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Biosynthesis of Uroporphyrinogen III from
Porphobilinogen. Resolution of the Enigmatic “Switch”
Mechanism

Sir:

A long-standing problem in the biosynthesis of the ubiq-
uitous porphyrins, which play a vital role in the architecture
of heme, chlorophyll, cytochrome ¢,! and vitamin B,,2 con-
cerns the fascinating mechanism!d whereby the combined
action of two enzymes, porphobilinogen deaminase and
modifying cosynthetase, transforms the monomeric pyrrole
(PBG, 1) to the unsymmetrical uroporphyrinogen (uro’gen)
III (2). In the type III structure one of the PBG units (ring
D) appears to have been “switched” with respect to a head-
to-tail polymerization sequence, an event which has given
rise to more than 20 published speculations® and some 200
experimental papers! designed to solve this mystery. The
stage has now been reached where the evidence for what
happens is secure; i.e., an inframolecular process (clearly
defined by the elegant kinetic work of Bogorad)* is respon-
sible for transforming four molecules of PBG to a mixture
of uro’'gens I and III and the liberation of 4 mol of ammo-
nia. Within the experimental error (ca. 10%) of a !3C
NMR experiment, the work of Battersby® has confirmed
not only the intramolecular nature of the switch mecha-
nism, but has rigorously defined the new location of the mo-
bile amino methyl carbon from C-11 of one PBG unit as it
finds its way into the vy position of protoporphyrin IX, ac-
cording to Scheme I. In order to recognize the timing and
nature of the mechanism, the use of specifically labeled di-
pyrrylmethanes has been undertaken recently in two labo-
ratories. According to the Cambridge group,® the dipyrryl-
methane (DPM) 3 serves as a good precursor for the type
III porphyrins via the linear bilane 4, and the spiro interme-
diate §; ie., the switch takes place after the head-to-tail
condensation of 4 PBG units. On the other hand, the Fryd-
mans’ work supports a mechanism in which “switching” oc-
curs at the first head-on encounter of two PBG molecules
under the influence of the deaminase-cosynthetase system
to afford the DPM 6 (Scheme II) followed by addition of
two more PBG units to complete the type III macrocycle.!d
Thus although both groups have secured evidence that ami-
nomethyldipyrrylmethanes are involved, different conclu-
sions were reached about the timing of the rearrangement
process, and it was clearly recognized- that verification of ei-
ther the Corwin (Scheme I) or Rimington-Johnson
(Scheme 11) hypothesis’ was fraught with an overwhelming
experimental difficulty associated with the in vitro chemis-
try of the DPM systems 3 and 6 which necessitates not only
subtraction of a chemical blank (up to 80% in some cases)
from the enzymatic yield, but also the development of ana-
lytical systems for the biologically irrelevant or “nonsense”
type IV porphyrins generated from 3.!! We have devised a
new approach toward the solution of this problem which, by
removing the in vitro chemistry of the aminomethyl side
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Scheme I. The Corwin Hypothesis4
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Scheme II. Rimington—Johnson Hypothesis
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chain, provides for the first time a clear mechanistic distinc-
tion between Schemes I and II and sets the stage for more
advanced enzymological studies.

Consideration of a mechanism such as that depicted in
Scheme II reveals that, although the reaction may be
deemed intramolecular in the chemical sense, i.e., via con-
certed rearrangement 7 — 6 (path A), the operation of en-
zymatic intramolecular transfer 7 — 8 — 6 (path B) can-
not be excluded. We were, therefore, led to a simple experi-
ment in which a /abeled sample of DPM 8!2.16 which has
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Table I
Percentage of total Ratio of porphyrin Ratio of radioactivity
Radioactivity in copro Radioactivity in  radioactivity? incorporated amounts formed found in
Experiments Il methyl ester, dpm ['4C]DPM 8, dpm into type III isomer copro Ill:copro I copro I1I:copro I
(I) PBG 11153 6.4 X 108 0.15 42:58 9:1
deaminase?
+ uro’gen
11
cosynthetase
(I11) Clostridium® 77 250 12.8 X 106 0.55 22:78 9:1
tetanomorphum
Cell free
(II1) P. shermaniic 150 680 17.7 X 108 0.89 ~100% type III
Whole cell

