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The Marvels of Biosynthesis: Tracking Nature's Pathways
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Introduction and nitric acids, zinc, sulphur, copper sulphate and
many more materials. Those days are gone and there

How ever did it come about that a substantial part of are pluses and minuses to the change. At any rate, I
my research has been aimed at understanding the was able to assemble a good set of equipment to run
marvellous chemistry used by living systems to lots of simple experiments which I enjoyed enormously,
construct the substances they produce? I must admit
that I had not in the past thought much about that I believe the next important influence on me came at
particular 'pathway' but was encouraged to do so by school where I had the great good fortune to be taught
Derek Barton, Chairman of the Executive Board of more about chemistry by a superb teacher, Mr Evans.
Editors for Tetrahedron Publications. He suggested The seed of my love for chemistry which had been
that this article, invited by Professor Chi-Huey Wong, planted earlier by my father's books was strongly fed by
should be a personal one giving some background on his teaching. Then I read my first books about organic
how my interests evolved. I shall try to do that but this chemistry. They were at about the level of sixth form
approach raises a substantial problem. Our group has teaching at that time, rather simple in fact, but I was
worked on biosynthetic problems for over 40 years so it excited about the huge variety of substances based on
is impractical to cover everything. Therefore it seems carbon-carbon bonds,
best to indicate briefly the range of our interests and to
expand on the major topics by giving some examples. With hindsight, it is clear that chance and serendipity
In this way, I want the reader to see how the field of played a crucial role in the further development of my
bioorganic chemistry has undergone a marvellous interests in chemistry. I won a scholarship which
evolution, blossoming especially during the past 15 allowed me to study at a university and mainly practical
years or so. By combining the approaches, of chemistry, factors caused me to enter the University of
spectroscopy and biology, the possibilities are now Manchester. What an excellent choice that turned out
almost limitless. I hope many young scientists will be to be because the Professor of Organic Chemistry was
stimulated by my article to enter this field of research; the inspirational Alexander Todd. At that time, he was
there has never been a better time to do so. already deeply involved in his pioneering work on the

building blocks for nucleic acids and his syntheses of
the nicotinamide and related cofactors for which he

The Outset was awarded the Nobel Prize. His example and his
teaching had a profound influence on me and my debt

My love of chemistry started early. As a boy in the to him is enormous. I had not finished my under-
early 1930's, I scanned through the many books that graduate course when Alex Todd was invited to the
my father had collected. He was a builder by trade, chair in Cambridge and I remained in Manchester to
clearly without any direct connection with science. Yet graduate as Bachelor of Science. However, I was very
among these books, covering all sorts of topics, were a haPPy> and T fdt privileged, to be given the chance to
few about chemistry. They contained drawings of Jom him agam as hls Professorial colleague at
crystals and many types of apparatus with descriptions Cambridge in 1969.
of a wide variety of experiments, such as the genera-
tion of hydrogen from zinc and acid. I returned with Durin§ the undergraduate course at Manchester, we
great interest to these books time and again and soon had been introduced to almost all the major groups of
my rather meagre pocket money was being spent on natural products. From this array, I had become
test tubes, flasks, a Bunsen burner, an evaporating dish especially attracted by the plant alkaloids and I was
and other such treasures. At that time, it was possible very excited when Hal Openshaw told me about the
for a boy to buy, at the local pharmacy, hydrochloric work he had started on the structure of emetine, the

alkaloid used for the treatment of amoebic infections.
Happily he let me take on this work in 1946 and he

Key words: alkaloids, biosynthesis, carbon-13, enzymes, vitamin B,,. guided my research efforts during the next three years;
Four close friends influenced me greatly at many points during my 50 j am extremelv grateful to him
years of research; they are Alex Todd, Hal Openshaw, Duilio Arigoni
and Albert Eschenmoser. They taught, helped and guided me and
their example was an inspiration throughout. This article is dedicated The challenge was to solve the structure of emetine by
to them all with respect and affection. the only approach then possible, that of chemical
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938 A. R. BATTERSBY

degradation; essentially none of the modern spectro-
scopic methods, involving IR, NMR and mass spectro-
scopy, were available at that time. We did have a
manual UV instrument but not thin-layer chroma- ^^ HO1'
tography. The highly satisfying outcome was that the 3 4
structure of emetine (1) was solved1 by these slow, scheme i.
laborious methods, but they were fun. There will be a
connection to this work in the section on indole
alkaloids. Some years later (1950-1952), I had the
marvellous opportunity to work in the United States as poppy constructs morphine and its relatives.* We
a Commonwealth Fund Fellow. For the first year, I wanted to pin-point not only the simple building blocks
worked with Lyman C. Craig at what was then the for these alkaloids by incorporation experiments with
Rockefeller Institute in New York City. Then I moved labelled tyrosine3 but crucially, to test whether the
to Biochemistry at the University of Illinois for the plant enzymes could convert a 1-benzylisoquinoline
second period to join Herbert E. Carter. The experi- into morphine. The plan was to synthesize a
ences at both centres were highly rewarding and they l4C-labelled form (singly labelled) of a 1-benzylisoqui-
turned my interests strongly in a biological direction. noline carrying what on mechanistic grounds should be
This influence blended with some earlier thinking, the appropriate phenolic hydroxyl groups. Then we had
covered below, to set up the first phase of our to introduce it into the biosynthetic system of the living
researches. plant. In retrospect, it is fortunate that at the outset,

we were not over-aware of the difficulties of working
with living plants; our biological colleagues were not

The Alkaloids and Terpenes to° optimistic about our plans! However, 'faint heart
ne'er won fair lady', so we simply injected our

It was my involvement with the plant alkaloids in the 14C-labelled 1-benzylisoquinoline into the poppy seed
mid-forties that prompted the first stirrings of my capsule. Later the morphine was isolated and to our
interest in what we now know as biosynthesis. How do delliht ll was strongly labelled. Moreover, the C-label
plants construct the vast array of structures such as was shown bV systematic degradation of the morphine
morphine, strychnine, colchicine, yohimbine and cheli- to lie at the one carbon matching the corresponding
donine, to mention just a few. I was intensely curious Slte m the precursor. This study established the
about this question of natural synthesis but frustrat- conversion of a 1-benzylisoquinohne into morphine
ingly, this curiosity could not be satisfied until some and also mto the other °Plum alkaloids/ It was a
time later. Only when a range of substances labelled crucia) first steP whlch eventually led forward to reticu-
with carbon-14 became available in the late 1940s and line (5) bemg pm-pomted as the actual 1-benzylisoqui-
early 1950s could experimental work be started. First, nolme system whlch undergoes the Oxidative coupling
there was labelled carbonate, cyanide and acetate but steP; mitially labelled reticuhne was fed to the poppies
soon one could buy 14C-labelled Phenylalanine and m racemic form (Scheme 2). The coupling step was
tyrosine. At last there was the chance to start direct shown to generate the dienone, salutandme (6) which
experiments on plants 's tnen reduced to the dienol 7 ready for the illustrated

ring closure to yield thebaine (8). Several further
Our early work was strongly influenced by the remark- modifications were proved to occur by way of codei-
able speculations of Sir Robert Robinson, based on his none (9) 7

and codeine (10) before morphine (4) is
recognition of structural relations among natural reached,
products. These ideas were collected together in his
Weizmann Memorial Lectures2 and among them was ~~ ~ ~~~ ~ ~ ~~" , , , „
, .. .. / A\ • i j i I must stress here the request to me that this article should follow

the proposal that morphine (4) is related to the personal threads so it cannot be a m review l hope my many

1-benzylisoquinoline System 2 by rotation and Oxidative friends who also worked in several of the fields I discuss will
ring-closure to the morphine skeleton 3 as in Scheme understand the approach.
1 Such insight comes only to few 'Much more recently, sets of enzymes have been isolated from plants

' and their use has allowed further important advances. Particularly
the excellent work of Professor M. H. Zenk (Bochum) has given

Our hope was to use C-labelled precursors to work further details of a number of biosynthetic sequences to a variety of
out the biosynthetic pathway by which the opium alkaloids.
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This success in revealing how the opium alkaloids are The problem was eventually solved by the same
built had a dramatic effect on my whole thinking about approach used for the opium alkaloids involving the
the future. Beforehand, we dreamed that such a following steps:
discovery might be possible and finally, we knew it ,-N ,-,- , . , , - , , ., ,- , , , , ,, , , , B T^ • t, t f i. r (i) Find out what simple building blocks are used andcould be done. The main thrust of our research from w , , c . , F, c , f ,., . .. f , , . . , . NT . where they fit into the final structure.that time forward was aimed at tracking Nature s }

pathways and also at understanding the chemistry and (ii) From the clues gained in this way, postulate likely
biochemistry involved. intermediates.

