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CHAPTER 1

Structure, Distribution, Biosynthesis,
Catabolism and Function

1.1. Introduction

Porphyrins are a large class of natural or synthetic pigments having a
substituted aromatic macrocyclic ring consisting of four pyrrole residues
linked together by four methine bridging groups1 (Fig. 1.1). They are
deeply coloured (red or purple), fluorescent compounds with an intense
and characteristic absorbance band between 390–425 nm (the Soret
band or B band) and two to four much weaker bands (Q bands)
between 480–700 nm. The Soret band, with extinction coefficient of
150,000 or more, is often used for the sensitive spectrophotometric
detection of porphyrins following separation by high-performance liq-
uid chromatography (HPLC). Porphyrins also have a characteristic fluo-
rescence spectrum. Using an excitation wavelength of 400–405 nm and
an emission wavelength of around 600 nm, a much higher intrinsic sen-
sitivity of detection than absorption spectrophotometry can be
achieved. A fluorescence detector is therefore preferred for the sensitive
detection of porphyrins in chromatographic analysis.

Porphyrins are widely distributed in nature. They occur as
coloured pigments in the downs of young birds and in higher con-
centrations in feathers of birds such as Turacos2 (as the copper com-
plex of uroporphyrin III), owls, and bustards.3 The eggshells of birds
may also contain porphyrins and/or bile pigments,4,5 usually proto-
porphyrin IX and biliverdin IXα. The calcareous shells6 and pearls7 of
shellfishes often contain porphyrins and the shells of some deep-
sea bivalves are found to contain high concentrations of pink or red
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fluorescent porphyrin deposits, mainly uroporphyrin I. Petroporphyrins8

in coal, oil or shale are formed from dead plants and other photo-
synthetic organisms by diagenesis deep in the earth over millions of
years. It has even been suggested that porphyrin is an ideal biomarker
in the search for extraterrestrial life9 because of its presence in virtu-
ally all living organisms on Earth.

The main physiological significance of porphyrins lies in the path-
ways of haem10,11 and chlorophyll biosynthesis,12–14 of which they can
be considered as intermediary metabolites or oxidised by-products.

1.2. Nomenclature

In the conventional Fischer system15,16 of nomenclature, the periph-
eral positions of the macrocyclic ring are numbered from 1 to 8
(Fig. 1.2). The four pyrrole rings are labelled A, B, C and D and the

FA
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Figure 1.1. Structures of pyrrole, porphyrinogen and unsubstituted
porphyrin macrocycle.
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Figure 1.2. The numbering of unsubstituted porphyrin macrocycle.
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four methine bridges (the meso-positions) are designated α, β, γ and
δ. Trivial names are given to porphyrins of biological and clinical
importance and are commonly used.1 They are also used in this book
(Table 1.1), unless otherwise stated. In the systematic IUPAC nomen-
clature17,18 all atoms, including the nitrogen atoms, are numbered.
IUPAC system of naming allows a more precise description of a sub-
stituent on a carbon or nitrogen atom of the porphyrin macrocycle.
Table 1.1 shows the trivial names and structures of some naturally
occurring porphyrins.

1.3. Biosynthesis of Porphyrins, Haem and Chlorophyll

The first step (Fig. 1.3) is the condensation of glycine with succinyl
coenzyme A (CoA), a derivative of succinic acid, to form 5-amino-
laevulinic acid (ALA or 5-ALA). The reaction is catalysed by the
enzyme 5-aminolaevulinic acid synthase (ALA-S) in the matrix com-
partment of the mitochondrion. This pathway, called Shemin path-
way,19,20 occurs in animals. In plants, the C5 pathway in which ALA is
formed from glutamate occurs.21
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Structure, Distribution, Biosynthesis, Catabolism and Function 3

COOH

SCoA
O

NH2

COOH
+

COOH

H2N
O

ALA-S Glutamate-1-semialdehyde

aminotransferase

Glutamate-1-semialdehyde

Glutamyl-tRNAGlu

Glutamyl-tRNAGlu reductase

COOH

NH2HOOC

tRNAGlu ligase

Glutamate

Succiny-CoA Glycine

Shemin Pathway (Animals)

C5 Pathway (Plants)

5-Aminolevulinic acid

Figure 1.3. The biosynthesis of 5-aminolaevulinic acid (ALA) from glycine
and succinyl-CoA (Shemin pathway) and from glutamate (C5) pathway.
ALA-S = 5-aminolaevulinic acid synthase.

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 3



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

Table 1.1. Trivial Names and Structures of some Naturally Occurring
Porphyrins.

