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CATALYSIS DEPENDENT DESTRUCTION OF CYTOCHROME P-450:

CHARACTERIZATION OF THE N-ALKYLATED PROSTHETIC HEME ADDUCTS

Abstract

Hepatic cytochrome P-450 is destroyed during catalysis-dependent

oxidation of substrates containing terminal acetylene functional

groups. The destructive effect of these compounds is due to the

covalent attachment of a reactive intermediate, formed during oxidative

transformation of the triple bond, to the heme prosthetic group of

the enzyme. The alkylated derivatives of protoporphyrin IX (purified

as the iron-free dimethyl esterified porphyrins) display highly similar

electronic absorption spectra. Field desorption mass spectral studies

performed on nine of these adducts demonstrate that they are stoichio

metrically composed of the elements of protoporphyrin IX dimethyl ester

plus the destructive agent plus atomic oxygen. The structure of

the propyne adduct, established by proton NMR studies, is the isomer

of N-(2-oxopropyl)-protoporphyrin IX dimethyl ester bearing the

N-alkyl group on pyrrole ring A. Thus, the destructive event involves

addition of the terminal unsaturated carbon of the substrate to one

of the four pyrrole nitrogens of prosthetic heme. The propyne adduct

is optically active indicating that the alkylation sequence is sel

ective for one of the two faces of heme. These results suggest a

destructive sequence initiated by enzyme-catalyzed oxidation of the

triple bond to a reactive intermediate, and terminated by a



regio- and stereo-selective alkylation of prosthetic heme. Cytochrome

P-450 catalyzed oxidation of biphenylacetylene to biphenylacetic acid

proceeds through oxidation of the acetylene pi bond to the substi

tuted oxirene and/or ketocarbene which is followed by rearrangement,

via a 1,2 hydride shift, to give the ketene precursor to the aryl

acetic acid. The manifold of reactive intermediates exposed by these

Studies are presented, and mechanistic alternatives for the destructive

process are suggested.

The cytochrome P-450 prosthetic heme adducts formed during

catalytic processing of ethylene, propene, propyne, and the 4-alkyl

dihydropyridines, 3,5-dicarbethoxy-1,4-dihydrocollidine (DDC) and

3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine (DDEP),

are characterized by 360 MHz NMR studies. The structure and isomer

assignment of these N-alkylated derivatives of dimethyl-esterified

protoporphyrin IX is made by a combination of spin-lattice relaxation,

proton-proton nuclear Overhauser effect, and spin-decoupling experiments.
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CHAPTER ONE

HEPATIC CYTOCHROME P - l; 50

1. 1 INTRODUCTION

The cytochrome P-1,50 enzymes are members of a large

family of hemoproteins which perform functions crucial to

the existence of virtually every organism on earth. Dominant

among these processes are electron transport and oxygen

transport and metabolism. The type of chemistry carried out

by a particular hemoprotein is conducted by the heme but

orchestrated by the protein. The environmental matrix sup

plied by the protein dictates the reaction course by regu

lating the oxidation and spin states of the iron, via liga

tion at the axial sites of heme , and access to the catalytic

center by electrons, oxygen and substrates. Cytochrome P

l,50 utilizes both functions of hemoproteins, oxygen binding

and electron transport , to generate a highly reactive ,

iron-bound oxygen species capable of donating atomic oxygen

to a wide variety of substrates.

The stoichiometry of cytochrome P-1, 50 catalyzed reac

tions is given in the following equation.

RH + 0.2 + NADPH + H* ROH + H20 + NADP”



In this reaction the substrate (generalized as RH) undergoes

a two electron oxidation. During the reaction sequence ,

oxygen is reductively cleaved (formally a 1, electron pro

cess ) in to water and oxidized substrate and a pyridine

nucleotide (NADPH) is oxidized via an associated flavopro

tein. The dual requirement of molecular oxygen and reducing

equivalents characterizes the overall process as a mixed

function oxidation (Mason, 1957).

Cytochrome P-1, 50 is ubiquitous in nature being found in

such diverse organisms as bacteria, plants and animals. Mam

malian cytochrome P-1,50 enzymes participate in monooxygena

tion reactions with two classes of substrates. Certain forms

of the enzyme are involved with the synthesis and degrada

tion of endogenous compounds. For example, the synthesis of

steroid hormones in the ad renal gland is mediated by a

series of cytochrome P-150 catalyzed reactions at specific

sp? carbon centers . These trans formations include the

conversion of chole sterol to pregne no lone , as well as

stereospecific hydroxylations at the 11-beta , 17-alpha , and

21-methyl positions (Walsh, 1979). A form of cytochrome P

l, 50 catalyzes the rate-limiting 7-alpha hydroxylation step

in the breakdown of cholesterol to the bile acids (Myrant

and Mitropoulos, 1977). The utilization of cytochrome P-150

enzymes to perform these and other highly specific reactions

on endogenous compounds is in sharp contrast to the role

they play in the elimination of absorbed, exogenous com



pounds.

The hallmark of this second function of the cytochrome

P-1150 enzymes is low substrate specificity as witnessed by

the fact that almost any lipophilic compound is a likely

substrate for the enzyme. Without general mechanisms for

transformation of otherwise non-biodegrad a ble lipophilic

substances such as drugs, environmental contaminants, and

food constituents the organism would rapidly accumulate

toxic concentrations of these compounds. Cytochrome P-1,50

enzymes enhance the clearance of lipophilic compounds admit -

ted into the body by oxidatively transforming them into more

polar, and the refore more rapidly eliminated , substances.

Cytochrome P-l. 50 enzymes are located in membranes into which

lipophilic compounds partition. More over, particularly high

concentrations of the enzyme are found in highly per fused

organs such as the liver , lung, and kidney. This strategic

distribution facilitates access of the enzyme to absorbed

compounds .

The cytochrome P-1,50 enzymes are not alone in their

ability to transform foreign compounds. Rather they belong

to a much larger family of enzymes that are characterized by

broad substrate specific i ties, low turn over rates and poor

substrate affinities. The glutathi one – S-transferases, epox

ide hydrases, monoamine oxidases, esterases, and glucuronyl

transferases are all involved in processing xenobiotic

agents for elimination. The organism, the refore, has a



variety of weapons to choose from in its continual battle

against chemical intrusion . A distinguishing characteristic

of the cytochrome P-1, 50 enzymes is the wide variety of func –

tional groups which are susceptible to their catalytic

action .

1. 2 DISTRIBUTION AND HETEROGENOUS NATURE

Mammalian cytochrome P-150 enzymes are membrane bound

and have been identified as constituents of most organs,

including lung, liver, ad renal gland , skin, kidney, intes -

tine, test is and placenta (Sato, 1978). Cytochrome P-150 is

the major he patic hemoprotein, comprising 2-3% of the total

protein and up to 15% of the microsomal protein (Estabrook

et al., 1971). He patic cytochrome P-150 is primarily distri

buted in the rough and smooth endoplasmic reticulum, but is

also present to a lesser extent in the golgi apparatus,

nuclear membrane, lysosomes, and mitochondria (Ichikawa and

Mason, 1973). The endoplasmic reticulum is a tubular

lipoprotein matrix which extends through the cytoplasm. The

critical function of the rough endoplasmic reticulum in pro

tein synthesis is well known. This organelle is usually

isolated by differential centrifugation of disrupted liver

cells and is found in what is termed the microsomal frac -

tion . The microsomal fraction consists of particles which

remain suspended at 10,000xg but sediment at 100,000xg. The



preparation and characterization of disrupted liver frac -

tions is discussed in detail elsewhere (Ichikawa and Mason,

1973; Eriksson et al., 1978). The endoplasmic reticuli is o –

lated in this manner are mere shadows of their former selves

since homogenization of liver cells shears the endoplasmic

reticulum into small particles. The she ared organelles

appear to pinch-off and vesiculate , forming doughnut-shaped

entities that actually maintain the inside-outside arrange -

ment present in the intact organelle (Eriksson et al., 1978).