. , , . , ^ , • o i. -, j i_ (iii) Label the putative intermediate(s) with carbon-14All the steps shown in Scheme 2 were supported by / * • * • • i ^ • t \ f t A-
c i i u 11- • » i u u i ti ^ L- (or tritium in some later experiments) tor studiescareful labelling experiments. I should also say that this ^ f . .. • , ,V- - • ', ,• •

c, i j ?u . * » u i it 1 of incorporation into colchicme in the livingScheme 2 and the text touch only part of our work on . F &

the morphine group of alkaloids; e.g. the necessary ^
synthetic work, preparation of labelled precursors, (iv) Degrade the labelled products throughout these
stereochemical studies and experiments on redox steps in a controlled way to establish the labelling
relationships are all left aside. Nevertheless, enough patterns,
has been given for the reader to appreciate how the
researches evolved from incorporation of labelled Chance played a role at a late stage in this detective
Tyrosine at the outset to partial synthesis, labelling and story. We worked hard for years to pin-point the
incorporation of salutaridine (6) during the later building blocks for colchicine and around 1964, I was
stages. Several other groups contributed independently describing at a Symposium all the many results1" from
to knowledge of the opium alkaloids. The papers under stages (i) and (ii) above of the labelling experiments,
refs 5-7 refer to that work and the field was reviewed" Our conclusion was presented that the labelling
in 1965. In addition, the Oxidative coupling that occurs patterns could be explained if colchicine arose from a
at a late stage in the biosynthesis of the morphine C6—C,—C6—C, dienone such as 14 with subsequent
group was recognized by Barton and Cohen9 as ring-expansion as indicated. It happened that Professor
involving phenol oxidation and a reaction of import- F. Santavy) from Czechoslovakia was in the audience;
ance for the biosynthesis of a variety of natural he was an expert on natural products from Colchicum
products. and related species. Imagine the excitement when he

told me he had found a substance in a plant related to
The next example is chosen because it illustrates well Colchicum which was a dienone, but of unknown struc-
how a biosynthetic problem was solved by systematic ture. A joint effort" led to the structure 13 for this
and logical experiments based on incorporation of dienone and from this structure it was clear that our
labelled precursors, combined in this case with some postulated dienone 14 lacked one carbon i.e. the true
good fortune. The pathway is the one by which the precursor should be dienone 12. All the necessary
tropolone alkaloid colchicine (15) is built in the labelling experiments confirmed this postulate and
autumn crocus and other species of Colchicum plants established that colchicine (15) is in fact a heavily
and it is a gem. This structure was an obscure puzzle modified Isoquinoline alkaloid based on a 1-phenethyl-
which mystified everyone and simple inspection of the isoquinoline precursor12 11 with Oxidative coupling to
molecule gave few clues concerning its biosynthesis. give dienone 12. Some of the key stages on the

MeOv

N-Me

MeO

Scheme 2.
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pathway are shown in Scheme 3. This new class of the Cul-unit arise and from what? We will focus here
1-phenethylisoquinoline alkaloids later grew appre- just on those questions,
ciably in size; our contributions to the family have been
described.13 When our work started on these problems, four

possible sources for the C1(l-unit had been suggested
We should not leave the alkaloids without touching on from (a) an aromatic ring by cleavage; (b) shikimic
those based on indole, which make up one of the acid; (c) acetate and malonate units; (d) a monoter-
largest families of plant bases. Examples are corynan- pene. Proposals (a)-(c) also required one or two
theine (16), vindoline (17) and catharanthine (18). The C,-units to be added. Proposal (d) was extended14 by
intriguing part of these structures is the C10-unit picked suggesting that the C10-unit might arise from some
out with thick bonds. This often appears as seen in 16 unknown cyclopentane monoterpene by cleavage as in
and a backward glance at emetine (1) at the start of Scheme 4.
this article reveals that nine carbons of the same
Clu-unit are present there. However, rearrangement of It would be out of place to attempt here a detailed
the C,n piece has taken place for 17 and 18. How does account of the major effort needed to establish the full

12 R'=H,R 2 =
13 R'=Me,R 2 = H

Scheme 3.

OAc
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mediate steps were filled in including the diol(s) 21a
and b and deoxyloganin (22) which was shown'9 to
precede loganin. However, the putative aldehyde 24
was still missing and as so often happens, we gained it
from an unexpected source. Duilio's group20 and ours21

c eme ' were working on terpenoid substances from
Menyanthes trifoliata which both groups showed had

pathway. My aim is to give a snapshot of a research structure 27 where R is a variable monoterpene unit,
area as it developed some 25 years ago. The experi- These substances contain the aldehyde 24 in masked
ments were carried out mainly by three groups, those form and, under rather delicate conditions, it was
of my team, Duilio Arigoni's and Ian Scott's. The possible to convert one of these lactols into 24, which
reader should consult reviews15 written at the time for we called secologanin.22 At last, we had the unadorned
the references to the papers from all three groups. Cm-unit in hand and it was shown to be well incor-

porated by the appropriate plants into the indole
The satisfying outcome was that the Cin-unit was alkaloids and emetine and its relatives.22 Naturally, we
indeed shown to be monoterpenoid in origin and also put a major effort into exploring the pathway
Scheme 5 shows the main steps that were demon- going forward from secologanin (24) to the indole
strated. The door was opened when labelled mevalo- alkaloids together with several other research groups
nate (19) and geraniol and nerol (20a,b) (which but here we must move soon to other topics,
undergo interconversion in the plants) were shown to
be incorporated specifically into a variety of indole However, before doing that, I want to say that these
alkaloids. We were greatly helped in the next step researches on alkaloids spanned roughly two decades
forward by work we were doing in collaboration with and during that period, I was immensely fortunate to
Professors Janot and Levisalles on ipecoside. This work in turn with a succession of outstanding senior
occurs in the same plants that produce emetine (1) and colleagues, Bob Binks, Jim Staunton and Bob Ramage.
the structure16 of ipecoside (25) was highly informative. They all made invaluable contributions to what we
Comparison of emetine (1) with desacetylipecoside achieved together during a long period of exciting
(26) suggested a likely biosynthetic relationship and the research. I and the other members of the constantly
precursors of 26 could be dopamine and an aldehyde evolving research teams are greatly indebted to this
such as 24 or a close relative. By using tryptamine in very special trio,
place of dopamine for condensation with the same
aldehyde, the start of an attractive route to the indole One could add to the foregoing researches on the
alkaloids opened up. opium and indole alkaloids and colchicine, dozens

more examples from our group and from the other
Clearly the putative aldehyde 24 could well be derived teams working in this area during the late 1950s to
from a cyclopentane monoterpene and we tested early 1970s. It is fair to say that knowledge of how
several, in labelled form, which might have fragmented alkaloids are biosynthesized was transformed by these
to give 24. Only one, loganin (23), was incorporated efforts. The approach in which labelled precursors
into the indole alkaloids17 and Duilio Arigoni's group were introduced into living plants turned out to be an
also set loganin securely on the pathway.18 The extremely powerful one. Nevertheless, one had to be
required fragmentation of loganin (23) could be oxida- aware of some possible difficulties. The selection of the
tive as indicated in Scheme 5. Then some of the inter- appropriate advanced precursors was not always easy

Me OH

J^
HO"1 C

22 23 24

Scheme 5.
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example, by the tetrapyrrolic pioneers during the 1940s
and 1950s.23 The main pioneers were Bogorad,
Granick, Neuberger, Rimington and Shemin. Scheme 6
summarizes the lovely biosynthetic pathway they
uncovered. Briefly, two molecules of 5-aminolaevulinic

^ acid (ALA) (28) are enzymically condensed to form
Me02C X-o Porphobilinogen (29) (PBG). Then two enzymes,

hydroxymethylbilane synthase (often called deaminase)
26 R = S001*3 and uroporphyrinogen III synthase (shortened to

cosynthetase) cooperate in some way, then unknown, to
convert four molecules of PBG into uroporphyrinogen

^f- III (30) (uro'gen III). This is carried through many
RO ? Jc!H OGl steps, including protoporphyrin IX (32), finally to

<ni/xjvV1' UC°Se produce heme (33) and also chlorophyll a (34). Clearly,
O^J^^O much was known about this crucially important family

\ of substances but far more remained to be discovered.
27 O

Biosynthesis of uroporphyrinogen I IF

as the work on colchicine showed. Also, two plant Our initial focus was on the problem of how uro'gen
species producing the same alkaloid could give vastly In (30) js built from PBG (29). This was a fascinating
different incorporations of the correct labelled problem because this structure 30 is unexpected. The
precursors so plants had to be screened as well. Finally, acetate and propionate groups on ring D are reversed
the plant's enzyme systems sometimes caused some relative to these substituents on the other rings. The
confusion by generating sufficient of a true inter- expected product from straightforward tetramerization
mediate (so giving an incorporation) from a close of PBG is uro'gen I (31); indeed, the pioneers showed
relative that had been chosen as the test precursor. that this is formed when deaminase acts alone on PBG.
Nevertheless, by carrying out sets of interlocking However, uro'gen I (31) was not converted into
experiments, it was possible to trace the biosynthetic uro'gen III (30) by cosynthetase. We recognized, some
pathway to the alkaloid or terpene, at very least in ^0 decades after the work outlined above, that the
broad form and usually in satisfying detail. door to further progress could be opened by 13C NMR.