SIDE-CHAIN SUBSTITUENTS

Porphyrin 1 2 3 4 5 6 7 8

Uroporphyrin I Ac Pr Ac Pr Ac Pr Ac Pr
Uroporphyrin III Ac Pr Ac Pr Ac Pr Pr Ac
Heptacarboxylic acid porphyrin I Ac Pr Ac Pr Ac Pr Me Pr
Heptacarboxylic acid porphyrin III (7d) Ac Pr Ac Pr Ac Pr Pr Me
Hexacarboxylic acid porphyrin I Me Pr Me Pr Ac Pr Ac Pr

(6Iab)
Hexacarboxylic acid porphyrin I Me Pr Ac Pr Me Pr Ac Pr

(6Iac)
Hexacarboxylic acid porphyrin III Me Pr Ac Pr Ac Pr Pr Me

(6ad)
Pentacarboxylic acid porphyrin I Ac Pr Me Pr Me Pr Me Pr
Pentacarboxylic acid porphyrin III Me Pr Me Pr Ac Pr Pr Me

(5abd)
Pentacarboxylic acid porphyrin III Me Pr Me Pr Me Pr Pr Ac

(5abc)
Pentacarboxylic acid porphyrin III Me Pr Ac Pr Me Pr Pr Me

(5acd)
Pentacarboxylic acid porphyrin III Ac Pr Me Pr Me Pr Pr Me

(5bcd)
Coproporphyrin I Me Pr Me Pr Me Pr Me Pr
Coproporphyrin III Me Pr Me Pr Me Pr Pr Me
Isocoproporphyrin Me Et Me Pr Ac Pr Pr Me
Tricarboxylic acid porphyrin Me V Me Pr Me Pr Pr Me
Protoporphyrin IX Me V Me V Me Pr Pr Me
Mesoporphyrin IX Me Et Me Et Me Pr Pr Me
Deuteroporphyrin IX Me H Me H Me Pr Pr Me

Side-chain abbreviations: Me = methyl, Et = ethyl, Ac = CH2COOH, Pr = CH2CH2COOH,
V = vinyl. The letters a,b,c and d denote the positions of the methyl group on rings A, B, C and
D, respectively.
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Two molecules of ALA are then condensed with each other
(Fig. 1.4) in the soluble part of the cytoplasm to form the monopy-
rollic precursor, porphobilinogen (PBG). This reaction is catalysed by
the enzyme 5-aminolaevulinic acid dehydratase (ALA-D) or porpho-
bilinogen synthase (PBG-S).22

In the next step, four molecules of PBG condense together in a
head-to-tail fashion (Fig. 1.5) to yield the symmetrical, linear tetrapyr-
role, hydroxymethylbilane (HMB).23,24 This reaction is catalysed by
porphobilinogen deaminase (PBG-D), also known as hydroxymethyl-
bilane synthase (HMB-S).25,26

HMB is rearranged and cyclised to yield the asymmetrical uro-
porphyrinogen III (Fig. 1.5). The reaction is catalysed by uropor-
phyrinogen III synthase (Urogen III-S).27,28 In the absence of Urogen
III-S the unstable HMB, with a half-life of less than 5 minutes at neutral
pH, is cyclised spontaneously to the symmetrical and physiologically
unimportant uroporphyrinogen I (Fig. 1.5). Uroporphyrinogen III
is the common precursor24 in the biosynthesis of haem, sirohaem,
the cofactor of sulphite and nitrite reductase, and vitamin B12

(Fig. 1.6).
The type isomers I and III denote the arrangements of the four

acetic acid groups and four propionic acid groups around the macro-
cyclic periphery (positions 1–8) of the porphyrins (Table 1.1). There
are four possible arrangements and Fischer called these isomers type
I, II, III and IV isomers.

At this stage of haem biosynthesis, and also in the next three
steps, the intermediates are porphyrinogens or hexahydroporphyrins.
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Figure 1.4. The biosynthesis of PBG from two molecules of ALA.
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They are colourless, non-fluorescent intermediates in which the pyr-
role rings are joined together by methylene rather than methine
bridges (Fig. 1.1). The porphyrins are oxidative by-products at these
stages and cannot be metabolised themselves.

The four acetic acid groups of uroporphyrinogen III are sequentially
decarboxylated to methyl groups in a step-wise fashion, starting from
ring D through rings A, B and C, to give coproporphyrinogen III
(Fig. 1.6).29 The reaction is catalysed by the cytoplasmic enzyme uro-
porphyringen decarboxylase (Urogen-D).30 Although the clockwise
decarboxylation pathway from ring D through rings A, B and C is pre-
ferred,31 random decarboxylation has also been observed leading to a
complex mixture of isomeric, hepta-, hexa- and penta-carboxylic acid
porphyrinogen intermediates.32,33 There are four possible type III hepta-,
six type III hexa- and four type III penta-carboxylic acid porphyrinogens.
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Figure 1.5. The biosynthesis of hydroxymethylbilane and uroporphyrino-
gen III. PBG-D = porphobilinogen deaminase; HMB-S = hydroxy-
methylbilane synthase; Urogen III-S = uroporphyrinogen III synthase;
Ac = CH2COOH; Pr = CH2CH2COOH.
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Urogen-D is not specific for uroporphyrinogen III and the symmetrical
uroporphyringen I is similarly decarboxylated to coproporphyrinogen I.

Coproporphyrinogen III is taken up into the mitochondrion
where the remaining steps of haem biosynthesis take place.
Coproporphyrinogen III is converted into protoporphyrinogen IX, via
2-vinyl-4,6,7-tricarboxylic acid porphyrinogen, by oxidative decar-
boxylation of the two propionic acid groups on rings A and B to vinyl
groups (Fig. 1.7).10,11 The reaction is catalysed by coproporphyrino-
gen oxidase (Coprogen-O). This enzyme is highly specific for the
type III isomer and will not decarboxylate coproporphyrinogen I
which will not be further metabolised.