Other major enzymes associated with the microsomal fraction

include NADPH-cy to chrome P-150 reductase, epoxide hydrase,

the glutathi one-S-transferases, cytochrome b5, cytochrome b5

reductase and glucose-6-phosphatase.

He patic microsomal cytochrome P-1,50's are membrane

bound , hydrophobic hemo proteins with molecular weights rang

ing from 118,000 to 58,000 dal tons as judged by SDS

polyacrylamide gel electrophoresis (see White and Coon, 1980

for references and discussion). Each enzyme unit contains

one molecule of heme (iron pro to porphyrin IX), 2-3 molecules

of glucosamine , and 1,00-500 amino acid residues (Coon et al.,

1977). The primary, secondary, and tertiary structures of

the enzymes are unknown although some information has been

obtained on the N- and C-terminal amino acid sequences.

Associated with cytochrome P-1,50 is another membrane

bound protein, NADPH cytochrome P-1,50 reductase (alterna

tively named cytochrome c reductase), which is responsible



for mediating the flow of electrons from NADPH to cytochrome

P-1150. NADPH cytochrome P-1,50 reductase has a molecular

weight of 78,000 dal tons and has , as its prosthetic group,

one molecule each of the flavins FMN and FAD (Masters,

1980). In contrast to the multiplicity of cytochrome P

l,50's, it appears that only one form of the reductase is

present in a given tissue (Masters, 1980).

Studies concerning the interaction of reductase and

cy to chrome P-150 have raised a number of interesting points.

In intact microsomes the ratio of reductase to cytochrome

P-1,50 varies considerably with induction state (values rang

ing from 1 : 10 to 1:30 have been reported ) yet electron

transfer is not normally rate-limiting for catalysis ( Esta

brook and Werring loer, 1979). The inevitable conclusion

that one reductase services a manifold-higher number of

cytochrome P-1,50 molecules places some intriguing contraints

on the microsomal membrane architecture (see Estabrook and

Werring loer, 1978; Omura, 1978; Nebert et al., 1981). Cata

lytic turnover of cytochrome P-1,50 requires the delivery of

two reducing equivalents. Reconstitution experiments have

established that the reductase can supply both electrons.

However, evidence exists which suggests that reduced cyto

chrome b5 may also contribute reducing equivalents in intact

microsomal systems (Omura, 1978). The movement of electrons

through potential gradients between these proteins is

currently an area of active investigation.



FIGURE l

ONE OF THE POSSIBLE ARRANGEMENTS

CYTOCHROME P-450 AND CYTOCHROME P-450 REDUCTASE

ON THE ENDOPLASMIC RETICULUM

Taken from Nebert et al (1981)



Among the many fascinating problems confronting the

experiment a list in the area of cytochrome P-150 research is

the question of isozymes. How many are there and how do

they differ 2 It is now clear that different forms of the

enzyme populate the liver as well as other organs. Thus

techniques have to be developed to separate and characterize

the different forms. This problem is further compounded by

the fact that the levels of the different forms are

exquisite ly sensitive to the presence of lipophilic com

pounds. Exposure of animals to agents such as 3

methylcholan threne (3MC), phenobarbital (PB), pregne no lone -

16-alpha-carboni trile (PCN), mixtures of polychlorinated

aromatics such as Arachlor 1251, , or benzona phol flavone (BNF)

induces the levels of certain forms of cytochrome P-150

potentiating and altering metabolic rates as well as causing

morphological changes. It is generally believed that there

is a finite number of cytochrome P-150 isozymes (five to

seven) in rat liver micro somes (Lu and West, 1980). However

it has been argued that hundreds of distinct forms may actu

ally be present which display overlapping substrate specifi

cities and nearly homologous amino acid sequences (Nebert et

al., 1981).

At least four forms of cytochrome P-150 have been

demonstrated to be present in uninduced rat liver (Agos in et

al., 1979; Warner and Neims, 1979). Treatment of animals

with inducing agents such as PB, 3MC and PCN differentially



stimulates cytochrome P-150 dependent drug oxidation reac

tions (Conney et al., 1973). The alterations in rate and

specificity of xenobiotic metabolism reflect complex changes

eng endered by inducing agents. These changes are primarily

attributable to altered rates of de novo enzyme synthesis

(Nebert et al., 1981; Conney, 1967; Gelboin and Whitlock,

1979; Kuntzman et al., 1969; Omura, 1979). A reduction in

enzyme degradation rates may also play a minor role in the

induction process (Gelboin, 1971). Induction by some

agents, such as the bar biturate pheno barbital, not only

increases and alter's cytochrome P-1,50 isozyme content, but

also increases total liver weight, NADPH cytochrome P-1, 50

reductase, glucuronyl transferase and phospholipid and

causes a general prolife ration of the endoplasmic reticulum

(Orrenius et al., 1969). Induction by 3MC, on the other

hand, appears to affect primarily the distribution of iso

zymes without changing the total enzyme content. Interest –

ingly enough, induction with 3MC is not marked by pronounced

changes in liver weight, phospholipid content or reductase

levels (Parke, 1979). Cytochrome P-1,50 is inducible by many

xenobiotics including drugs, environmental contaminants, and

carcinogens.

The existence of multiple forms of cytochrome P-1,50 has

been confirmed by substrate selectivity studies (Trager,

1977) as well as by purification to apparent homogeneity.

The purified forms of the enzyme have been reconstituted
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with the reductase in phospholipid vesicles and shown to be

catalytically competent. The purified isozymes have also

been shown to be different by SDS polyacrylamide gel elec –

trophores is , spectral properties, catalytic activities,

immunological properties, N-and C-terminal amino acid

sequences and prote olytic peptide maps (see review by Lu and

West, 1980 and references there in ).

1. 3 OXYGEN ACTIVATION AND TRANSFER TO SUBSTRATES

Substrate oxidation by cytochrome P-1150 may be viewed

most economically as the result of a chemical reaction

between an electrophilic six-electron oxygen atom and a

relatively electron-rich molecular orbital of a substrate

molecule. Since the activated oxygen species is bound to

the iron of heme which is , in turn, imbedded in a lipid

bound prote in matrix , the observable consequences of the

reaction are governed by steric as well as electronic fac

to r s . This discussion will be concerned with the biochemi

cal machinery required for the bioactivation of oxygen, and

the mechanisms by which it is formed and transferred to sub

Strate .

The cytochrome P-1,50 enzymes catalyze the monooxygena

tion of an overwhelming number of xenobiotics, including

polycyclic aromatic hydrocarbons, halogenated hydrocarbons,

aliphatic hydrocarbons, amines, most drugs, and a host of



FIGURE 2

THE CATALYTIC CYCLE OF CYTOCHROME P-450*
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* A number of the intermediates depicted in this scheme have

not been firmly established. See text for discussion
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other compounds. The major documented biotransformation

reactions include epoxidation, hydroxylation, N-oxidation,

S-oxidation, and N- and O-dealkylation. A number of excel

lent reviews have been published on these subjects (White

and Coon, 1980; Ishimura, 1978; Wis locki et al., 1980; Low

and Castagnoli, 1980; Trager, 1980).