2 PBG deaminase and uro’gen III cosynthetase isolation, purification and incubation were carried out according to Bogorad’s proce-
dures.2'2:22 [ncubation mixture of final volume of 7 ml contains PBG, 1.2 mg in 1.2 ml of Tris-HCI buffer, pH 8.2, 0.1 M; {14C]DPM 8, .2 mg in
1.2 ml of Tris buffer; EDTA, 0.2 ml, 0.1 N; glutathione, 2 mg in 1.8 m! of Tris buffer; 2 ml of wheat germ enz/me fraction 40-50% (80 mg of pro-
tein/ml); 0.6 m! of PBG deaminase (8 mg/ml); incubated anaerobically at 30 °C for 3 h in the dark. # Incubation with crude enzymes of Clostridi-
um tetanomorphum in a final volume of 7 ml of Tris.HCI buffer, pH 8.2, 0.1 M, containing the same amounts of additives and substrates as in foot-
note g but with 2 ml of clostridium enzymes (45 mg of protein/ml). ¢ 5 mg of {**C]DPM (8) was used for feeding to P. shermanii bacteria (28 g,
wet cells) in 100 m! of phosphate buffer, pH 7.6, Y15 M, together with the following additives: CoCl,6H,0, | mg; DMBI, 25 mg; 50% glucose, 3.2
ml. The mixture was incubated anaerobically for 52 h, with seven adjustments of pH and addition of glucose, affording radioactive copro 1 and ra-
dioinactive vitamin B3.2% 4 In experiments a and b boiled enzyme controls using identical conditions and same amounts of additives and substrates
were run. Copro III isomer from the control experiments contains some radioactivity (ca. 10% that of copro III from the enzymic incorporation).
This blank was incorporated into the final calculation of total radioactive incorporation, and corresponds to post-incubation reactions of PBG and
DPM 8 at pH 3.5, 16 h, during the standard procedure of porphyrin extraction.

temporarily lost its aminomethyl *“head” could be ex-
changed with an identical molecule during operation of the
formal 1,3 (or 1,5) shift shown in Scheme II, path B. In
other words, the enzyme cleft may be “leaky” with respect
to exchange of the headless DPM 8 during the switching
mechanism!® (Scheme III). Accordingly, a synthetic sam-
ple'® of 14C-meso labeled DPM 8 was incubated with both
enzyme and whole cell preparations listed in Table I, in the
presence of PBG. After 1-3 h, the resultant porphyrin mix-
ture was analyzed by standard procedures2!-2? (conversion
to copro I and III methyl esters, crystallization to constant
radioactivity). The results (Table I) reveal that within the
accepted?® (10%) experimental error for separation of the
types III and I isomers, DPM 8 is indeed exchanged and is
specifically incorporated into uro’gen III in a selection of
organisms (P. shermanii, C. tetanomorphum, wheat germ),
thereby providing the first unambiguous proof that, as ad-
umbrated by the work of Frydman, type IIl synthesis is
controlled by the formation of DPM 6. In contradistinction
to previous methodology, there is virtually no chemical
blank in these experiments; i.e., in presence of boiled en-
zyme, no porphyrin formation is observed spectroscopically
because only under the influence of uro’gen III cosynthe-
tase can the aminomethyl group (or its equivalent) from
PBG become available at the active site for condensation
with the free o position of DPM 8. Moreover, under these
conditions PBG does not polymerize chemically. Most im-
portantly, these experiments exclude a concerted mecha-
nism for the 1,3(or 1,5) shift and provide clear evidence for
the discrete intermediate 8 in the enzyme mechanism. Thus
we have an unusual mechanistic probe in that the synthetic
substrate is “incomplete” and the reaction only proceeds
when the active site is loaded with the switching C; unit
from C-11 of PBG (1). The virtual absence of radioactivity
in the type I porphyrin produced precludes trivial substrate
degradation and provides an excellent built-in control, while
the absence of radioactivity in vitamin B, isolated in the P.
shermanii whole cell experiment indirectly locates the !*C
label in the uro’gen III formed, since C-20 of uro’gen III
has been shown to be extruded in the biosynthesis of corrin
nucleus.2®