This was the position in the late 1960s and I felt the There were more than 25 theories in the literature
time was ripe to move into new fields, possibly away suggesting how the unexpected structure of uro'gen III
from the higher plants. Such a move offered hope of (30) might arise. Many of them differed as to which of
our being able to produce cell-free enzyme systems tne four bridging methylene groups of uro'gen III at
from bacteria or algae. If we were successful in that c-5, C-10, C-15 and C-20 had remained attached to its
endeavour, many doors would be open. An equally original pyrrole ring. Accordingly, doubly labelled
important reason for seeking a fresh area was because [2,11-"C2]PBG (29a) was prepared with a high 13C
developments in nuclear magnetic resonance spectro- ievei at tne two sites and was then heavily diluted with
scopy (NMR) were offering many new opportunities unlabelled PBG. Incubation of this sample with deami-
for biosynthetic research on very complex molecules nase and cosynthetase first gave uro'gen III (30a)
without the need for specific degradation to locate (Scheme 7), but this was enzymically modified in situ to
labelled sites. The BC NMR approach also allowed yieid protoporphyrin IX as 32 for NMR analysis. The
study of the making and breaking of carbon-carbon spectra allowed three important conclusions24 to be
bonds and the importance of this will be clear from the drawn:
examples in the sections that follow. Finally, I wanted
the selected new field to involve natural products of (a) OnlY rin§ D undergoes rearrangement; rings A-C
fundamental biochemical importance. arise from intact PBG units-

(b) The rearrangement involves at some stage, detach-
ment of the methylene group which had been

The Pigments of Life attached to the PBG unit for ring D: that pyrrole is
turned over for reattachment to the same

Where would the new pastures lie? Reading what was methylene
known about the tetrapyrroles, I felt rather confident
that this family would be the right choice.The tetrapyr- (c) The rearrangement is intramolecular.
rolic family includes heme (33) and chlorophyll a (34)
together with vitamin B,, which will be covered later. This sinSle rearrangement could in principle occur at
Such is their importance for living systems that they anY steP of the conversion of the monopyrrole into the
have been called the Pigments of Life. ' "

Since the request to the two Prize winners was for a personal
... . account of sometimes overlapping research, it was decided by

I was filled With admiration for what had been friendiy agreement with Ian that each of us will simply outline his
discovered about the biosynthesis Of heme (33), for own studies without constant cross-reference to the other.
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macrocyclic tetrapyrrole. However, the trapping experi- was this that was acted upon by cosynthetase. Import-
ments by Albert Neuberger's group 25 which yielded the antly, by incubating PEG with a large amount of
aminomethylbilane 35 when deaminase acted on PBG deaminase, the time lag was even more pronounced
in the presence of ammonia, indicated that an unrear- and the true intermediate could be generated more
ranged bilane may be an intermediate on the pathway. rapidly than it ring-closed non-enzymically to give
Our group and that of Gerhard Miiller synthesized this uro'gen I (Scheme 9); its structure could therefore be
bilane (35) and both showed that it cyclized non-en- studied by appropriate 13C-labelling experiments.28-29

zymically to form uro'gen I (31) whereas treatment The final solution was that the true intermediate is the
with a mixture of deaminase and cosynthetase yielded26 hydroxymethylbilane 36 and we confirmed this struc-
uro'gen III (30). The Cambridge group then synthe- ture by unambiguous synthesis.3"
sized the two doubly 13C-labelled forms of this bilane
shown as 35a in Scheme 8 and, after dilution of each These results, and many more, revealed what the two
with unlabelled material, they were reacted separately enzymes do. Deaminase assembles the hydroxymethyl-
with deaminase-cosynthetase. The labelling patterns27 bilane 36 from four molecules of PBG (29): it does not
of the uro'gen III (30b) formed proved: catalyze any ring-closure. It is cosynthetase which

(i) Rearrangement occurs after assembly of an open- cata'yzf .the cyclization with concomitant rearrange-
chain unrearranged tetrapyrrole (a bilane); ment of nnS D to §ive uro gen m (30)'

(ii) Ring-D of uro'gen III is derived from ring D of Rearrangement by the spiro mechanism?
the bilane;

(iii) The rearrangement is intramolecular. An attractive mechanism for the rearrangement of the
bilane 36 as it is ring-closed to uro'gen III (30) is

These conclusions were rigorous but it became clear28-2" shown in Scheme 10 which involves the spiro-pyrrole-
from kinetic measurements, that though the bilane 35 nine 37 as a key intermediate. This could undergo
could act as a substrate for deaminase-cosynthetase, it fragmentation and recombination as illustrated to
is not a true intermediate. There was a marked time- generate the rearranged product 30. Scheme 10 is
lag in the production by deaminase of uro'gen I (31) based on the original idea of Mathewson and Corwin31

from the bilane 35. The bilane 35 was evidently being but shows it in a form slightly modified from the
converted by deaminase into a different product and it original one.

H02C

C02H

CO2H

32M = H,H, protopoiphyrin IX
33M = Fe, heme

34 chlorophyll a

Scheme 6.
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tears, the two enantiomers of the spiro lactam 38 were
prepared;33just one is shown in Scheme 10. Again the
derived octa-acids 39 were tested as inhibitors of cosyn-
thetase and one enantiomer was ca. 20 times more
potent than the other.33 The final piece of the puzzle
has recently been set in place by developing a novel

29a ^^^^f approach for the determination of the absolute
configuration of the strongly inhibiting enantiomer34

and it is the one shown in Scheme 10. The sum of all
= CH2CH2CO2H this evidence strongly supported the intermediacy of

'3Cat»,A, »,orT the spiro-pyrrolenine 37 for the biosynthesis of uro'gen
Scheme 7. Ill (30) and pointed to its absolute configuration being

as shown in Scheme 10.

We decided to test the spiro mechanism by a synthetic Again we must be content with the few foregoing
approach and our target was the spiro lactam 38 examples from our work on the Porphyrins. However, I
initially in racemic form. The successful synthesis32

 must at ieast mention the surprising finding we made,
depended on a novel reaction of an acetoxymethylpyr- ancj peter Jordan too, that deaminase uses a dipyrrolic
role with an iodopyrrole and the final macrocyclization cofactor 40 in the assembly of the bilane 36. So it starts
is illustrated. We were then happy to find that the
derived octa-acid 39 was a strong competitive inhibitor
of cosynthetase with a Kt value roughly one order of
magnitude lower than the Km for the substrate.32 Strong
support was thus given to the spiro mechanism and
further strength was added when, after much sweat and

A P A P A P A

H2N H H H

35 I2C at • and T
35a'3Cat»orT

Scheme 8. Scheme 9.

pMe

Scheme 10.
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C(vH from ALA (28) and the added C-methyl groups from
' ' * " A ™ Nature's methylating agent, S-adenosylmethionine

(SAM). All this work has been reviewed in, e.g., ref 35.
£[ The start here will be at the stage after vitamin Bi2 (41)

and its late precursor in Propionibacterium shermanii,
cobyrinic acid (55) (Scheme 13) had been shown to be

Scheme 11. derived from uro'gen III (30), as were heme and
chlorophyll. Then we will follow how my group came to

from a dipyrrole 40, builds a hexapyrrole and releases be involved with the first few C-methylated inter-
the tetrapyrrole 36, to return to the original dipyrrole mediates on the pathway to B12 and what we found out
40. The dipyrrole is attached covalently to the protein about them. Finally, we will focus on our contribution
through the sulphur of a cysteine residue as shown by to the researches which solved the B12 biosynthetic
the 13C-labelling illustrated on 40 (Scheme 11). This problem carried out in a marvellous collaboration with
fascinating story is given more fully in a recent review23

 a group of French biological scientists. The outcome
which also outlines much of the rest of the biosynthetic was that the complete pathway to vitamin B12 was
work in Cambridge on deaminase, cosynthetase and revealed and it will be illustrated at the end of this
their products. section. A full review of this very recent collaborative

effort has been published.36

It is important to emphasize that many of the experi-
ments on deaminase and cosynthetase, especially Comparison of uro'gen III (30) with cobyrinic acid (55)
during the later phases of that research, would not shows that at least the following steps will be needed
have been possible without the key decision to add for conversion of the former into the latter: (a) a series
molecular biology to our armoury of methods. What an of C-methylations, (b) ring-contraction, (c) decarboxyl-
enormous difference this made to our work on these ation of the C-12 acetate residue, (d) cobalt insertion,
two enzymes and also later for the enzymes of the B12 (e) possible redox changes. These steps could be
pathway. For example, we laboured long and hard in carried out in huge number of possible sequences so
the early days to produce a few milligrams of deami- the problem facing us differed in kind from most of
nase, In contrast, by developing a strain of E. coli those in our work on alkaloids. There, knowledge of
which over produced this enzyme, one fermenter the simple building blocks often allowed reasonable
growth yielded around 100 mg of pure deaminase after proposals to be made as to the nature of later biosyn-
a few days work. thetic precursors. Clearly, this was not possible for

vitamin B12 and therefore our effort aimed at detection
In parallel with these researches, we decided early in of partly-built intermediates in the living system. In
the 1970s to tackle vitamin B12 and the next section will particular, we were seeking molecules carrying fewer
illustrate with a few examples, the remarkable develop- C-methyl groups than does cobyrinic acid (55). So our
ments on that problem. However, before starting that antennae locked onto the reports from Vladimir
new topic, this is the right point to emphasize that Bykhovsky in Moscow that by growing P. shermanii in
during the research on uro'gen III, on the other topics the absence of cobalt, mixtures of pigments were
mentioned very briefly above and on vitamin B12, our excreted which might be partly methylated
group had the great good fortune to be helped by a substances;35 he called them corriphyrins. Contact
succession of three senior colleagues. They were, in between Moscow and Cambridge then led to a
chronological order, Ted McDonald, Chris Fookes and powerful collaboration between the two groups. As a
my present colleague, Finian Leeper. I am happy to result, two pure pigments were isolated35 from the
have this opportunity to acknowledge publicly their mixture of corriphyrins and both turned out to be
great contributions to the tetrapyrrole team; they were bis-lactones. It seemed probable that lactonization had
invaluable. In addition, Chris Abell was the driving resulted from aerial oxidation during handling of the
force bringing molecular biology into our group and I materials. Indeed, by excluding oxygen from our
thank him very warmly for that important initiative. incubations in Cambridge, the non-lactonized parents