The catalytic cycle of cytochrome P-1, 50 is portrayed in

Figure 2. The identity of the actual in termediate species

involved at each step in the cycle is , in some cases, still

a matter of active controversy. Especially tentative are

the intermediates formed following the introduction of the

second electron.

1. 31 BINDING OF SUBSTRATE

The resting state of the enzyme finds the prosthetic

heme iron in the ferric state. The four equatorial ligand

positions of the hexacoordinate iron are occupied by the

porphyrin pyrrole nitrogens leaving the two axial positions

available for ligation . Occupancy of the fifth ligand posi

tion, for years a matter of controversy, is now believed to

be held by thiolate , presumably part of a cysteine residue

of the apoprotein (Cramer et al., 1978). The identity of the

sixth ligand is uncertain since reasonable evidence exists

for either imidazole (Sligar and Guns alus, 1979; Che vion et

al., 1977) or water ( Ebel et al., 1977; Phillson et al., 1979).
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Whatever this ligand is , it is neutral, exchangeable with

water (Phil son et al., 1979; Griffin and Peter son, 1975), and

easily replaced by a number of substrates (Peterson et al.,

1976).

Electronic absorption spectra of cytochrome P-1,50

preparations reflect the spin and ligation state of the heme

prosthetic group. Most forms of the cytochrome contain a

sixth ligand of sufficient strength to favor the low spin

(spin 1/2) configuration in which the iron is in the plane

of the porphyrin ring. The corresponding visible spectrum

displays a Soret band (the dominant pi to pi * transition of

porphyrins) at 1, 18 nanometers and well defined alpha and

beta bands (quasi-allowed pi to pi *) of lesser intensity at

568 and 535 nanometers respectively. Purified cytochrome

P-1,50 LMl, , the predominant isozyme induced by 3

methylcholanth rene, contains no sixth ligand or , at best,

one with weak ligation abilities. The heme in this form of

cytochrome P-1,50 is in the high spin (spin 5/2) state and

has a Soret absorbance at much shorter wave lengths (391,

nanometers) and a broad absorbance at 51.5 nanometers with no

well defined alpha and beta bands. Addition of butanol to a

purified preparation of cytochrome P-1,50 LM'll results in the

appearance of a normal low spin cytochrome spectrum (White

and Coon, 1980).

Substrate binding to cytochrome P-1,50 may be con

veniently monitored in a spectrophotometer equipped to han
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dle turbid solutions. The binding of apolar, hydrophobic

compounds at the active site displaces the endogenous sixth

ligand with a substrate which is of insuffic ent strength to

maintain the heme iron in the low spin state . This binding

interaction is rever sible although the equilibrium normally

favors the substrate -bound complex. This interaction , known

as Type I, lowers the ratio of absorbances at 1, 18 and 39 lº

nanometers to favor the latter. Thus Type I substrates bind

to give pen tacoordinate, high spin heme. A substrate bear

ing a strongly ligating functional group such as an amine

shifts the spin state equilibrium to the low spin hexaco or -

dinate cytochrome which absorbs light at l; 20-1; 25 nanometers

(Type II). The binding of substrates with less strongly

ligating functional groups such as butanol also shift the

spin state equilibrium to the low spin form (Sore t 1, 16-1, 18

nanometers) and are called reverse Type I substrates. Under

satura ting conditions substrate binding is not rate-limiting

to catalysis (Bjorkhem, 1977).

1. 32 TRANSFER OF THE FIRST ELECTRON

Two reducing equivalents are required for substrate

turn over by cytochrome P-l;50. The first of these sequen

tially transferred electrons simply reduces the heme iron

from the ferric to the ferrous state. The ferrous form of

the enzyme readily binds carbon monoxide at the sixth ligand
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position in a manner similar to ferrous hemoglobin or myo

globin . The resulting hexacoordinate , ferrous carbonyl com—

plex absorbs light at 1,50 nanometers (Klingenberg, 1958)

which is an abnormally low-energy Soret transition for

hemoproteins (most hemoproteins which form ferrous carbonyl

complexes exhibit Soret transitions in the range of 1,00-l. 20

nanometers). This abnormally high wave length transition is

the basis on which the enzyme is named (Omura and Sato,

1961; ). This value is now known to vary from l. l. 6 to 1,52

nanome ter's depending on the specific isozyme employed for

the measure ment .

Single electron, cytochrome P-150 reductase mediated ,

reduction of cytochrome P-l. 50 by NADPH exhibits biphasic

kinetics in both intact microsomal preparations (Peterson et

al., 1976) and reconstituted systems (Iyanagi et al., 1978;

0prian et al., 1979). The rate of reduction depends on the

isozyme of cytochrome P-1150 examined as well as on the pres

ence and type of substrate. These differences are presum

ably due to modulation of the heme spin-state equilibria by

substrates and the active site environment (Iyanagi et al.,

1978; Oprian et al., 1979; White and Coon, 1980). Chemical

reduction of the cytochrome with sodium dith ionite , while

slower than the reductase-mediated process, indicates that

only about 50% of microsomal cytochrome P-150 is available

for enzymatic reduction (Klingenberg, 1957; Sligar et al.,

1979). Whether this in vitro observation has any relevance
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for the in vivo situation is unknown .

1. 33 DIOXYGEN BINDING

Binding of dioxygen to pen tacoordinate , high-sp in cyto

chrome P-l; 50 ferrous heme (spin 2) has been observed spec –

trophoto metri cally in micro somes from pheno barbital-treated

rats during steady state oxidation (Baron et al., 1973).

Stopped-flow (Guenge rich et al., 1976) and low temperature

(Bon fils et al., 1979) experiments with purified preparations

have confirmed the presence of the species which readily

decomposes to ferric heme and super oxide anion as well as

ferrous he me and dioxygen. Presumably, dioxygen is bound

end-on in a manner similar to oxygenated hemoglobin or myo —

globin .

1.34 GENERATION OF ACTVATED OXYGEN

The generation of water and oxidized substrate from the

one electron reduced , iron-dioxygen complex is one of the

most mystifying and fascinating a spects of cytochrome P-150

catalysis. The reaction stoichiometry requires the addition

of a second electron and two protons. The order in which

this occurs, and the in termediates involved, are still

matters of intense debate . It appears that substrate oxida

tion is preceeded by reduced dioxygen cleavage and water
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formation (White and Coon, 1980). If true, the tentative

conclusion can be reached that the activated oxygen species

is an iron-bound oxygen atom. Perhaps the most persuasive

evidence supporting the existence of such a species is the

ability of the single oxygen donor iod o so benzene to assume

the roles of dioxygen and reducing equivalents in cytochrome

P-150 mediated oxidation reactions (Rahimtula and O'Brien,

1971; ). The most direct interpretation of this result, that

is, that a common oxidizing intermediate is generated in

both pathways , is presented schematically in Figure 3. The

proposed in termediate is stoichiometri cally composed of

enzyme-bound ferric heme and atomic oxygen, although the

actual distribution of electrons among the component atoms

is unclear. Wiable possibilities for the structure of the

reactive oxygen species include a thiolate - ferric iron - oxy

gen complex J.' a thiolate-perferryl iron-oxygen dian ion com

plex 2, a thiolate — iron IV - oxygen anion complex 3. O r" a

thiyl-ferric iron-oxygen anion complex A. (see White and

Coon, 1980 for discussion and references). Clues to the

composition of

4 !.
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-
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FIGURE 3

THE ROLE OF IODOSOBENZENE IN THE MONOOXYGENATION OF

SUBSTRATES CATALYZED BY CYTOCHROME P-450

RH. Fe+3
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this in termediate have been obtained from model Systems.