A general mechanism in accord with these observations is

Scheme III. The “Headless” DPM Postulate
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depicted in Scheme III which takes into account the effect
of Mg?t ion on the soybean enzyme system?® and impli-
cates the possibility of a divalent cation at the catalytic site
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of the enzyme. It is also reasonable to postulate that the
—(M)—NH; in Scheme 111 is an amine or imidazole group
on the enzyme.?” Further obvious extensions of this work,
e.g., trapping of the ““Cy unit” in the form of imine or Schiff
base, trapping of the enzymatically formed DPM (8),2° and
investigation of “‘headless” tripyrrylmethane and tetrapyr-
rylmethane as possible “intermediates”, are in progress.
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Matrix Reactions of Alkali Metal Fluoride Molecules
with Fluorine. Infrared and Raman Spectra of the
Trifluoride Ion in the M*TF3~ Species

Sir:

The trihalide anions, X3, have generated considerable
synthetic and theoretical interest; spectroscopic studies of
these anions have been carried out in solids and solutions!-2
and in inert matrices.>* While Cl;~, Br;~, and I3~ have
been investigated thoroughly, the most reactive member of
this group, F37, has never been observed. It is known that
CsF catalyzes oxidative fluorination reactions,>® and it is
possible that this reaction proceeds through an F3~ interme-
diate species. Several recent studies have shown that matrix
reactions of alkali halide salt molecules with halogen mole-
cules in argon matrices form the M*X;~ ion pair, for X =
Cl, Br, 1.347 Analogous studies of the reaction of MF salt
molecules with F5 should provide a method of stabilizing
the elusive F3~ species and obtaining spectroscopic infor-
mation and an indication of the nature of the bonding in the
F3~ anion.

Salt-molecule reactions were carried out in a manner
similar to those reported in earlier papers.®® The argon and
fluorine mixture was deposited on a CsI window held at 15
K, while the alkali fluoride salt vapor was evaporated from
a Knudsen cell and deposited simultaneously with the gas
sample. Approximately 585 °C was required to produce the
necessary vapor pressure of KF, while 640 and 495 °C were
required for RbF and CsF, respectively. Infrared spectra
were recorded after 20-30 h of deposition on a Beckman
IR-12 infrared spectrophotometer. In Raman experiments,
the salt and gas mixture was deposited on a polished copper
block for 3-5 h. Raman spectra were obtained using argon
ion laser excitation and a Spex Ramalog spectrometer.

KF, RbF, and CsF were each deposited in argon matrices
without added reagent, and three infrared bands were ob-
served in each experiment, at 396, 306, and 275 cm~! with
KF, at 345, 266, and 230 cm™! with RbF, and at 313, 248,
and 207 cm~! with CsF. In each case, the highest energy
band was most intense, and it appeared slightly below the
gas phase wavenumber value for the MF monomer;® this
band can be assigned confidently to the MF monomer vi-
bration in an argon matrix. KF has been observed at 395
cm~! in an argon matrix,!C in agreement with the value ob-
tained here. The two lower energy bands were of compara-
ble intensity, and they can be assigned to two modes of the
cyclic (MF), dimer species. The (KF); values of 306 and
275 cm™! are in agreement with reported values,!¢ and the
band positions for (RbF); are reasonable for the heavier al-
kali metal species. Also, in these experiments a weak band
was observed near 350 cm~!, which is labeled A in Figure 1
and is likely due to a complex between the MF salt and im-
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