43 and 44 were isolated and their structures deter-
mined35 (Scheme 12). Satisfyingly, both were specific-

Biosynthesis of Vitamin B12 ally incorporated in labelled form into cobyrinic acid
(55) 35 by an appropriate soluble enzyme preparation

When one looks at the structure 41 of vitamin B12 from P. shermanii.
(Scheme 12) it is clear that the discovery of how it is
constructed in the living system represents a major One might deduce from these results that two inter-
challenge, probably one of the greatest; the corre- mediates beyond uro'gen III (30) en route to cobyrinic
spending coenzyme involved in the various enzymic acid (55) had been set in place. However, there was a
reactions has the structure 42. I have often compared further twist. C-Methylation of uro'gen III (30) should
this biosynthetic adventure to that of climbing Mount not lead to a change in the oxidation level of the
Everest. The full story of how the problem was solved product, yet 43 and 44 carry two hydrogens less than
is a huge one, far too large for the present article. My uro'gen III (30). The first evidence, and more has been
plan, therefore, is to leap over all the early experiments added subsequently, that the true intermediates are the
in which the framework of B12 was shown to be derived dihydro-forms of 43 and 44 came from direct isolation
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from /? shermanii of 45, the dihydro-form of 43, The involvement of my group in this new phase started
followed by proof of its structure." This and the corre- with an invitation around 1983-1984 from Dr Alain
spending reduced trimethyl system 46 were shown37 to Rambach to act as consultant to his small company
act as biosynthetic precursors of cobyrinic acid (55). near Paris called Genetica. He had assembled a group
Now indeed, two early precursors of vitamin B12 lying of scientists skilled in genetics, molecular biology and
just beyond uro'gen III (30) were well established; they enzymology and one of their projects was to work out
are now known as precorrin-2 (45) and precorrin-3A the genetics of the B,,-pathway. I felt strongly that this
(46) (Scheme 12). The incorporation of the aromatized approach offered real hope of moving forward again
macrocycles 43 and 44 into cobyrinic acid (55) reported on the biosynthesis of vitamin B,2 and, further, that
above is because they undergo reduction to the two chemical expertise would be an essential complemen-
dihydro-forms 45 and 46 in the incubation mixture. tary component for the biological research if it was to

have a successful outcome. So I jumped at the chance
For perspective, it is vital to emphasize that the work to make this scientific connection. One of the ways we
just outlined is like the tip of an iceberg; a huge helped Genetica in those early days was to invite one
amount of research in Cambridge from that period lies of their senior scientists to Cambridge to gain experi-
hidden. All the following topics are in that bulk below ence of the techniques we used in the B]2 field,
the surface: proof that 43 is identical to sirohydro- especially the handling of the known biosynthetic inter-
chlorin, the prosthetic group of siroheme isolated by mediates, making enzyme preparations from P.
Kamin and Siegel; proof that acetic acid is eliminated1 shermanii and carrying out incorporation experiments,
during the ring-contraction process (also demonstrated This scientist was Francis Blanche; much will be seen
by Duilio Arigoni); studies of decarboxylation of the of Francis and his colleagues in the papers referenced
12-acetate residue and stereochemical work at that in the sequel. Some time later, Genetica was combined
centre; origin of the hydrogens at C-18 and C-19; with Rhone-Poulenc Rorer and my connection with the
development of pulse labelling to reveal the order in B12 teams continued there, powerfully supported and
which the eight C-methylation steps are carried out. encouraged by Jean Lunel. They were working on one
These hidden studies have been fully covered in a of the organisms used for the commercial production
review.38 of B12, the aerobic Pseudomonas denitrificans. The

biochemistry group was led by Francis Blanche, key
Why from all this mass of work did I choose the topic members being Laurent Debussche and Denis Thibaut
outlined above? Firstly, because two important early whilst that responsible for genetics was headed by Joel
intermediates were set on the B12-pathway and Crouzet, with Beatrice Cameron as his senior
secondly, to emphasize that, despite enormous efforts, colleague.
no further new intermediates beyond precorrin-3A (46)
could be detected in P. shermanii. Something new was There is a danger in my following, as requested, a
needed to renew forward progress and the remarkable personal thread through these collaborative researches
developments in genetics and molecular biology that the reader could get a distorted impression of who
provided that fresh impetus. did what. So I say clearly that the French effort was the
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larger one during the recent period spanning the for everyone interested in this problem. Precorrin-6A
Paris-Cambridge collaboration. It is fair to say though told us that the ring contraction step is not a late one
that the chemical effort in Cambridge was also essen- as had been thought and also, because of the oxidation
tial to allow the problem of B12-biosynthesis to be level of 50, an oxidation step must precede precorrin-
solved by setting full structures on the biosynthetic 6A and a reduction step must occur later on the
pathway and by providing mechanistic understanding of pathway. Finally, the very surprising C-methyl group at
key enzymic transformations. Each group needed the C-ll of 50 is that which appears at C-12 in the corrin
other and this outstanding collaboration led to (53) and hence rearrangement must occur. The C-ll
dramatic advances. methylation also fits in with retention in precorrin-6A

(50) of the C-12 acetate group. Notice that the C-ll
Because of the very recent detailed review36 of this methyl group prevents formation of a fully conjugated
joint work already mentioned, it is sufficient to outline system which results in the pale yellow colour of
here the studies on a short section of the pathway to precorrin-6A (50).
show the approaches we used. Their work on genetics
and molecular biology had provided the French group It is difficuit ln cold print to convey the intense excite-
with relatively large quantities of a mixture of the ment of this perjod of research. Labelled precursors,
enzymes necessary for the conversion of precomn-3A labelled products and Spectra were shuttling between
(46) into hydrogenobyrinic acid (S3) (Scheme 13) Paris and Cambridge. To find precorrin-6A (50) so
wh!ch in P. denitrificans, is the first corrin to be formed startlingly informative was immensely satisfying to us
en route to vitamin B12. They further showed that this a||
conversion was dependent on having the reducing
cofactor NADPH in the incubation mixture. The _ , , , , . . . .„. ,
critical experiment was then carried out in which this The breakthrough on precornn-6A (50) was the start
same incubation of precorrin-3A (46) was run without of remarkably rapid progress which revealed the
NADPH; the reward was huge. A new yellow pigment complete pathway to vitamin BI2; this is shown m
was formed in place of the corrin (53) and when this S

u
cheme \3' * ca™ot give for all this research even a

new product was incubated in labelled form with the thumbnail sketch but the thread of our Cambridge
above assembly of enzymes now with NADPH, it was contributions can be briefly followed A fuller account
converted into hydrogenobyrinic acid (53). So after a and,a11 th^ reJeva"t references to the Paris-Cambridge
long wait, a new biosynthetic intermediate was in work can be found in the detailed review'
hand.39 They further showed that this intermediate
carried three more methyl groups than precorrin-3A Following precorrin-6A (50), two more intermediates
(46) (hence it is called precorrin-6A) and that these were isolated in Paris, precorrin-6B (51), the next
three methyls appeared at positions 1, 12 and 17 of B,rprecursor on the pathway, and precorrin-8x (52).
hydrogenobyrinic acid (53) biosynthesized from it. Both these structures were solved4142 by our joint effort
Finally, precorrin-6A still carried an intact 12-acetate using exactly the same methods developed for the work
group and, remarkably, its oxidation level was two on precorrin-6A. We also established43 the regiochem-
hydrogens fewer than that of the final corrin (53), so istry and stereochemistry of the reduction step which
later reduction must occur.39 generates precorrin-6B (51) from precorrin-6A (50).