Groves et al (1979) have shown that hemin chloride or

chloro-ferri-te tra phenylp or phyrin are capable of supporting

both epoxidation and hydroxylation reactions in the presence

of iod o so benzene . The inter mediate iron-oxygen complex was

unfortunately too unstable to characterize. However, in a

later paper (Groves and Kruper, 1979) it was shown that a

chromium III tetraphenyl porphyrin iodo sobenzene system also

catalyzed similar oxidation reactions. A stable chromium

oxygen complex could be generated in the absence of sub

strate. Spectroscopic characterization of the in termediate

identified it as a chromium V oxygen complex. An identical

species could be generated using meta-chloroper benzoic acid,

a compound also known to support cytochrome P-450 mediated

hydroxylation reactions. The inter mediate formed during

oxidative turn over of cytochrome P-150, extra polated from

the chromium complex data, would be expected to be the per

ferryl species 2. The evidence supporting the perferryl

iron oxygen complex remains circumstantial, however. Com

plex 2. will, never the less, be used as a model for mechanis -

tic discussions in this dissertation .

Iodo so benzene is not unique in its ability to circum

vent the need for NADPH and oxygen during cytochrome P-1,50

catalysis. Indeed it is among the most recently discovered

of this growing class of reagents. Many organic and in or -

ganic peroxy compounds have been shown to be members of this
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group including cumene hydro peroxide, sodium periodate ,

hydrogen peroxide and a number of per acids (O'Brien, 1978).

Significant differences have been found among the peroxy

reagents in terms of substrate selectivities and rates of

substrate oxidation. Particularly disturbing is the fact

that the substrate selectivities vary from reagent to

reagent when the oxidation reactions are catalyzed by puri

fied preparations of cytochrome P-l;50. This indicates that

either a uniform iron-oxygen species is not common to the

peroxy oxidants or that the molecule delivering the six

electron oxygen somehow per turbs substrate binding (White

and Coon, 1980; Gustavsson, 1979). Also, cytochrome P-1,50

itself survives only a few turn overs before being irreversi

bly degraded by these artificial oxidants, presumably by

oxidation of the porphyrin framework of heme (White et al.,

1980).

The reactive iron-oxygen species formed during steady

state oxidation undergoes reactions with substrates which

are analogous to those of car benes. These include insertion

into double bonds and carbon-hydrogen bonds. This fact

prompted Hamilton (1961; ; 1971. ) to describe the oxygen

transfer to substrate as "oxenoid" in nature. The advantage

of this interpretation is that it allows rather accurate

predictions to be made concerning the susceptibility of cer

tain sites on a molecule to monooxygenation by cytochrome

P-1,50 (Trager, 1980). It is, however, somewhat misleading
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in a mechanistic sense as will be seen in the following sec –

tions .

1.35 INSERTION OF OXYGEN INTO CARBON HYDROGEN BONDS

3Cytochrome P-1150 efficiently oxidizes s p → carbon

hydrogen bonds to the corresponding alcohols. Hydroxylation

of simple a liphatic substrates is a regio selective process

(carbon hydrogen bonds adjacent to terminal methyl groups

are especially vulnerable) and generally follows the

decreasing order tertiary: secondary: primary (Trager, 1980).

The applicability of this reactivity pattern in a predictive

sense is considerably muted by ster ic effects as well as by

the fact that inducing agents per turb both the rate and

selectivity of hydroxylation reactions (Frommer et al., 1972;

Ryan et al., 1978).

The carbon hydrogen-bond is particularly accessible to

mechanistic experiments designed to probe the nature of the

bond breaking step. For instance, if the oxygen insertion

were to occur in a concerted fashion it would be expected

that configuration about a carbon center of the substrate

would be conserved in the product alcohol. Non-concerted

insertion, on the other hand, might be expected to lead to

some rac emization. To the extent that cleavage of the

carbon-hydrogen bond is rate limiting to the overall reac

tion sequence, a primary isotope effect should be observed
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using appropriately labeled compounds. The magnitude of the

isotope effect observed can provide critical information

concerning the transition state involved in the bond break

ing step. For instance, singlet car bene insertions into

carbon–hydrogen bonds proceed with retention of configura -

tion and low kHZkp=1.5-2.0) deuterium isotope effects, as

expected for the three-centered, two-electron transition

state operative in these reactions (Kirmse , 1971).

Until recently, isotope effects of cytochrome P-150

catalyzed aliphatic hydroxylation reactions had also been

observed to be low (kg/kp=1.2-2.0) (Thompson and Holtzman,

1974; McMahon et al., 1969; Mitoma et al., 1971). These

results, while not conclusive , suggested that oxygen inser

tion proceeds in a concerted fashion similar to single t car

bene insertion reactions. More recently, it has been shown

that aliphatic hydroxylation can proceed with some inversion

and is subject to large isotope effects. Groves et al

(1978) have shown that hydroxylation of exo, exo, exo, exo,

2, 3, 5, 6 te trade uter on or born ane (5) by reconstituted cyto

chrome P-1,50 LM2 proceeds with a large (kHZkp=11.5) isotope

effect to give the exo alcohol 6, with 14% inversion. Endo

hydroxylation occurred with 18% inversion to give J.' The Se

results, and the lack of any carbon skeleton rearrangement

products typical of nor bornyl cations, led to the proposal

that the hydroxylation proceeded via initial hydrogen atom

abstraction to give a carbon radical of sufficient longevity
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to epimerize before recombination with the iron-bound

hydroxyl radical .

Large isotope effects have also been observed during

the microsomal oxidation of 1,3-diphenylpropane-1,1-#H (8)
(Hjelmeland et al., 1977). Hydroxylation at the

symmetri cally-arranged benzylic position was found to

proceed to a much greater extent at the non-deute rated car

b on (kH/kp=11). The isotope effect measured in this study

represents an in tramolecular effect and has the distinct

advantage of circumventing contributions from other poten

tially rate limiting steps in the reaction sequence .

A striking example illustra ting the power of this

methodology has been provided by Foster et al (1971; ) in

their studies on the microsomal metabolism of p

dimethoxybenzene (9). The initial step in the production of

the monome thy lated phenol from p-dimethoxybenzene involves

cytochrome P-1,50 dependent hydroxylation of a methyl group

to the hemiacetal. Further non-enzymatic hydrolysis of the

acetal leads to the formation of the observed phenol pro

duct. The rate of 0-demethylation of p-dimethoxybenzene 2
was compared with its hexade ute rated analog by incubation of

an equal mixture of the two compounds with rat liver micro

somes and measurement of the ratio of the two products

formed by mass spectrometry. The rate of non-deuterated

phenol formation was found to be twice that of the trid eu -

terated product. However, the in tramolecular competition
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experiment utilizing 19 as the substrate gave an isotope

effect, again measured as a product ratio , of 10 ! These

apparently divergent results indicate that for cytochrome

P-150, a mult is tep enzyme with a plurality of potentially

rate limiting steps (Bjorkhem, 1977), the true isotope

effect for C-H bond cleavage may be unmasked only by care —

fully designed experiments (Northrop, 1975).

It is evident that cytochrome P-150 hydroxylation reac

tions can proceed via a transition state other than the

three-centered one operative in singlet car bene insert ions

into carbon hydrogen bonds. The enzymatic insertion is

the refore not "o xenoid" in the stric test sense of the word .

The results of the studies discussed here suggest that the

transition state involves hydrogen radical abstraction from

the substrate by activated oxygen . This highly energetic

inter mediate then collapses to give the product alcohol .