Protoporphyrinogen IX is then oxidised to protoporphyrin IX by
protoporphyrinogen oxidase (Protogen-O)10,11 and finally haem is
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Figure 1.6. The biosynthesis of coproporphyrinogen III by sequential
decarboxylation of the four side-chain acetic acid groups of uroporphyrino-
gen III. Uroporphyrinogen I is similarly decarboxylated to coproporphyrino-
gen I. Urogen-D = uroporphyrinogen decarboxylase. The letters a, b, c, and
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D, respectively, has been decarboxylated to a methyl group.
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produced by insertion of ferrous iron into protoporphyrin IX (Fig. 1.8), a
step catalysed by the last enzyme of haem biosynthesis, ferrochelatase
(FECH).10,11 Note that protoporphyrin IX is the only porphyrin formed
in the pathway.

An outline of the pathway of haem biosynthesis from glycine to
haem is shown in Fig. 1.9. The first enzyme of the pathway, ALA-S,
plays a key role in the regulation of haem biosynthesis. Haem, the
end product, exercises a negative feedback control on its synthesis,34

by modulating the amount of ALA-S.
Protoporphyrin IX is also a precursor in chlorophyll biosynthe-

sis12-14 via the formation of Mg-protoporphyrin IX followed by
monomethyl esterification, methylation, vinyl group reduction and
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formation of a fifth ring (ring E) to give protochlorophyllide. In the
presence of light protochlorophyllide is reduced to chlorophyllide a,
which is esterified by phytyl diphosphate to form chlorophyll a
(Fig. 1.10). 

1.4. Biosynthesis of Bilins in Animals and Plants

1.4.1. Degradation of haem to bile pigments

Bilins is the general term for open-chain tetrapyrroles17,18 derived
from names given to bile pigments, the haem degradation products
excreted in animal bile. In humans the conversion of haem derived
from haemoglobin of effete red cells at the end of their life span
to the green bile pigment biliverdin IXα occurs in the reticulo-
endothelial system by a series of reactions which are catalysed by the
microsomal haem oxygenase system.35–37 A small proportion comes
from the turnover of other haemoproteins, e.g. cytochrome P450s,
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Figure 1.9. The haem biosynthetic pathway.
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immature erythroid cells and free haem which turnover at a faster
rate. Biliverdin IXα is reduced at the C-10 position to bilirubin IXα,
the yellow bile pigment (Fig. 1.11). The reaction is catalysed by the
cytosolic enzyme NADPH-dependent biliverdin reductase.38,39

Bilirubin forms extensive intra-molecular hydrogen bonds which
give it a strongly hydrophobic property.40–42 It is insoluble in aqueous
solution at physiological pH and is transported in blood tightly
bound to albumin.43 Bilirubin is excreted in the bile into the intestine
mainly as the polar bilirubin mono- and di-glucuronide conjugates
after esterification of the C-8 and/or C-12 propionic acid side-chains
with uridine diphosphate glucuronic acid in the liver. The reaction is
catalysed by the microsomal enzyme bilirubin UDP-glucuronosyl
transferase (UGT1A1).44,45 Xylose and glucose conjugates have also
been detected in small quantities. In the intestine de-conjugation and
sequential hydrogenation by intestinal flora results in a series of chro-
mogens which on hydrogenation give a variety of faecal bile pig-
ments with varying degree of double bond conjugation and colour46
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Figure 1.10. The biosynthesis of chlorophyll a from protoporphyrin IX.
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ranging from the green-blue biliverdins, violet biliviolins, yellow
bilirubins, orange urobilins to the colourless urobilinogens. The
structures of these bile pigments are shown in Fig. 1.12.

1.4.2. Biosynthesis of bilins in plants, algae
and cyanobacteria

Haem oxygenase is present not only in animals but also in plants,
algae and cyanobacteria.47–49 The same pathway of enzyme reaction
that converts protohaem to biliverdin IXα is observed for all these
organisms. From the same universal precursor, plants, algae and
cyanobacteria convert biliverdin IXα into phycobilins,47,48 the open-
chain tetrapyrroles, which include phytochromobilin, phycoerythro-
bilin, phycocyanobilin, phycobiliviolin and phycourobilin. These,
together with chlorophyll a and β-carotene, give the immense variety
of colouration seen in algae and cyanobacteria, from blue-green, pur-
ple, red and orange to yellow.50
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Figure 1.11. The degradation of haem by haem oxygenase system.
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In higher plants biliverdin IXα is converted to 3(Z )-phytochromo-
bilin by the plastid-localised enzyme phytochromobilin synthase
(PΦB synthase) which is a bilin 2,3-reductase (Fig. 1.13). This gives
the ethylinene group on ring A essential for covalent linkage to
apophytochrome, which occurred after isomerisation of 3(Z)-
phytochromobilin to 3(E )-phytochromobilin catalysed by a bilin 31,32