As with a jigsaw puzzle, things simplify as the whole
The full might of the French and Cambridge teams was picture starts to fill in and now new intermediates were
then applied collaboratively to solving the structure of being detected more rapidly in Paris; they were
precorrin-6A which was available only in small precorrin-3B (47), precorrin-4 (48) and precorrin-5
amounts (ca. 500 ug). The plan was to biosynthesize (49). Structural work on these three materials was
three samples of precorrin-3A from three 13C-labelled carried out in Paris using the same approach based on
forms of ALA, one with I3C at position 5 and the other l3C-labelling and NMR we had jointly developed
two at C-4 and C-3, respectively; just the C-4 labelling above. Our contribution from Cambridge to this stage
is illustrated in Scheme 14 as 28b for the [4-13C]ALA, of the research was confirmation of the C-l location of
46a for precorrin-3A and 50a for the precorrin-6A the acetyl residue in precorrin-4 (48) by a combination
formed from it. These three labelled samples of of rigorous synthesis, "C-labelling and NMR.44 Also,
precorrin-3A were then enzymically converted into we carried out a mechanistic study46 of the lactone-
precorrin-6A and for the latter two experiments, forming step, based on lxO-labelling, by which
[me%/-13C]SAM was used as cofactor for the stage precorrin-3B (47) is formed from precorrin-3A (46)
forward from precorrin-3A. The resultant three (see below). By this stage, the relevant enzyme and the
samples of precorrin-6A, taken together, provided a corresponding gene for every step of the biosynthesis
"C-label at every carbon of the macrocycle. They were of vitamin B12 shown in Scheme 13 had been estab-
studied by 13C NMR and by 'H-13C correlations to pick lished by the Paris-Cambridge researches. In addition,
out 'H-13C couplings through up to three bonds. the structures of all the illustrated intermediates had

been rigorously determined save one, precorrin-5.
The structure 50 (Scheme 13) so revealed40 for Partial structural information was available for it and
precorrin-6A was a very surprising one and it changed this final structure was contributed by Ian Scott's group
our entire thinking about the way B12 is biosynthesized; together with their study of precorrin-3B which inter-
indeed, this striking structure acted as the guiding light locked with that published from Europe.
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As adumbrated above, this intense interdisciplinary from it two samples of precorrin-6A were enzymically
effort36 allowed the full biosynthetic pathway to hydro- synthesized, one carrying three CD3-groups (50b) and
genobyrinic acid (53), and on via 54 and 55 to vitamin the other with CH3-groups. These samples were mixed
B12 and its coenzyme to be drawn (Scheme 13). The in equal amounts and the mixture was enzymically
pathway could hardly have turned out in a more converted into hydrogenobyrinic acid (53b) (Scheme
interesting way. Any organic chemist cannot fail to be 15). In this way, the mass spectrometric peaks from the
impressed by the route Nature uses to fashion the materials of interest were moved eight units away from
complex B12 molecule drawing on relatively simple the huge peak corresponding to the endogenous hydro-
chemistry for each step. genobyrinic acid, so giving us an unambiguous result.

This was that the methyl migration is intramolecular45

At this stage, our interests in Cambridge turned to and is best viewed as a suprafacial 1,5-sigmatropic
several outstanding mechanistic questions and a rearrangement. Remember that this migrating methyl
number of the required enzymes were routinely group was derived from SAM and our very early work
overproduced in our group to afford large amounts of on vitamin Bt2 had proved35 that of the two methyl
protein. The first question asked what is the nature of groups at C-12 of the corrin ring system, it is the
the rearrangement as the C-ll methyl group migrates a-methyl which is derived from SAM. So it follows
to C-12 when 52 is enzymically isomerized to 53. The from the foregoing mechanistic study that the C-ll
way we solved this problem illustrates an application of methyl group of precorrin-6A (50) is correctly assigned
13C-labelling differing from that used earlier. Previ- with the oc-orientation.
ously, 13C NMR was the analytical tool whereas now
we planned to use mass spectrometry and the 13C The solutions to the other two mechanistic problems
atoms were to cause a crucially important shift of mass. should also just be mentioned without details. For one,
We aimed to test whether the methyl migration was an 18O-labelling established46 that as precorrin-3A (46) is
intramolecular rearrangement or not by a crossover oxidatively lactonized to form precorrin-3B (47), just
experiment. In its simplest form, this work involved one atom of 18O is incorporated from 18O2; the neces-
mixing roughly equal quantities of unlabelled sity for O2 in this step had been demonstrated by trie
precorrin-6A (50) with a sample of enzymically Texas group. Finally, we firmly established that the ring
prepared precorrin-6A having deuteriomethyl groups contraction process in P. denitrificans results in extru-
(CD3-) at C-l, C-ll and C-17. The hydrogenobyrinic sion of acetic acid,47 as had earlier been shown for P.
acid (as 53) formed from this mixture by the CobH shermanii.
enzyme would then be analyzed by mass spectrometry.
If this product contained just two species, unlabelled 53 I do not believe the problem of B12 biosynthesis could
and its isotopomer carrying three CD3-groups, then the have been solved in any other way than by an inter-
rearrangement must be intramolecular. Any mixing of disciplinary team highly skilled in genetics, molecular
the unlabelled and labelled species in the hydrogeno- biology, enzymology, synthetic and structural chemistry,
byrinic acid produced would point to an intermolecular isotopic labelling and NMR spectroscopy. The
process being involved. members of the Cambridge group were happy to be

involved in this deeply satisfying research.
This simplest form of the crossover experiment could
not, however, be used because the available enzyme Looking back over the personal thread running
preparation of CobH contained a large amount of through this article, one can see how new approaches
endogenous hydrogenobyrinic acid (53) which would were invented for solving biosynthetic problems and
upset the mass spectrometric analysis. Therefore, also, at each stage, that techniques from the forefront
13C8-precorrin-3A (46b) was prepared (Scheme 15) and of knowledge at the time in chemistry, spectroscopy

H02C r Me.-CO2H HO2C

COjH

[roef/ry;-CD3]SAM
H02C,

:o2H

CO2H CO2H

46b Precotrin-3A

^ Hydrogenobyrinic
Make second synthesis of Precorrin-6A using unlabelled SAM r 3^ 535

Scheme 15.
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and biology were drawn into action. I hope the reader logical order they were Bruce Middleton, Clive
will recognize that this account gives a bird's eye view Williams, George Matcham, Graham Hart, Peter
of'the whole development of research on biosynthesis Alefounder and Pat Stamford. I wish to thank them for
from a rather uncomplicated start of injecting simple their many contributions; their skills were of crucial
14C-labelled precursors into plants through to the full importance for our researches. I also want to thank
sophistication of the experiments on vitamin B12 where Katherine and Chris Abell, Finian Leeper and Pat
chemistry, spectroscopy, enzymology and molecular Ingrey for their help with this manuscript,
biology were pulled together synergistically. Let me
reinforce the message given at the beginning of my For 1995> ^° Tetrahedron Prizes were awarded the
article. The interdiscipinary approach I have illustrated one to me and the other to Ian Scott- !t 1S verY satls-
for exploring and using the chemistry of living systems fying to us both> and nttlng also> that these Tetra-
has enormous potential. Many red-blooded young hedron Prizes have been made for the first time in the
organic chemists will surely leap at the chance to be a field of bioorganic chemistry. I also want to thank Ian
part of this exciting field. I certainly hope so and no for the friendly way in which we have cooperated in the
one knows what further remarkable advances lie preparation of our two articles.
ahead Remember that it was curiosity about how Grateful acknowled ment is made for financial
plants bmld alkaloids that led me to study biosynthesis from ^ ^ and p ^^
and I never dreamed at the outset that his adventure R££ fa ^^ ^ Rodjfeller Foundation, the

would eventually lead to research on uro gen III, heme , d and ^ Leverhulme Trust and also from

and vitamin B12 by the full panoply of chemical and R(/che Pro/ucts UK and R Hoffmann-La Roche
biological approaches. All I can say is that it was and is (Basle)> Schering AQ an(J Zen£Ca In additionj many Qf

a good time to be around. the postdoctoraj scientists from abroad were supported

It is not enough, however, just to be in the right place J" our group by awards from their home countries and
at the right time. As well as swimming in a nutritious the grantmg bodies there are warmly thanked'
scientific 'soup', one's personal environment needs to
be right and in my case this could not have been
bettered. The person responsible for it being so is my elerences
wife Margaret and I devote this final paragraph to her.
ou u if tu u * ..u 4. • 4. 4. • 1. Battersby, A. R.; Openshaw, H. T. /. Chem. Soc. 1949,She has been throughout the most important person in ^m
my life. Her warmth, energy, organizational skills and
solid common sense have carried our family safely 2. Robinson, R. The Structural Relations of Natural Products,
through every step we have taken together. In addition, Clarendon; Oxford, 1955.
she acts as secretary, horticultural adviser, crew for 3. Battersby, A. R.; Binks, R.; Harper, B. J. T. /. Chem. Soc.
sailing and enthusiastic partner, not only for camping \962, 3534.
and hiking but for a vast array of joint activities 4. Battersby, A. R.; Binks, R.; Francis, R. J.; McCaldin, D.
including our love of classical music. A true friend and J.; Ramuz, H. J. Chem. Soc. 1964, 3600.
a wonderful wife, Margaret's contribution to what has 5 Battersby, A. R.; Francis, R. J. J. Chem. Soc. 1964, 4078;
been achieved scientifically is huge and certainly no Battersby, A. R.; Foulkes, D. M.; Binks, R. J. Chem. Soc.
less than mine. 1965, 3323.