1. 36 PI BOND OXIDATION REACTIONS

Cytochrome P-1,50 catalyzed olefin and aromatic pi bond

oxidations have proven to be interesting reactions from a

toxicological as well as chemical point of view. The ini

tial product of oxygen transfer to the substrate is a

three-membered ring formed by insertion of atomic oxygen

into a carbon-carbon pi bond. Epoxides and arene oxides are

reactive electrophiles with respect to cellular constituents
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and it is now pain fully clear that their binding to prote in

and DNA initiates necrotic , mutage nic , and carcinogenic

events. For instance vinyl chloride (11) (Pessay re et al.,

1979), a flatoxin B1 (12) (Miller and Miller, 1977),

benzo (a)pyrene (13) (Moore et al., 1977), and bromobenzene

(Jollow et al., 1971; ) are all activated by the mixed-function

oxidase system to reactive epoxides which are proximate

toxic agents.

The first line of defense against these reactive inter

mediates, aside from their in trinsic propensity to rearrange

to less harmful compounds , is chemical or enzymatic hydro

lysis to the corresponding diols and nucleophilic addition

of glutathione catalyzed by the gluta thione – S-transferases.

These reactions are illustrated in Figure 1, . Cytochrome P

1,50 catalyzed monooxygenation of bromobenzene occurs via

epoxide formation at the 2, 3 and 3, 1 positions (Jollow et

al., 1971; ) and , to a lesser degree, by direct insertion into

the meta carbon–hydrogen bond. The hepatic centrilobular

necros is resulting from bromobenzene administration has been

shown to be associated with covalent binding of the 3, 1.

epoxide to protein. The 3, 1 epoxide undergoes a number of

secondary reactions in addition to prote in alkylation . The

most famous of these is rearrangement of the epoxide via a

1, 2 hydride shift, followed by tautomerization, to the para

phenol. This pathway, known as the NIH shift (Gur off et al.,

1967), was the first evidence that aromatic hydroxylation
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reactions involved pi bond epoxidation rather than sigma

bond insertion. The 3, 11 epoxide is also hydrolyzed by epox

ide hydrase to the trans diol which can then be further,

non-enzymatically, oxidized to the cate chol. The reactive

epoxide is also disarmed by the enzyme-catalyzed nucleo

philic attack of glutathione to give the beta-hydroxy

thioether. Dose dependent, covalent binding of the 3, 1.

epoxide to tissue mac romolecules is , unfortunately, competi

tive with these pathways. The magnitude of the covalent

binding and the associated necrosis is enhanced by prior

depletion of he patic gluta thione levels and can be

at tenuated by the administration of cysteine . The enhance -

ment of toxicity by prior depletion of glutathione levels

has become a classic test for the generation of reactive

electrophile s in vivo .

Monooxygenase catalyzed epoxide formation has proven to

be less accessible to mechanistic studies than aliphatic

hydroxylation reactions. For example, it is not known

whether the formation of the two epoxide carbon-oxygen bonds

occurs synchronously or asynchronously. In the case of ole

fins, synchronous oxygen addition would require retention of

stereochemistry whereas a synchronous addition would not .

Thus, loss of stereochemistry during the epoxidation process

may be considered to be definite proof for non-concerted

oxygen addition while retention of stereochemistry could

result from either addition process. Triple t car bene
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cyclopropanation of olefins provides an example of an a syn

chronous, three-membered ring formation which has been

shown , in some cases, to proceed with retention of stereo

chemistry (Lowry and Richardson, 1976). To date, cytochrome

P-1150 olefin epoxidation reactions have all been shown to

retain stereochemistry, leading to the conclusion that

either oxygen addition is concerted , or that the acyclic

inter mediates in a synchronous addition closes to product

before carbon–carbon bond rotation can occur (Wata be and

Akamatsu, 1971; ; Maynert et al., 1970).

Epoxidation involves hybridization changes from sp? to

sp? at the two pi bond carbon atoms. In principle , a secon -

dary isotope effect should a rise from this step. Epoxida

tion of 1, 2,2-’H-1-phenyl ethylene (15) by rat liver micro

SO In e S

proceeds with a secondary isotope effect of kH/kp=0.93 When
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compared with styrene (1}), indicating that oxirane forma

tion is at least partially rate limiting to the over all

reaction sequence. Interestingly enough, no difference in

the rate of epoxide formation was noted when the terminal

di-deute rated olefin 16 was compared with styrene itself.

Thus, expression of the secondary isotope effect required

deuterium only at the benzylic vinyl carbon . These results

suggest that styrene oxide formation involves two distinct

carbon oxygen bond forming steps and thus provide some evi

dence that cytochrome P-1, 50 epoxidation may be non

concerted , or may involve an asymmetric transition state .

1. A CATALYSIS DEPENDENT DESTRUCTION OF CYTOCHROME P-450 BY

XENO BIOTICS

The oxidative metabolism of xenobiotics by cytochrome

P-l; 50 terminates in the release of a host of new substances

into the biological compartment. A portion of these meta

bo lites have pharmacological activities of their own and in

many cases their formation has been associated with detri

mental effects. The cytochrome P-l; 50 dependent production

of potent bioalkylating metabolites such as the arene oxides

and other epoxides provides clear examples of this generally

benevolent detoxifying mechanism gone as tray. It is now

evident that cytochrome P-150 itself is susceptible to alky

lation by the products of its own metabolism and that this
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c ovalent modification of the enzyme can bring about its

inactivation. Alkylation of cytochrome P-1,50 can occur at

two experimentally discernible sites. The first of these is

the apoprotein matrix of the enzyme. Catalysis dependent

covalent binding of radio labeled substrates to the apo pro

tein indicates that reactive species have been formed .

Correlation of the extent of label incorporation with the

loss of enzyme activity provides circumstantial evidence

linking the two events. This approach is limited by the

fact that a precise molecular definition of the destructive

event cannot be made . The other potentially labile site is

the heme prosthetic group of the enzyme . A number of agents

have been shown to effect both he me loss and a reduction of

spectroscopically observable cytochrome P-150. Since the

catalytic activity of cytochrome P-150 is absolutely depen

dent up on the presence of heme properly positioned in the

active site, the loss of this moiety provides strong evi

dence for its modification and a rationale for loss of

activity.
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1. A 1 APOPROTEIN DEGRADATION AND ENZYME INACTIVATION

Carbon Disulfide and Pa rath i on

Cytochrome P-150 dependent metabolism of carbon disul

fide markedly reduces the enzymes ability to process alter

nate sub strates both in vivo and in vitro (Dalvi et al.,

1975; De Matte is and Seawright, 1973; Bond and DeMatteis,

1969; Freund t and Dreher, 1969). Sulfur (Dalvi et al., 1971; ;

DeMatte is, 1971; ; Neal et al., 1976) and, to a lesser extent,

carbon (De Matte is and Seawright, 1973) from carbon disulfide

become bound to the protein component of cytochrome P-l. 50

during the course of inactivation. The amount of enzyme

capable of forming the diagnostic ferrous carbonyl complex

is reduced as well, but the levels of heme are unaffected

(Dalvi et al., 1975). It would appear, the refore, that

covalent binding of carbon disulfide metabolites to prote in

interfers with ligation and retention of prosthetic heme by

the enzyme .

The extent of metabolism-dependent incorporation of 35s

in to the apoprotein is greater that one to one and attempts

to remove the bound sulfur from the protein by chemical

means indicate the presence of more than one mode of sulfur

attachment. Treatment of the labeled prote in with sodium

cyanide liberates 50% of the bound sulfur as thiocyanide.