cis-trans isomerase.51,52

In red algae biliverdin IXα is first reduced to 15,16-dihydrobiliverdin
IXα catalysed by a bilin 15,16-reductase.53 This is then followed by
reduction at the 2,3-positions, catalysed by a bilin 2,3-reductase, to give
3(Z )-phycoerythrobilin (Fig. 1.13). It is also believed that the 3(Z )-
isomer is isomerised to 3(E )-phycoerythrobilin catalysed by a bilin 31,32-
isomerase.53,54 It has been shown that both the (Z )- and (E )-isomers are
eventually converted into phycocyanobilins.47,48,53
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In cyanobacteria, only the 3(Z )-phycocyanobilin isomer is pro-
duced55 and the green algae Mesotanium caldariorum is reported to
synthesise 3(Z )-phycocyanobilin directly from 3(Z )-phytochromobilin56

(Fig. 1.13).

1.4.3. Degradation of chlorophyll in senescent
higher plants

The degradation of chlorophylls to colourless nonfluorescent
catabolites (NCCs)57–59 is an integral part of leaf senescence and
fruit ripening processes. The breakdown pathway begins with
de-phytylation of chlorophyll a by chlorophyllase (chlase), followed
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by the removal of Mg by a Mg-dechelating substance or Mg-
dechelatase to give phaeophobide a. Oxidative ring opening then
takes place, catalysed by phaeophobide a oxygenase (PAO), with
the conversion of phaeophobide a into the open-chain tetrapyrrole
red chlorophyll catabolite (RCC). It has been suggested that chloro-
phyll b is reduced to chlorophyll a before entering the pathway
through PAO.60 RCC is then reduced to a primary fluorescent
chlorophyll catabolite (pFCC), catalysed by RCC reductase.
Modification of several peripheral side-chains of pFCC occurred
and the modified FCCs are transported to the vacuoles61 where,
under weakly acidic conditions, they undergo rapid, stereospecific
isomerisation to give ubiquitous NCCs (Fig. 1.14). The type of
peripheral side-chain modifications within different NCCs are
species specific.62,63
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1.5. Functions of Porphyrins and Other Tetrapyrroles

The macrocyclic tetrapyrrole structure is ideal for the insertion of
metal atoms to form metallo-complexes which are the prosthetic
groups in the formation of metalloproteins and metalloenzymes
where many essential biochemical processes and bioenergetic reac-
tions of life take place. They are nature’s most important catalysts.
Protoporphyrin IX complexes with iron to form the oxygen transport
metalloprotein haemoglobin which uses reversible oxygen coordina-
tion to iron II for transport of oxygen to organs throughout the body.
Myoglobin, found in large amounts in skeletal and cardiac muscles,
stores oxygen for use when needed and transports oxygen by diffu-
sion. Other haem containing proteins include the cytochromes, per-
oxidases, reductases and catalase, which carry out a wide range of
important oxidation and reduction reactions vital for all living cells.
Sirohaem is the cofactor of sulphite and nitrite reductases. Chlorophylls
are magnesium tetrapyrrole complexes which capture and convert
absorbed sunlight into usable energy in photosynthesis. Vitamin B12 or
cyancobalamin, a cofactor in methyltrasferases, is a cobalt tetrapyr-
role complex. Factor F430 is involved in methane formation in certain
bacteria, and is a nickel tetraphyrrole complex. Uroporphyrinogen III
is the common intermediate to all these cellular tetrapyrrole metal
complexes.

Bile pigments, especially bilirubin, possess significant antioxi-
dant64–66 and anti-mutagenic properties.67 They are potent free radical
scavengers and have been shown to inhibit the mutagenic effects of
oxidants and aromatic mutagens such as poly aromatic hydrocarbons
and heterocyclic amines. 

Bilirubin has been hypothesised to have a circadian regulation
role in humans.68 The albumin-bound bilirubin resembles phy-
tochromes, which set the biological clock in plants.

In higher plants, phytochromobilin, the open-chain tetrapyrrole,
is the chromophore of phytochrome which functions as a light-
sensing pigment or photoreceptor in plant development.52,69–71 It has
the ability to photo-interconvert between red and far-red light absorb-
ing forms by sensing the ambient light conditions. Phytochrome-like

FA
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molecules have also been identified in algae,72 ferns and mosses73

and cyanobacteria.74

Phycobiliproteins50 are a homologous family of phycobilin-
protein complexes present in cyanobacteria,50 red algae,50 cryp-
tomonsds,75 and some species of prochlorophytes.76 They are the
light-harvesting antennae of these organisms50 with the open-chain
tetrapyrrole chromophores covalently linked to protein molecules via
cysteine residues.

Phycobiliproteins, especially phycocyanin, the blue, light-
harvesting pigment in cyanobacteria, rhodophytes and cryptophytes,
are water soluble antioxidants with strong fluorescent properties.
Phycocyanin has been investigated for potential applications in the
food, cosmetic and biotechnology industries, and in diagnostic
medicine because of these useful properties.77

Porphyrins and related compounds are excellent photosensitisers78–80

used in photodynamic therapy (PDT) of diseases, including
cancer,81,82 dermatological conditions83,84 and wet age-related mac-
ular degeneration (AMD).85,86 PDT comprises exogenous adminis-
tration of a light-absorbing compound (photosensitiser) which can
accumulate in a target tissue. Light of wavelength matching its
absorption characteristics is directed at the target tissue to pho-
toactivate the sensitiser. This generates free radicals, especially sin-
glet oxygen, at a rate that overwhelms tissue defence and causes
cell death.