6. Barton, D. H. R.; Kirby, G. W.; Steglich, W.; Thomas, G.
M.; Battersby, A. R.; Dobson, T. A.; Ramuz, H. /. Chem.

Acknowledgements Soc. 1965, 2423.
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warmest thanks and gratitude to all the postgraduate Hirst! M. Parry G v. staunton, J. /. Chem. Soc. 1968, (C),
students and postdoctoral chemists who made up our 210
group over the years They had the courage and skills g Ba A R fe ^ M Gustay Rscher:
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problems posed by Nature's biosynthetic pathways. We
enjoyed all the successes together and we climbed out * Bfton' £• «• *- C°hen< T Festschrift A- Stoll>
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Tetrahedron Lett. 1978, 4849. Tyramine by Microbial, Mammalian, and Plant Systems. With

245. Biosynthesis of Natural Porphyrins: Enzymic Experi- ^l' ^^ and J' Staunton: L Chem' Soc" Perkm Trans'
ments on Isomeric Bilanes. With C. J. R. Fookes, G. W. J. yly' JL

Matcham and E. McDonald: J. Chem. Soc., Chem. Commun. 260. Recent Biosynthetic Researches on Vitamin B12. In
1978, 1064. Vitamin B12, Zagalak and Friedrich, Eds.; de Gruyter: Berlin,

246. Studies of Enzyme-Mediated Reactions. Part 9. Stereo- 1979; p 217-

chemistry of Oxidative Ring Cleavage Adjacent to Nitrogen 261. Chemical and Enzymic Studies on Biosynthesis of the
during the Biosynthesis of Chelidonine. With J. Staunton, M. Natural Porphyrin Macrocycle: Formation and Role of
C. Summers and R. Southgate, /. Chem. Soc., Perkin Trans. 1 Unrearranged Hydroxymethylbilane and Order of Assembly
1979, 45. of the Pyrrole Rings. With C. J. R. Fookes, E. McDonald and
,._ „ . . r.. r>- f r - f -ru T TTT r. ui • G- W. J. Matcham: Bioore. Chem. 1979, 451 .247. Origin of the Pigments of Life: The Type-Ill Problem in
Porphyrin Biosynthesis. With E. McDonald: Accounts Chem. 262. Proof by Synthesis that Unrearranged Hydroxymethylbi-
Res. 1979, 12, 14. lane is the Product from Deaminase and the Substrate for
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Cosynthetase in the Biosynthesis of Uro'gen-IH. With C. J. noline System. With R. C. F. Jones, A. Minta, A. P. Ottridge
R. Fookes, K. E. Gustafson-Potter, G. W. J. Matcham and E. and J. Staunton: /. Chem. Soc., Perkin Trans. 1 1981, 2030.
McDonald:/. Chem. Soc., Chem. Commun. 1979, 1155. 2?g Stereochemistry of Formation of Methyl and Ethyl
263. Synthesis of a Doubly-Bridged Oxygen-Carrier which Groups in Bacteriochlorophyll a. With A. L. Gutman and C.
shows Reduced Affinity for Carbon Monoxide. With A. D. J. R. Fookes: J. Chem. Soc., Chem. Commun. 1981, 645.
Hamilton:/. Chem. Soc., Chem. Commun. 1980,117. 279. Synthesis of the Isobacteriochlorin Macrocycle: A
264. Studies of Enzyme-Mediated Reactions. Part 13. Stereo- Photochemical Approach. With P. J. Harrison and C. J. R.
chemical Course of the Formation of Histamine by Fookes: J. Chem. Soc., Chem. Commun. 1981, 797.
Decarboxylation of (2S)-Histidine with Enzymes from Clostri- oon „. ,. fri , - j r> i * j »* i,. /, .. , r ' , •„ -,n ii/uu ** XT- i ^- T 280. Biosynthesis of Porphyrins and Related Macrocycles.aium welchn and Lactobacillus 30a. With M. Nicoletti, J. „ ,,, c. ,. ... M4/-.1T i. u-r ^ -c„. , „ ,n , „, c „ , . -, ' Part 14. Studies with [14C Isoporphobilmogen and Four
Staunton and R. Vlegeaar: J. Chem. Soc., Perkin Trans. 1 T • T , „ , ^ L ., ' c -c /- • <-*u1 tun 43 Isomenc Labelled Pyrromethanes: Specific Conversion of the

Unrearranged Pyrromethane NH3.AP.AP into Haem and
265. Biosynthesis of the Pigments of Life: Formation of the Protoporphyrin-IX. With J. F. Beck, K. H. Gibson, G. L.
Macrocycle. With C. J. R. Fookes, G. W. J. Matcham and E. Hodgson, R. E. Markwell, E. McDonald, J. Moron and L. N.
McDonald: Nature 1980, 285, 17. Nixon: J. Chem. Soc., Perkin Trans. 1 1981, 2771.

266. Biosynthesis of Porphyrins and Related Macrocycles. 281. Biosynthesis of Porphyrins and Related Macrocycles.
Part 13. Structure of the Protoporphyrin Isomer derived from Part 15. Chemical and Enzymic Formation of Uroporphy-
Coproporphyrinogen IV by the Action of Beef-Liver Copro- rinogen Isomers from Unrearranged Aminomethylpyrrome-
porphyrinogenase: Synthesis of Protoporphyrin XIII. With A. thane: Separation of Isomeric Coproporphyrin Esters. With
D. Hamilton, E. McDonald, L. Mombelli and Oi-Hoong D. G. Buckley, D. W. Johnson, L. N. Mander, E. McDonald
Wong: /. Chem. Soc., Perkin Trans. 1 1980, 1283. and D. C. Williams: /. Chem. Soc., Perkin Trans. 1 1981, 2779.

267. X-Ray Crystal Structures of Bridged Porphyrins. With 282. Biosynthesis of Porphyrins and Related Macrocycles.
W. B. Cruse, O. Kennard, G. M. Sheldrick, A. D. Hamilton part 16. Proof that the Single Intramolecular Rearrangement
and S. G. Hartley: /. Chem. Soc., Chem. Commun. 1980, 700. Leading to Natural Porphyrins (Type-Ill) occurs at the
268. Purification of Porphobilinogen Deaminase from Tetrapyrrole Level. With C. J. R. Fookes, M. J. Meegan, E.
Euglena gracilis and Studies of its Kinetics. With D. C. McDonald and H. K. W. Wurziger: J. Chem. Soc., Perkin
Williams, G. S. Morgan and E. McDonald: / Biochem. 1981, Trans- 1 1981> 2786-
193, 301. 283. Untersuchungen zur Biogenese der Indolalkaloide.
269. Biosynthesis of Natural Porphyrins: Further Experi- Synthese und Verfutterung radioaktiv markierter Monoter-
ments with Hydroxymethylbilane. With R. G. Brereton, C. J. penaldehyde. With M. Thompson, K.-H. Glusenkamp and
R. Fookes, E. McDonald and G. W. J. Matcham: J. Chem. L--p' Tietze: chem- Ber- 1981> 114> 343°-
Soc., Chem. Commun. 1980, 1124. 284. Untersuchungen zur Biogenese der Indolalkaloide.
270. Biosynthesis of Vitamin BI2: Identity of Fragment Synthese und Verfutterung radioaktiv markierter Hydroxylo-
Extruded During Ring Contraction to the Corrin Macrocycle. ganin-Derivate. With N. D. Westcott, K.-H. Flusenkamp and
With M. J. Bushell, C. Jones, N. G. Lewis and A. Pfenninger: L.-F. Tietze: Chem. Ber. 1981, 114, 3439.
Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 13. 285. Studies of Enzyme-Mediated Reactions. Part 14. Stereo
271. Biosynthesis of the Pigments of Life, Actos Conmemor- chemical Course of the Formation of Cadaverine by
ativos en el 75 Aniversario de su Fundacion, Real Sociedad Decarboxylation of (2S)-Lysine with Lysine Decarboxylase
Espanola de Fisica y Quimica, 1978, 366. (EC 4.1.1.18) from Bacillus cadaveris. With R. Murphy and J.
„_„ „. , . _ , „ , . „ ,. . , Staunton: J. Chem. Soc., Perkin 1 1982, 449.
272. Biosynthesis of Natural Porphyrins: Studies with
Isomeric Hydroxymethylbilanes on the Specificity and Action 286. Studies of Enzyme-Mediated Reactions. Part 15. Stereo-
of Cosynthetase. With C. J. R. Fookes, G. W. J. Matcham chemical Course of the Formation of g-Aminobutyric Acid
and P. S. Pandey: Angew. Chem. 1981, 20, 293. (GABA) by Decarboxylation of (2S)-Glutamic Acid with
-no o ^ u - r , ^ » , i _ i j ^1-1 • »*;• i r, , Glutamate Decarboxylase from Escherichia coli. With J.
273. Synthetic Routes to C-Methylated Chlorins. With R. J. Staunton and j Tj ^. j chem SQC Perkin Tmns 1 m2