This observation is consistent with the hypothesis that a

portion of the labeled sulfur is bound through a
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hydrosulfide linkage to prote in sulfhydryl groups such as

those present on cysteine residues (Cat ignani and Neal,

1975). It has been proposed that sing let sulfur is released

during the oxidative metabolism of carbon disulfide to car -

bon dioxide and that this reactive metabolite is readily

incorporated into protein.

Parath i on (17), an organophosphor othionate insectic ide,

inactivates cytochrome P-1, 50 in a manner almost in distin

guishable from that of carbon disulfide (see Neal et al.,

1977 and references the rein). Radio labeled sulfur from

parathion becomes bound" to prote in during cytochrome P-1,50

metabolism and the extent of label incorporation is related

to the loss of enzyme activity. Approximately 50% of the

bound sulfur can be liberated by cyanide indicating that

some of the sulfur was present in hydrosulfi de linkages.

The analog of parathion in which the sulfur is replaced by

oxygen is inactive .

Para thion and carbon disulfide both inactivate he patic

cytochrome P-1, 50. The loss of enzyme activity can be corre —

lated with depletion of spectroscopically observable cyto
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chrome. Covalent binding of sulfur liberated via oxidative

metabolism of these compounds in to prote in provides an

attractive rationale for the loss of enzyme activity. How

ever the amount of label incorporated into a pocytochrome-P-

l,50 exceeds the loss of enzyme by at least a factor of five.

More than one type of protein adduct is formed during the

destructive process. The nature of the lethal event is

the refore unclear .

Chloramphenicol

The antibiotic chloramp he nic ol (18) irreversibly inhi

bits monooxygenase activity in he patic micro some s and rec on -

stituted cytochrome P-1,50 preparations (Neal and Ivey, 1978;

Halpert and Neal, 1980). Loss of enzyme activity is not

marked by changes in heme concentration or level of spec

troscopically observable cytochrome P-l;50. Radio labeled

chloramphenicol becomes bound to two distinct a poprotein

residues during the inactivation process. The major adduct

has been identified as the chloramphenicol oxamyl amide

adduct 19 with an apo protein lysine residue

OH
OH

N | 3–N Non–K º }– — — -> \—/ NH2
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by prote in hydrolysis, chromatography and comparison with a

synthetic standard (Halpert, 1981). Formation of this

adduct to prote in is suggested to occur through oxidative

metabolism of the dichloroacetyl group of chloramphenicol to

the oxamyl chloride which then reacts with the free amino

group of a lysine residue to give the oxamide 19 - Approxi

mately 0.8 nanomoles of lysine adduct and 5 nanomoles of

chloramphenicol oxamyl chloride are formed per nanomole of

enzyme inactivated in the purified , reconstituted system.

No conclusive evidence has been for thcoming as to whether

this covalent event is involved in enzyme inactivation. The

approximately one-to-one relationship of enzyme inactivation

to lysine adduct formation provides good correlative support

for the possibility that adduct formation is the lethal

event .

1. *2 HEME DEGRADATION

Carbon Tetra chloride

Carbon tetrachloride is known to produce lipid peroxi

dation both in vivo and in vitro and to cause he patic cen–

trilobular necrosis (Recknagel and Ghoshal, 1966; Rao and

Recknagel, 1968). Carbon tetrachloride also causes a loss

of hepatic cytochrome P-1,50 (Smuckler et al., 1967) and heme

(Levin et al., 1972). The extensive degradation of lipid and



36

other cellular constituents due to the administration of

this agent indicates an environment teeming with reactive

species. The toxic effects produced by carbon tetrachloride

are most likely due to the cytochrome P-1, 50 catalyzed homo

lytic cleavage of the carbon-chlorine bond to give the tri

chloromethyl radical. The trichloromethyl radical has been

detected by ESR measurements (Calligaro and Wannini, 1975)

and its presence deduced by isolation of hexachloroethane

(Bini et al., 1975). Labeled carbon tetrachloride is incor

porated into prote in and lipid (Reynolds, 1967). The exten

sive lipid per oxidation observed due to carbon te trachloride

administration most likely a rises from the reaction of the

trichloromethyl radical with unsaturated lipids. Lipid

hydro per oxides are known to destroy cytochrome P-1,50 heme

although the product of the reaction is unknown (Nerland et

al., 1980). The key observation of Uehleke et al (1973) that

suppression of lipid per oxidation does not at tenuate label

incorporation in to cellular components but does eliminate

the loss of spectroscopically observable cytochrome P-1,50

and heme strongly suggests that the loss of these components

is due to lipid hydro peroxides rather than the tri

chloromethyl radical . In the absence of any evidence as to

the heme breakdown products, confirmation of this hypothesis

will be difficult.



37

Allylisopropylacetamide (AIA) and other ole fins

Allyliso propylace tamide (2-isopropyl-l-pente namide,

AIA) (29) destroys he patic cytochrome P-150 both in vivo and

in vitro (Wada et al., 1968; De Matte is , 1971; Lev in et al.,

1972) by a process which is dose dependent and which favors

those forms of the enzyme induced by phenobarbital (De Mat

teis, 1971; Levin et al., 1972).

NH2 NH2
| |

S O

39. 2|

AIA propagated enzyme loss in vitro requires oxygen (Ortiz

de Montellano and Mico, 1981 a ) and NADPH, and is inhibited

by SKF 525A (De Matte is , 1971), suggesting that enzyme turn

over is intimately involved in the destructive process. The

destruction is marked by a reduction in cytochrome P-150, an

e quimolar loss of heme (De Matteis, 1971; Bradshaw et al.,

1978) and the formation of an abnormal he patic pigment

(Schwartz and Ikeda, 1955; De Matteis, 1971).

Radio labeling experiments have forged the link joining

these observations. Pre labeling of the microsomal heme pool

i vivo with radioactive (1*c and 3H) delta aminolevulinic

acid (DeMatte is , 1971) or 57 Fe (De Matte is , 1978) revealed

that the heme lost during the destructive process is con
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verted into the green pigment and that the iron retained by

the pigment is easily removed by treatment with mild acid.

These results suggested that the terminal event in the des

truction of cytochrome P-1, 50 involved modification of the

heme prosthetic group .

The role of AIA in the destructive process, for years a

matter of speculation, was convincingly demonstrated by

members of this laboratory who found that the green pigment

is the product of covalent addition of AIA to the porphyr in

framework of heme (Ortiz de Montellano et al., 1978). The

critical experiment involved the administration of 14c
labeled AIA to phenobarbital pre treated rats followed by

isolation and purification of the green pigment as the

iron-free, dimethyl ester ified porphyrin. The incorporation

was unambiguously established by extensive purification by

high pressure liquid chromatography. These results were

consistent with the hypothesis that catalytic processing of

AIA leads to the covalent attachment of an activated form of

AIA to the heme prosthetic group , and that the product of

this reaction is the green pigment.

The saturated analog of AIA 2] was found to be in effec –

tive as a destructive agent (Levin et al., 1973), suggesting

that metabolism of the double bond is intimately involved in

the alkylating event. A number of ole fin-containing bar bi

turates and substituted amides , including secobarbital (23),
have been shown to destroy cytochrome P-150 while their
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saturated analogs were found to be inactive (Abritt i and

De Matte is , 1971; Levin et al., 1972b; Levin et al., 1973).

The most conclusive proof that the double bond is the sole

determinant of destructive activity was provided by the

finding that the simplest olefin, ethylene, is an active

de structive agent (Ortiz de Montellano and Mico, 1980b).