PDT has been investigated as a new anti-microbial strategy87,88 for
treating localised infections caused by MRSA and for modulating
wound healing. Anti-microbial PDT has also been suggested as a
possible method for eliminating pathogenic oral bacteria within the
oral cavity.88

Porphyrin photosensitisers have been used for photocatalytic pat-
terning.89 Porphyrins are excited to generate radical species that pho-
tocatalytically oxidise, and thereby pattern, chemistries in the local
vicinity. The technique, suitable for a wide variety of substrates
including proteins and cells, has potential applications in biological
and medical sciences.

FA

16 High-Performance LC and MS of Porphyrins, Chlorophylls and Bilins

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 16



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

References

1. Smith KM. General features of the structure and chemistry of porphyrin
compounds. In: Porphyrins and Metalloporphyrins (Smith KM, ed);
pp. 3–28. Elsevier Scientific Publishing Company, Amsterdam, Oxford,
New York, 1975.

2. Nicholas REH and Rimington C. Isolation of unequivocal uroporphyrin
III, a further study of turacin. Biochemical Journal 1952; 50: 194–201.

3. With TK. On porphyrins in the feathers of owls and bustards.
International Journal of Biochemistry 1978; 9: 893–895.

4. Kilner RM. The evolution of egg colour and patterning in birds.
Biological Reviews 2006; 81: 383–406.

5. McGraw KJ. The mechanics of uncommon colors: Pterins, porphyrins,
and psittacofulvins. In: Bird Coloration (Hill GE and McGraw KJ, eds);
vol. 1: Mechanisms and Measurements; pp. 354–398. Harvard
University Press, Harvard, 2006.

6. Kennedy GY. Porphyrins in invertebrates. Annals of New York Academy
of Sciences 1975; 244: 662–673.

7. Iwahashi Y and Akamatsu S. Porphyrin pigment in black-lip pearls and
its application to pearl identification. Fisheries Science 1994; 60:
69–71.

8. Xu H, Yu D and Que G. Characterization of petroporphyrins in Gudao
residue by ultraviolet-visible spectrophotometry and laser desorption
ionization/time-of-flight mass spectrometry. Fuel 84(6): 647–652.

9. Suo Z, Avci R, Schweitzer MH and Deliorman M. Porphyrin as an ideal
biomarker in the search for extraterrestrial life. Astrobiology 2007; 7(4):
605–615.

10. Shoolingin-Jordan PM and Cheung KM. Biosynthesis of heme. In:
Comprehensive Natural Products Chemistry (Barton DHR, Nakanishi K
and Meth-Cohn O, eds); vol. 4 (Kelly JW vol. ed): Amino Acids, Peptides,
Porphyrins and Alkaloids; pp. 61–107. Elsevier, Amsterdam, 1999.

11. Ajioka RS, Phillips JD and Kushner JP. Biosynthesis of haem in mammals
(review). Biochimica et Biophysica Acta 2006; 1763: 723–736.

12. Masuda T. Recent overview of the Mg branch of the tetrapyrrole biosyn-
thesis leading to chlorophylls. Photosynthesis Research 2008; 96(2):
121–143.

FA

Structure, Distribution, Biosynthesis, Catabolism and Function 17

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 17



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

13. Tanaka R and Tanaka A. Tetrapyrrole biosynthesis in higher plants.
Annual Review of Plant Biology 2007; 58: 321–346.

14. GomezMaqueo Chew A and Bryant DA. Chlorophyll biosynthesis in
bacteria: The origins of structural and functional diversity. Annual
Review of Microbiology 2007; 61: 113–129.

15. Fischer H and Orth H. Die Chemie des Pyrrols. Vol. II 1. Akademische
Verlagsgesellschaft, Leipzip, 1937.

16. Fischer H and Orth H. Die Chemie des Pyrrols. Vol. II 2. Akademische
Verlagsgesellschaft, Leipzip, 1940.

17. Moss GP. IUPAC Nomenclature of tetrapyrroles. Pure and Applied
Chemistry 1987; 59: 779–832.

18. Moss GP. Nomenclature of tetrapyrroles: IUPAC-IUB recommendation
1986. European Journal of Biochemistry 1988; 178: 277–328.

19. Wriston Jr JC, Lack L and Shemin D. The mechanism of porphyrin for-
mation. Further evidence on the relationship of the citric acid cycle and
porphyrin formation. Journal of Biological Chemistry 1955; 215:
603–611.

20. Shemin D, Russell CS and Abramsky T. The succinate-glycine cycle. I.
The mechanism of pyrrole synthesis. Journal of Biological Chemistry
1955; 215: 613–626.