Snow and C. J. R. Fookes: /. Chem. Soc., Chem. Commun. ,,„
1981, 524.
-_. „ ., . . _. . . . • „ , n - , 0 1 - 287. Biosynthesis of Vitamin BP: Preparation of Specifically
274 Synthesis along Biosynthetic Pathways Part 2 Synthesis Deuterlated Heptamethyl Dicyanocobyrinate for Study by 2H
of Protostephanine^ With A. K. Bhatnagar, P. Hackett, C. W N M R s tr Jcop w*ith C Edington, C. J. R. Fookes and
Ihornber and J. Staunton: J. Chem. Soc., Perkin Irans. 1 T m u i r /"/ c /^r r< mat 101moi onno J- M. Hook: /. Chem. Soc., Chem. Commun. 1982, 181.
l"ol,
TIC D- tu • n t -0 r>> j >• c. j- u 288. Biosynthesis of the Corrin Macrocycle. With E.275. Biosynthesis. Part 23. Deeradative Studies on the ,, T, ,, -, ,,. D T-. i i.- r~> cj 117-1 M. n i • j TT u • A n L » u • c c, ; • McDonald In Vitamin B,2; Dolphin, D., Ed.; Wiley: NewAlkaloids Hasubanonine and Protostephanine from Stephania Y , . gS7 -. n7

japonica. With R. C. F. Jones, R. Kazlauskas, A. P. Ottridge, ' ' P

C. Poupat and J. Staunton: J. Chem. Soc., Perkin Trans. 1 289. Biosynthesis of Vitamin B12: Isolation of 15,23-Dihydro-
1981, 2010. sirohydrochlorin, a Biosynthetic Intermediate: Structural
T;£ D- *u • n t ^A c i »• i r- • Studies and Incorporation Experiments. With K. Frobel, F.276. Biosynthesis. Part 24. Speculative Incorporation Experi- . , T _ - J J ^ T r ^ , c /V

•tl , „ ,. ... j T • i A u • Hammerschmidt and C. Jones: /. Chem. Soc., Chem.ments with 1-Benzylisoquinolmes and a Logical Approach via „ 1oa_ .,-
C6— C2 and C6— C3 Precursors to the Biosynthesis of Commun. iy»2, 4i5.
Hasubanonine and Protostephanine. With R. C. F. Jones, R. 290. Porphyrin-Biosynthese: Vitamin B12, Ham und
Kazlauskas, C. W. Thornber, S. Ruchirawat and J. Staunton: Verwandte Porphyrine. With K. Frobel: Chem. Zeit, 1982, 16,
J. Chem. Soc., Perkin Trans. 1 1981, 2016. 124.

277. Biosynthesis. Part 25. Proof that Hasubanonine and 291. Biosynthesis of Vitamin B12: Analysis of the 'H and "C
Protostephanine are Biosynthesised from the 1-Benzylisoqui- N.m.r. Spectra of Heptamethyl Dicyanocobyrinate
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(Cobester). With C. Edington, C. J. R. Fookes and J. M. (Hydroxymethylbilane) and the Relationship between Deami
Hook: /. Chem. Soc., Perkin Trans. 1 1982, 2265. nase and Cosynthetase. With C. J. R. Fookes, G. J. Hart, G.

292. Biosynthesis of Porphyrins and Related Macrocycles. ^L^Sl^ *** ?' S' ̂ "^ '' ^^ S°°" ***"* ^^
Part 17. Chemical and Enzymic Transformation of Isomeric 1983, 3041.
Aminomethylbilanes into Uroporphyrinogens: Proof that 307. Biosynthesis of Porphyrins and Related Macrocycles.
Unrearranged Bilane is the Preferred Enzymic Substrate and Part 22. Vitamin B12: Studies on the Chlorin, Faktor-1, and
Detection of a Transient Intermediate. With C. J. R. Fookes, the Detection of 3-epi-Faktor-l. With S. Seo: /. Chem. Soc.,
K. E. Gustafson-Potter, E. McDonald and G. W. J. Perkin Trans. 1 1983, 3049.
Matcham:/. Chem. Soc., Perkin Trans. 1 1982, 2413. 30g Eios^thesi^ Part 26. Synthetic Studies on structural
293. Biosynthesis of Porphyrins and Related Macrocycles. Modification of Late Biosynthetic Precursors for Colchicine.
Part 18. Proof by Spectroscopy and Synthesis that Unrear- With E. McDonald and A. V. Stachulski: /. Chem. Soc.,
ranged Hydroxymethylbilane is the Product from Deaminase Perkin. Trans. 1 1983, 3053.
and the Substrate for Cosynthetase in the Biosynthesis of m s hesis Qf 20.Meth L and 20-Cyano Isobacterio-
Uroporphyrmogen-IIL With C. JR. Fookes, K. E ^^ The wittig.Photoc^emical Approach. With D. M.
Gustafson-Potter, E. McDonald and G. W. J. Matcham: /. A p j Harrison, G B Henderson and Z.-C. Sheng: /.
Chem. Soc., Perkin Trans. 1 1982, 2427. chem SQC> chgm Commun 1984 525

294 Biosynthesis of Vitamin B12: Pulse Labelling Experi- m Bi thesis of vitamin B Ori in of the Hydrogen
ments to Locate the Fourth Methylation Site. With H. C. Atoms a/c_lg and C49 wi(h Q ^ ^ £ j\
Uzar: /. Chem. Soc., Chem. Commun. 1982, 1204. Fookes. } chgm ^ chem Commun 19|4 527

295^ Model Studies on the Active Site of Cytochrome P-450. 3n Stere ffic s thesis Usi Enzymes. Chem_ B, 1984>
an Fe -Porphyrin carrying a Strapped Thiolate Ligand. With 611
W. Howson and A. D. Hamilton: /. Chem. Soc., Chem.
Commun. 1982, 1266. 312. Modification of Hydroxymethylbilane Synthase (Porpho-
»„, _ . , „ . _ r „ ,„ bilinoeen Deaminase) by Pyridoxal 5'-Phosphate. With G. J.
2% Preparation and Spectroscope Properties of Co - Hart and F. J. Leeper: 7. B/oc^. 1984, 222, 93.
Isobactenochlorms: Relationship to the Cobalt-containing ^
Proteins from Desulphovibrio gigas and D. desulphuricans. 313. Synthetic Studies Relevant to Biosynthetic Research on
With Z.-C. Sheng: J. Chem. Soc., Chem. Commun. 1982, Vitamin B12. Part 1. Syntheses of C-Methylated Chlorins
1393. Based on 1-Pyrrolines (3,4-Dihydropyrroles). With C. J. R.
-in-r T. „, ... ,. r T-,- u • i Fookes and R. J. Snow: /. Chem. Soc., Perkin Trans. 1 1984,
297. Linear Tetrapyrrolic Intermediates for Biosynthesis of 2795
the Natural Porphyrins: Experiments with Modified
Substrates. With C. J. R. Fookes and P. S. Pandey: Tetra- 314. Synthetic Studies Relevant to Biosynthetic Research on
hedron 1983, 39, 1919. Vitamin B12. Part 2. Syntheses of C-Methylated Chlorins Via
ino D- 4.u - f i/-» n o* u c »u Lactams. With C. J. R. Fookes and R. J. Snow: J. Chem. Soc.,298. Biosynthesis of Vitamin B]2: Stereochemistry of the , , „,,.
Decarboxylation Step which Generates the 12-s/-Methyl '
Group. With K. R. Deutscher and B. Martinoni: J. Chem. 315. Synthetic Studies Relevant to Biosynthetic Research on
Soc., Chem. Commun. 1983, 698. Vitamin B12. Part 3. An Approach to Isobacteriochlorins via
->nn M i *« *u A e T\ t i »• ^ * r m » n Nitrones. With L. A. Reiter: J. Chem. Soc., Perkin Trans. 1299. Novel Methods for Demetalatmg Tetrapyrrolic Metallo- |Q8- ,„.,
Macrocycles. With K. Jones and R. J. Snow: Angew. Chem. '
Int. Ed. Engl. 1983, 22, 734. 316. Research on the Biosynthesis of Vitamin B12: Biol Act.
inn c tu • 14.1. /~>ui • \* i u nu t u • i Princ. Nat. Prod. 1984, 31.300. Synthesis of the Chlorin Macrocycle by a Photochemical
Approach. With C. J. Dutton, C. J. R. Fookes and S. P. D. 317. Isolation, Crystallisation, and Synthesis of the Dimethyl
Turner. /. Chem. Soc., Chem. Commun. 1983, 1235. Ester of Porphyrin a, the Iron-free Prosthetic Group of
ini T< 4. i c tu • c i , \ r> 11- T>>- »u i c * *i/-»u Cytochrome c Oxidase. With E. McDonald and M.301. Total Synthesis of (-I- VBonellm Dimethyl Ester. With ' . „.
/i T T» ** j r-i T n T- i i ^i c f^i Thompson:/. Chem. Soc., Perkin Trans. 1 1985, 135.C. J. Dutton and C. J. R. Fookes: /. Chem. Soc., Chem. v