The implication that the presence of a double bond is in

itself sufficient for destructive activity is not entirely

correct, however . Structure activity studies indicate that

only mono-substituted ole fins are efficient destructive

agents (Ortiz de Montellano et al., 1979 a ; Ortiz de Montel

lano and Mico, 1980b).

Green pigments isolated from animals treated with a

variety of ole fins share two common characteristics: (a)

virtually identical visible absorption spectra and (b), in

the absence of secondary chemical reactions, field desorp

tion mass spectral protonated molecular ions equal to the

sum of the molecular weights of pro to porphyr in IX dimethyl

ester plus the substrate plus atomic oxygen (Ortiz de Mon

tellano et al., 1979 a , 1980c ; Ortiz de Montellano and Mico,

1980b). This formulation, coup led with proton nuclear mag

netic resonance studies (Ortiz de Montellano et al., 1981 a ;

section 3. 3), shows the pigments to result from covalent

attachment of the cytochrome P-1,50 activated olefin to a

pyrrole nitrogen of the porphyrin framework of prosthetic

he me . The N-alkylated protoporphyrin IX derivatives owe
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their common visible light absorption spectra to alterations

in the porphyr in electronic structure caused by N

alkylation , a phenomenon ess entially independent of the

alkylating functionality.

The structure of the pigment is o lated from the livers

of rats treated with ethylene is N-(2-hydroxyethyl)-

pro top orphyr in IX dimethyl ester (23) (Ortiz de Montellano

et al., 1981 a ; section 3.3). The simplest rationale for its

formation is that the epoxide metabolite is formed via oxy

gen transfer from iron-bound activated oxygen and that it

subsequently alkylates a pyrrole nitrogen of heme. Evidence

accumulated in this laboratory argues against this interpre

tation . It is now clear that epoxides with access to the

active site of the enzyme are ineffective as destructive

agents. In fact, it has been shown that the epoxide 21, a of

a known destructive agent (methyl-2-isopropyl-l-pen tenoate)

2} actually inhibits the destruction mediated by the olefin.

The destruction of cytochrome P-l;50 by AIA has been shown to

be a suicidal process, indicating that the a short-lived ,

enzyme-bound in termediate is the reactive species (Ortiz de

Montellano and Mico, 1981 c). Thus, it appears that a reac

tive in termediate prior to epoxide formation is the actual

destructive entity.
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CHAPTER II

DESTRUCTION OF CYTOCHROME P - l; 50 BY ACETYLENES

2.0 INTRODUCTION

The ability of 17-alpha-ethynyl-beta-hydroxy sterols to

reduce he patic cytochrome P-1,50 levels was first noted by

Mack innon et al (1975), who showed that administration of

the oral contraceptive steroid ethynyl estradiol 25 to rat S

resulted in 20% loss of spectroscopically observable he patic

cy to chrome P-1,50 as well as in a five-fold decrease in

microsomal N-demethylase activity (Mackinnon and Simon,

1975; Mackinn on et al., 1978). These results were confirmed

and extended by White and Muller-Eberhard (1977) in studies

of the effects of the oral contraceptive sterols ethynyl

est radio l 25, nore this ter one 26, and no re than dro lone 27 On

he patic cytochrome P-150 levels in vitro and in vivo.
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Nore this terone and ethynyl est radiol were found to cause

significant losses of spectroscopically observable cyto

chrome P-150 both in vivo and in vitro. Nore this terone was

appreciably more effective in vivo than ethynyl estradiol

and marginally so in vitro. Nore thandrolone, the non

acetylene containing ste rol, was essentially inactive in

both systems. Time course experiments in vivo indicated

that minimum enzyme levels were obtained within two hours

when the ste rols were injected intra peritoneally. By

twenty-four hours cytochrome P-1, 50 levels had returned to

normal. Dramatic increases in mitochondrial ALA synthetase

activity, the rate limiting step in heme biosynthesis, and

total liver porphyrins, indicating an acceleration in

hepatic heme biosynthesis, accompanied the decrease of cyto

chrome P-1150. No change in the microsomal hemoprotein cyto

chrome b5 was observed .

The reduction of cytochrome P-450 levels in vitro, by

nore this terone, was concentration dependent and required the

presence of NADPH and oxygen, the two cofactors required for

catalytic turnover of the enzyme. The loss of cytochrome

P-150 was essentially complete in fifteen minutes at a nomi

nal substrate concentration of 1 mM. The absence of NADPH,

or its replacement by NADH in the incubation mixture

resulted in no loss of cytochrome P-1,50 (Table 1). The des—

tructive process also required oxygen, as evidenced by the

fact that incubations under an atmosphere of nitrogen or of
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TABLE l

DESTRUCTION OF CYTOCHROME P-450 BY NORETHISTERONE IN VITRO

COFACTOR REQUIREMENTS AND THE EFFECT OF INDUCING AGENTS*

INDUCING AGENT CONDITIONS PERCENT LOSS AT 15 MIN.

NONE COMPLETE 20

3MC COMPLETE O

PCN COMPLETE 15

PB COMPLETE 31

PB NITROGEN 6
ATMOSPHERE

PB CARBON MONOXIDE 2

PB NO NADPH -low *

PE NADH –7 & #
NO NADPH

* Data from White and Muller-Eberhard (lº 77)

** No explanation is given by the authors for these high values.
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80% carbon monoxide in air exhibited unchanged levels of the

enzyme . These results suggest that enzyme loss occurs as a

consequence of cytochrome P-1,50 catalyzed oxidation of

no reth is ter one .

The fraction of cytochrome P-l;50 suc eptible to destruc

tion in vitro was found to be a function of pretreatment of

the animals with chemical inducing agents (Table 1). Micro

somes from pheno barbital induced animals are enriched in

labile forms of the enzyme when compared with those isolated

from untreated or pregne no lone – 16-alpha-carbon it rile (PCN)

treated animals. The isozymes present in 3MC treated

animals were resistant to the destructive effects of the

sterol. Thus only certain forms of the enzyme, especially

those induced by pheno barbital pre treatment, are prone to

destruction by nore this terone, a result strongly reminiscent

of the selectivity of enzyme loss observed with AIA.

An even stronger link between the ethynyl sterol and

olefin provoked losses is the fact that the livers of

animals treated with no re this ter one or ethynyl est radiol,

but not no reth and rolone, e s tradiol or progester one , contain

green pigments with visible absorption spectra almost ident

ical to those isolated from olefin treated animals (White

and Muller-Eberhard , 1977). The destructive effects of ole

fins and 17-alpha-ethynyl sterols are , thus, remarkably

similar in a number of respects, including isozyme specifi -

city, cofactor requirements, ALA synthetase stimulation, and
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the ability to cause formation of abnormal he patic pigments.

The similarities between olefin and ethynyl sterol

mediated losses of cytochrome P-150 suggested to us that

they may share similar mechanistic origins. The fact that

AIA mediated cytochrome P-1, 50 destruction involves covalent

attachment of the destructive agent to prosthetic heme had

recently been established by members of this laboratory

(Ortiz de Montellano et al., 1978). The critical experiment

involved the demon stration that radio labeled AIA becomes

covalently bound to prosthetic heme to form the green pig

ments. The observation that the ethynyl sterols no reth

is terone and ethynyl estradiol also cause the formation of

green pigments was consistent with their activation to a

species which alkylates prosthetic heme. If this hypothesis

is correct elements of the offending ste rols should be

incorporated into the green pigments resulting from their

administration . This possibility has been examined by

radioactive as say of the green pigments isolated from rats

treated with radio labeled no re this ter one .