21. Kannangara CG, Andersen RV, Pontoppidan B, Willows R and Wettstein D.
Enzymic and mechanistic studies on the conversion of glutamate to 5-
aminolaevulinate. In: The Biosynthesis of Tetrapyrrole Pigments
(Chadwick DJ and Ackrill K, eds); pp. 3–25. Ciba Foundation
Symposium 180. John Wiley & Sons, New York, 1994.

22. Jaffe EK. Porphobilinogen synthase, the first source of haem’s asym-
metry. Journal of Bioenergetics and Biomembranes 1995; 27(2):
169–179.

23. Battersby AR, Fookes, CJ, Matcham GW and McDonald E. Biosynthesis
of the pigments of life: Formation of the macrocycle. Nature 1980;
285(5759): 17–21.

24. Battersby AR. Tetrapyrroles: The pigments of life (review). Natural
Product Reports 2000; 17(6): 507–526.

25. Shoolingin-Jordan PM. Structure and mechanism of enzymes involved
in the assembly of tetrapyrrole macrocycle (review). Biochemical
Society Transactions 1998; 26(3): 326–336.

FA

18 High-Performance LC and MS of Porphyrins, Chlorophylls and Bilins

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 18



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

26. Jordan PM and Warren MJ. Evidence for a dipyrrolemethane cofactor at
the catalytic site of E. coli porphobilinogen deaminase. FEBS Letters
1987; 225: 87–92.

27. Shoolingin-Jordan PM, Warren MJ and Awan SJ. Discovery that the
assembly of the dipyrrolemethane cofactor of porphobilinogen deami-
nase holoenzyme proceeds initially by the reaction of preuropor-
phyrinogen with the apoenzyme. Biochemical Journal 1996; 316:
373–376.

28. Shoolingin-Jordan PM. Porphobilinogen deaminase and uroporphyrino-
gen III synthase: Structure, molecular biology, and mechanism. Journal
of Bioenergetics and biomembranes 1995; 27(2): 181–195.

29. Jackson AH, Sancovich HA, Ferramola AM, Evan, N, Games, DE, Matlin
SA, Elder GH and Smith, SG. Macrocyclic intermediates in the biosyn-
thesis of porphyrins. Philosophical Transactions of Royal Society of
London, Series B Biological Sciences 1976; 273(924): 191–206.

30. Whitby FG, Phillips JD, Kushner JP and Hill CP. Crystal structure of
human uroporphyrinogen decarboxylase. EMBO Journal 1988; 17:
2463–2471.

31. Luo J and Lim CK. Decarboxylation of uroporphyrinogen III by erythro-
cyte uroporphyrinogen decarboxylase. Evidence for a random decar-
boxylation mechanism. Biochemical Journal 1990; 268: 513–515.

32. Lash TD. Action of uroporphyrinogen decarboxylase on uroporphyrino-
gen-III: A reassessment of the clockwise decarboxylation hypothesis.
Biochemical Journal 1991; 278(Pt 3): 901–903.

33. Luo J and Lim CK. Order of uroporphyrinogen III decarboxylation on
incubation of porphobilinogen and uroporphyrinogen III with erythro-
cyte uroporphyrinogen decarboxylase. Biochemical journal 1993; 289:
529–532.

34. Burnham BF. Evidence for a negative feedback system in the control of
porphyrin biosynthesis. Biochemical and Biophysical Research
Communications 1962; 7: 351–356.

35. Tennen R, Marver HS and Schmid R. The enzymatic conversion of heme
to bilirubin by microsomal heme oxygenase. Proceedings of the National
Academy of Sciences USA 1968; 61: 748–755.

36. Maines MD. Heme oxygenase: Function, multiplicity, regulatory mech-
anisms, and clinical applications. FASEB Journal 1988; 2: 2557–2568.

FA

Structure, Distribution, Biosynthesis, Catabolism and Function 19

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 19



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

37. Ortiz de Montellano PR. Heme oxygenase mechanism: Evidence for an
electrophilic, ferric peroxide species. Accounts of Chemical Research
1998; 31: 543–549.

38. Schmid R and McDonagh AF. The enzymatic formation of bilirubin.
Annals of New York Academy of Sciences 1975; 244: 533–552.

39. Kutty RK and Maines MD. Purification and characterization of biliverdin
reductase from rat liver. Journal of Biological Chemistry 1981; 256:
3956–3962.

40. Bonnett R, Davies JE and Hursthouse MB. Structure of bilirubin. Nature
1976; 262: 327–328.

41. Nogales D and Lightner DA. On the structure of bilirubin in solution.
13C[1H] heteronuclear Overhauser effect NMR analyses in aqueous
buffer and organic solvents. Journal of Biological Chemistry 1995; 270:
73–77.

42. Zunszain PA, Ghuman J, McDonagh AF and Curry S. Crystallographic
analysis of human serum albumin complexed with 4Z,15E-bilirubin-
IXα. Journal of Molecular Biology 2008; 381: 394–406.

43. Brodersen. Bilirubin. Solubility and interaction with albumin and phos-
pholipid. Journal of Biological Chemistry 1979; 254: 2364–2369.

44. Kamisako T, Kobayashi Y, Takeuchi K, Ishihara T, Higuchi K, Tanaka Y,
Gabazza EC and Adachi Y. Recent advances in bilirubin metabolism
research: The molecular mechanism of hepatocyte bilirubin transport
and its clinical relevance. Journal of Gastroenterology 2000; 35: 9–664.

