen-
tration of naturally produced hydroxymethylbilane (5) on
cosynthetase activity. There was no variation in the initial
enzymic rates so obtained, over the range of bilane concen-
trations studied and thus theenzyme was takentobeat V.,
in all cases. The results of these comparisons are shown in
Table 3.
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