Commun. 1983, 1237. 318. Enzymic Synthesis of Labelled Chiral Substances. In
302. Model Studies on the Type-III Porphyrin Rearrange- Enzymes in Organic Synthesis; Ciba Foundation Symposium,
ment: Synthesis and Chemistry of Pyrrolylmethylpyrrolenines ™man, London, iyto, p zz.
and Related Systems. With H. A. Broadbent and C. J. R. 319. Syntheses relevant to Vitamin B12 Biosynthesis:
Fookes:/ Chem. Soc., Chem. Commun. 1983, 1240. Synthesis of (±)-Faktor-l Octamethyl Ester. With S. P. D.
303. Models for Haemoglobin-Myoglobin: Studies with Burner M. H Block, Z.-C. Sheng and S. C. Zimmerman. /.
Loosely and Tightly Strapped Imidazole Ligands. With S. A. Chem' Soc" Chem' Commun. 1985, 583.
J. Bartholomew and T. Nitta: /. Chem. Soc., Chem. Commun. 320. Biosynthesis of Vitamin BI2: Order of the Later
1983, 1291. C-Methylation Steps. With H. C. Uzar. /. Chem. Soc., Chem.

304. Application of Spin-Echo Techniques to the Determina- Commun. 1985, 585.
tion of "C Labelling Using Proton NMR Spectroscopy. With 321. The Bakerian Lecture, 1984: Biosynthesis of the
D. M. Doddrell and H. C. Uzar. /. Org. Chem. 1983, 48, 3615. Pigments of Life. Proc. R. Soc. London. B 1985, 225, 1.

305. Biosynthesis of Porphyrins and Related Macrocycles. 322. Biosynthesis of Porphyrins and Related Macrocycles.
Part 20. Purification of Deaminase and Studies on its Mode Part 25. Synthesis of Analogues of Coproporphyrinogen-III
of Action. With C. J. R. Fookes, G. W. J. Matcham, E. and Studies of their Interaction with Coproporphyrinogen-III
McDonald and R. Hollenstein: /. Chem Soc., Perkin Trans 1 Oxidase from Euglena gracilis. With J. A. Robinson and E.
1983, 3031. McDonald. /. Chem. Soc., Perkin Trans. 1 1985, 1699.

306. Biosynthesis of Porphyrins and Related Macrocycles. 323. Biosynthesis of the Pigments of Life. Spectrum, 1985,
Part 21. The Interaction of Deaminase and its Product 194, 8.
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324. Synthesis of (US)- and (lLR)-[ll-2H,]Porphobilinogen; 341. Biosynthesis of Porphyrins and Related Macrocycles.
Stereochemical Studies on Hydroxymethylbilane Synthase Part 28. Development of a Pulse Labelling Method to deter-
(PBG Deaminase). With W. Neidhart, P. C. Anderson and mine the C-Methylation Sequence for Vitamin B12. With H.
G. J. Hart. J. Chem. Soc., Chem. Commun. 1985, 924. C. Uzar, T. A. Carpenter and F. J. Leeper. J. Chem. Soc.,

325. Syntheses Relevant to Vitamin B12 Biosynthesis: Perkin Trans' 1 1987' 1689'
Synthesis of Sirohydrochlorin and of its Octamethyl Ester. 342. Biosynthesis of Porphyrins and Related Macrocycles.
With M. H. Block, S. C. Zimmerman, G. B. Henderson, S. P. Part 29. Synthesis and Chemistry of 2,2-Disubstituted
D. Turner, S. W. Westwood and F. J. Leeper. /. Chem. Soc., 2H-Pyrroles (Pyrrolenines). With M. G. Baker, H. A. Broad-
Chem. Commun. 1985, 1061. bent, C. J. R. Fookes and F. J. Leeper. J. Chem. Soc., Perkin
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Macrocycle. With W. M. Stark, M. G. Baker, P. R. Raithby thyl)-2H-pyrrole. With C. J. Hawker and W. M. Stark. J.
and F. J. Leeper./. Chem. Soc., Chem. Commun. 1985, 1294. Chem. Soc., Chem. Commun. 1987, 1313.
327. Purification and properties of uroporphyrinogen III 344. Biosynthesis of the Natural Porphyrins: Proof that
synthase (cosynthetase) from Euglena gracilis. With G. J. Hydroxymethylbilane Synthase (Porphobilinogen Deaminase)
Hart. /. Biochem. 1985; 232, 151. uses a Novel Binding Group in its Catalytic Action. With G.
328. Zur Kenntnis des Faktors F430 aus methanogenen J- Hart, A. D. Miller and F. J. Leeper. J. Chem. Soc., Chem.
Bakterien: absolute Konfiguration. With A. Fassler, A. Commun. 1987, 1762.
Kobelt, A. Pfaltz, A. Eschenmoser, C. Bladon and R. K. 345 Nature's Pathways to the Pigments of Life. Nat. Prod.
Thauer. Helv. Chim. Acta 1985, 68, 2287. Rep 1987; 77.

329. Synthetic Studies on the Proposed Spiro Intermediate 346 Biosynthesis of Porphyrins and Related Macrocycles.
for Biosynthesis of the Natural Porphyrins: Inhibition of Part 30 Synthesis of the Macrocycle of the Spiro System
Cosynthetase. With W. M. Stark and G. J. Hart. J. Chem. Proposed as an Intermediate Generated by Cosynthetase.
Soc. Chem. Commun. 1986, 465. with w M Stark) M G Baker, F j Leeper and P. R.
330. Biosynthesis of Porphyrins and Related Macrocycles Raithby./. Chem. Soc., Perkin Trans. 1 1988, 1187.
Part 27. Syntheses of Modified Hydroxymethyibilanes and m Synthetic Studies Reievant to Biosynthetic Research on
Studies of their Chemical and Biological Properties. With P. vitamin B Part 6 Synthesis of Chlorins by a Photochemical
C. Anderson, H. A. Broadbent, C. J. R. Fookes and G. J. Route with c j Dutton Q j R Fookes and s P D
Hart. Tetrahedron 1986, 42, 3123. Turner j chem Soc> perk[n Tmns ; 1988 1557

331. Biosynthesis of Vitamin B,2. Ace. Chem. Res. 1986, 19, m Synthetic Studies Reievant to Biosynthetic Research on
Vitamin B12. Part 7. Synthesis of (±)-Bonellin Dimethyl

332. Stereochemical Studies on Porphyrin a: Assignment of Ester. With C. J. Dutton and C. J. R. Fookes. /. Chem. Soc.,
the Absolute Configuration of a Model Porphyrin by Degra- Perkin Trans. 1 1988, 1569.
dation. With 1C Ss Cardwell and F. J. Leeper. /. Chem. Soc., ^ Synthetic StudJes Releyant tQ Biosynthetic Research on

reran irons. 1 isfljfc, 13M. Vitamin B12. Part 8. Synthesis of (±)-Faktor-l Octamethyl
333. Biosynthesis of Vitamin B12: Preparation of 12-Methyl- Ester. With S. P. D. Turner, M. H. Block, Z.-C. Sheng and S.
isobacteriochlorins and Related Systems. With C. Bladon, C. Zimmerman. /. Chem. Soc., Perkin Trans. 1 1988, 1577.
J.-J. Huang, and S. Seo. /. Chem. Soc., Chem. Commun. 1986, „,., „_ »T » « T. n j- i r, i_ ^ r < c
14n2 350. "C-N.M.R. Studies on the Pyrromethane Cofactor of

Hydroxymethylbilane Synthase. With U. Beifuss, G. J. Hart
334. Purification, N-terminal amino acid sequence and and A. D. Miller. Tetrahedron Lett. 1988, 2591.
properties of hydroxymethylbilane synthase (Porphobilinogen „ , , _ . , , , , , , n j
deaminase) from Escherichia coll With G J. Hart and C. 351. Evidence that the pyrromethane cofactor of hydroxyme-
Abell Biochem J. 1986 240 273 thylbilane synthase (Porphobilinogen deaminase) is bound

' ' through the sulphur atom of a cysteine residue. With G. J.
335. Stereochemical and Biosynthetic Studies on the Hart and A. D. Miller. Biochem. J. 1988,252, 909.
Pigments of Life. In Stereochemistry of Organic and Bioor-
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338. Stereochemistry of Formation of the Hydroxymethyl 354 s thetic and Biosynthetic Studies on Vitamin B12. /.
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W. Westwood. /. Chem. Soc., Perkin Trans. 1 1987, 1679. Princess Congress I, 1988, Vol. Ill, p 37.
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358. Biosynthesis of the Pigments of Life: Structure and Ester. With C. L. Gibson and F. Blanche. J. Chem. Soc.,
Mode of'Action of a Novel Enzymatic Cofactor. With P. R. Chem. Commun. 1990, 16, 1223.
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