45. Basu NK, Kole L and Owen IS. Evidence for phosphorylation require-
ment for human bilirubin UDP-glucuronosyltransferase (UGT1A1)
activity. Biochemical and Biophysical Research Communications 2003;
303(1): 98–104.

46. Stoll MS and Gray CH. The preparation and characterization of bile
pigments. Biochemical Journal 1977; 163: 59–101.

47. Beale SI. Biosynthesis of phycobilins. Chemical Reviews 1993; 93:
785–802.

48. Beale SI. Biosynthesis of open-chain tetrapyrroles in plants, algae, and
cyanobacteria. Ciba Foundation Symposium 1994; 180: 156–168.

49. Terry MJ, Linley P and Kohchi T. Making light of it: The role of plant
haem oxygenases in phytochrome chromophore synthesis (review).
Biochemical Society Transactions 2002; 30: 604–609.

FA

20 High-Performance LC and MS of Porphyrins, Chlorophylls and Bilins

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 20



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

50. Glazer AN. Light guides. Directional energy transfer in a photosynthetic
antenna. Journal of Biological Chemistry 1989; 264(1): 1–4.

51. Terry MJ and Lagarias JC. Holophytochrome assembly. Coupled assay
for phytochromobilin synthesis in organelle. Journal of Biological
Chemistry 1991; 266: 22215–22221.

52. Terry MJ, McDowell MD and Lagarias JC. 3(Z )- and 3(E )-phytochromo-
bilin are intermediates in the biosynthesis of phytochrome chro-
mophore. Journal of Biological Chemistry 1995; 270: 11111–11119.

53. Beale SI and Cornejo J. Biosynthesis of phycobilins. 15,16-dihydro-
biliverdin IXα is a partially reduced intermediate in the formation of
phycobilins. Journal of Biological Chemistry 1991; 266: 22341–22345.

54. Beale SI and Cornejo J. Biosynthesis of phycobilins. 3(Z )-phycoerythro-
bilin and 3(Z )-phycocyanobilin are intermediates in the formation of
3(E )-phycocyanobilin from biliverdin IXα. Journal of Biological
Chemistry 266: 22333–22340.

55. Cornejo J and Beale SI. Phycobilin biosynthetic reactions in extracts of
cyanobacteria. Photosynthesis Research 1997; 51: 223–230.

56. Wu S-H, McDowell MT and Lagarias JC. Phycocyanobilin is the natural
precursor of the phytochrome chromophore in the green alga
Mesotaenium caldariorum. Journal of Biological Chemistry 1997; 272:
25700–25705.

57. Oberhuber M, Berghold, J, Breuker K, Hörtensteiner S and Kräutler B.
Breakdown of chlorophyll: A nonenzymatic reaction accounts for the
formation of the colorless “nonfluorescent” chlorophyll catabolites.
Proceedings of the National Academy of Sciences USA 2003; 100:
6910–6915.

58. Pruzinská A, Tanner G, Aubry S, Anders I, Moser S, Müller T, Ongania
K-H, Kräutler B, Youn, J-Y, Liljegren, SJ and Hörtensteiner S. Chlorophyll
breakdown in senescent Arabidopsis leaves. Characterization of chloro-
phyll catabolites and of chlorophyll catabolic enzymes involved in the
degreening reaction. Plant Physiology 2005; 139: 52–63.

59. Kräutler B. Chlorophyll breakdown and chlorophyll catabolites in
leaves and fruit. Photochemical & Photobiological Sciences 2008;
7(10): 1114–1120.

60. Hörtensteiner S. Chlorophyll breakdown in higher plants and algae.
Cellular and Molecular Life Sciences 1999; 56: 330–347.

FA

Structure, Distribution, Biosynthesis, Catabolism and Function 21

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 21



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

61. Matile P, Ginsburg S, Schellenberg M and Thomas H. Catabolites of
chlorophyll in senescing barley leaves are localized in the vacuoles of
mesophyll cells. Proceedings of the National Academy of Sciences USA
1988; 85: 9529–9532.

62. Berghold J, Breuker K, Oberhuber M, Hörtensteiner S and Kräutler B.
Chlorophyll breakdown in spinach: On the structure of five nonfluores-
cent chlorophyll catabolites. Photosynthesis Research 2002; 74:
109–119.

63. Berghold J, Eichmüller C, Hörtensteiner S and Kräutler B. Chlorophyll
breakdown in tobacco: On the structure of two nonfluorescent chloro-
phyll catabolites. Chemistry & Biodiversity 2004; 1: 657–668.

64. Kaur H, Hughes MN, Green CJ, Naughton P, Foresti R and Motterlini R.
Interaction of bilirubin and biliverdin with reactive nitrogen species.
FEBS Letters 2003; 543(1–3): 113–119.

65. Stocker R. Antioxidant activities of bile pigments. Antioxidants and
Redox Signaling 2004; 6(5): 841–849.

66. Mancuso C, Pani G and Calabrese V. Bilirubin: An endogenous scav-
enger of nitric oxide and reactive nitrogen species. Redox Report 2006;
11(5): 207–213.

67. Bulmer AC, Ried K, Blanchfield JT and Wagner K-H. The anti-mutagenic
properties of bile pigments (review). Mutation Research 2008; 658:
28–41.

68. Grass F and Kasper S. Humoral phototransduction: Light transportation
in the blood, and possible biological effects. Medical Hypotheses 2008;
71(2): 314–317.

69. Terry MJ, Wahleithner JA and Lagarias JC. Biosynthesis of plant pho-
toreceptor phytochrome. Archives of Biochemistry and Biophysics
1993; 306: 1–15.

70. Furuya M. Phytochromes-their molecular species, gene families, and
functions. Annual Review of Plant Physiology. Plant Molecular Biology
1993; 44: 617–645.

71. Quail PH, Boylan MT, Parks BM, Short TW, Xu Y and Wagner D.
Phytochromes: Photosensory perception and signal transduction.
Science 1995; 268: 675–680.

72. Rudiger W and Lopez-Figueroa F. Photoreceptors in algae.
Photochemistry and Photobiology 1992; 55: 949–954.

FA

22 High-Performance LC and MS of Porphyrins, Chlorophylls and Bilins

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 22



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

73. Schneider-Poetsch HAW, Marx S, Kolukisaoglu HU, Hanelt S and Braun B.
Phytochrome evolution-phytochrome genes in ferns and mosses.
Physiologica Plantarum 1994; 91: 241–250.

74. Yeh KC, Wu SH, Murphy JT and Lararias JC. A cyanobacterial phy-
tochrome two-component light sensory system. Science 1997; 277:
1505–1508.

75. MacColl R, Eisele LE, Dhar M, Ecuyer J-P, Hopkins S, Marrone J,
Barnard R, Malak H and Lewitus AJ. Bilin organization in crytomonad
biliprotins. Biochemistry 1999; 38: 4097–4105.

76. Hess WR, Partensky F, van der Staay, GWM, Garcia-Fernandez JM,
Börner T and Vaulot D. Coexistence of phycoerythrin and a chlorophyll
α/β antenna in a marine prokaryote. Proceedings of the National
Academy of Sciences USA 1996; 93: 11126–11130.

77. Eriksen NT. Production of phycocyanin-a pigment with applications in
biology, biotechnology, food and medicine (mini-review). Applied
Microbiology and Biotechnology 2008; 80: 1–14.

78. Bonnett R and Berenbaum M. Porphyrins as photosensitizers. Ciba
Foundation Symposium 1989; 261(1): 277–280.

79. Nyman ES and Hynninen PH. Research advances in the use
of tetrapyrrolic photosensitizers for photodynamic therapy. Journal
of Photochemistry and Photobiology, B, Biology 2004; 73(1–2):
1–28.

80. Gorman SA, Brown SB and Griffiths J. An overview of synthetic
approaches to porphyrin, phthalocyanine, and phenothiazine photo-
sensitizers for photodynamic therapy. Journal of Environmental
Pathology, Toxicology and Oncology 2006; 25(1–2): 79–108.

81. Sibata CH, Colussi VC, Oleinick NL and Kinsella TJ. Expert Opinion on
Pharmacotherapy 2001; 2(6): 917–927.

82. Juzeniene A, Peng Q and Moan J. Milestones in the development of
photodynamic therapy and fluorescence diagnosis. Photochemical and
Photobiological Sciences 2007; 6(12): 1234–1245.

83. McCormack MA. Photodynamic therapy. Advances in Dermatology
2006; 22: 219–258.

84. McCormack MA. Photodynamic therapy in dermatology: An update on
applications and outcomes. Seminars in Cutaneous Medicine and
Surgery 2008; 27(1): 52–62.

FA

Structure, Distribution, Biosynthesis, Catabolism and Function 23

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 23



HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY OF PORPHYRINS, CHLOROPHYLLS 
AND BILINS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/3411.html

85. Brown SB and Mellish KJ. Verteporfin: A milestone in ophthalmology
and photodynamic therapy. Expert Opinion on Pharmacotherapy 2001;
2(2): 351–361.

86. Yang YC. Preserving vision with verteporfin photodynamic therapy.
Hospital Medicine 2004; 65(1): 39–43.

87. Maisch T, Bosl C, Szeimies RM, Love B and Abels C. Determination of the
antibacterial efficacy of a new porphyrin-based photosensitizer against
MRSA ex vivo. Photochemical & Photobiological Sciences 2007; 6(5):
545–551.

88. Maisch T. Anti-microbial photodynamic therapy: Useful in the future?
Lasers in Medical Science 2007; 22(2): 83–91.

89. Bearinger JP, Stone G, Christian AT, Dugan L, Hiddessen AL, Wu JJ,
Wu L, Hamilton J, Stockton C and Hubbell JA. Porphyrin-based photo-
catalytic lithography. Langmuir 2008; 24: 5179–5184.

FA

24 High-Performance LC and MS of Porphyrins, Chlorophylls and Bilins

b742_Chapter-01.qxd  5/15/2009  5:07 PM  Page 24