2 - 1 DESTRUCTION OF CYTOCHROME P-l; 50 BY NORE THISTER ONE :

COVALENT ATTACHMENT OF THE STEROL TO PROSTHETIC HEME

The generation and purification of pigments from

no re this ter one treated animals was achieved by modification

of procedures developed in this (Ortiz de Montellano et al.,
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1978) and other laboratories (White and Muller-Eberhard,

1977; Unseld and De Matteis, 1976). Male Sprague-Dawley rats

induced with pheno barbital were treated with nore this ter one

(100 mg/kg) by in tra peritoneal injection of the agent in

tri octano in . Four hours after administ ration of the ste rol

the animals were sacrificed and their livers per fused in

situ with cold isotonic saline. No visible alteration in

color of the per fused livers was observed due to this treat

ment. The livers were homogenized in acidic methanol and

left overnight at lºc in the dark. This procedure converts

the pigments to the metal-free dimethyl esterified porphy

rins (Ortiz de Montellano et al., 1978). The porphyrins were

extracted into chloroform by addition of equal volumes of

water and chloro form to the filtered me thanol solution . The

chloroform layer was washed with additional volumes of water

until the aqueous layer was neutral. The organic layer was

dried with anhydrous sodium sulfate, filtered , and stripped

of solvent. The brown residue was applied to preparative

silica plates and chromatographed in a 2:1 mixture of

chloroform and ace tone. The desired pigments (Rf-0. 1-0.6)

were readily identified on the plate by their characteristic

red fluorescence under 365 nm light and green color under

normal light. The pigments were eluted from the silica with

ace tone. Due to adventitious complexation of metals from

the thin layer plates an acidic methanol method, based on a

literature procedure (With et al., 1976), was developed to

"emove these chelated contaminants (section l; .24). The
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ready incorporation of metals into the green pigments, once

understood , proved to be advantage ous in the purification of

these porphyrins.

The pigments were purified by normal phase high pres

sure liquid chromatography. The metal-free pigment was

resolved into two component peaks by this technique. The

electronic absorption spectra in chloroform of the two ,

presumably is omeric , p or phyrins were found to be identical .

Figure 5 (solid line ) shows the spectra of a mixture of the

two metal-free porphyrins. The zinc complexes were readily

generated by the addition of a small amount of a saturated

solution of zinc acetate in chloro form/me thanol. The visi

ble absorption spectra of the two zinc-complexed porphyrins

were identical (see Figure 5, dashed line , for a representa

tive spectrum). Once the two metal-free porphyrins were

eluted from the column, the mobile phase

(hexane / THF/methan ol, 10:3: 1) was changed to a more polar

system (methanol/THF, l, : 1) and another porphyr in e luted

which exhibited a visible absorption spectrum identical to

that of the zinc - complexed pigment. This tentative ident if

ication, confirmed by chromatographic comparison with

authentic zinc-complexed pigment, indicated the unwelcome

presence of zinc on the column, presumably due to contamina -

tion by previous samples. The two metal free porphyrins were

converted to the zinc forms and found to co-elute on the

HPLC system. Finally, each of the two zinc-complexed por
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FIGURE 5

ELECTRONIC ABSORPTION SPECTRA OF THE NORETHISTERONE PIGMENT

| | | | 1 | |
400 450 500 550 600 650 700

WAVELENGTH (nm)

Electronic absorption spectra of the metal-free (solid line) and
zinc-complexed (dotted line) norethisterone adduct in chloroform.
The longwavelength region has been amplified ten-fold.
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phyrins was de meta lated in acidic methanol and rechromato -

graphed to show that the two metal-free porphyrins were

non-inter convertible in the acidic conditions used for pig

ment isolation and deme talation.

Incorporation of Radiolabeled Nore thisterone into the Green

Pigments

Specifically labeled (9,11-3H) no re this ter one was

administered to phenobarbital induced rats and the pigments

isolated as previously detailed . The tritiated no reth -

is terone, a gift from Syntex, was purified by thin layer

chromatography and diluted with cold sterol to a final

specific activity of 0.220 mCi/mmol before use. The 9 and

11 positions are known to be stable to exchange reactions

(Kappus and Bolt, 1976; Hana sono and Fisher, 1971. ).

Figure 6 (panel A) shows the HPLC elution pattern of

radioactivity and pigments from the sample first purified by

thin layer chromatography. Four chromophoric (detector set

at 1, 17 nm) compounds, the two metal-free pigments and the

two unresolved zinc complexes, were eluted from the column.

The eluent was collected in small fractions and assayed for

radioactivity content by liquid scintillation counting in

Aqua sol. The amount of radioactivity present in each frac -

tion is depicted by the shaded regions (Figure 6). The

first radioactive peak contained nore this terone, which is

transparent to visible light. The two metal-free pigments
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HPLC ANALYSIS OF THE PIGMENTS ISOLATED

FROM RATS TREATED WITH 9,11-ºh - NORESTHISTERONE
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The pigments were chromatographed on a Whatman Partisil lo-PAC column
eluted first with hexane/THF/methanol lo: 3: l, followed by (arrow) methanol/
THF, 4: l. The curve is the absorbance at 417 nm ; the bars indicate the eluted
radioactivity in dpm. (A) Crude methylated pigment after prepurification
by thin-layer chromatography and demetalation. (B) Reanalysis of the first
chromophoric peak (from A), before (lower) and after (upper) addition of zinc
acetate. (C) Reanalysis of the second chromophoric peak from A before (lower)
and after (upper) addition of zinc acetate.
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were both found to contain significant amounts of tritium.

Aliquots of the two purified metal-free pigments were

treated with zinc acetate and injected on to the column. The

shift in retention time due to zinc complexation was coin

cident with the shift in radioactivity (Figure 6; panel B,

top and panel C, top ). The two zinc complexes were deme -

ta lated and the metal-free porphyrins chromatographed and

assayed for radioactivity to confirm the covalent associa

tion of pigment and sterol (Figure 6; panels B and C, bot

to m).

The se results establish that elements of nore this ter one

are incorporated into the he patic green pigments resulting

from its administration to rats. Furthermore , it is now

evident that two chromatographically distinct porphyrins are

formed during the destructive process. The presence of

additional isomers cannot be excluded . The amount of

radioactivity associated with each metal-free and zinc -

complexed porphyrin was found to be proportional to the

total absorbance of the sample. Since the specific activity

of the nore this ter one used is known ( 0.220 mCi/mmol) an

extinction coefficient for the green pigments may be calcu

lated if one assumes that one molecule of nore this ter one is

bound to each pigment molecule. The Soret transition (l, 32

nm ) extinction coefficient of the zinc-complexed pigments

has thus been calculated and found to be between of 123,000

to 125,000 liter mole" on '. The extinction coefficient of
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the metal-free porphyrin Soret transition (l, 17 nm) is

116,000 to 118,000 liter mole' om"'.

The relative in tensities and positions of the visible

transitions observed in the electronic absorption spectra of

the metal-free and zinc-complexed porphyrins are essentially

identical to those in the corresponding spectra of the AIA

adduct (Ortiz de Montellano et al., 1978). The AIA adduct

has been explicitly shown to result from covalent attachment

of elements of AIA to the heme prosthetic group of cy to -

chrome P-150 (see section 1. 1, 2 for discussion and refer -

ences). Destruction of cytochrome P-1,50 by AIA and nore th–

is terone has been shown to require catalytic processing of

the substrate by the enzyme . The fact that gluta thione does

not at tenuate the destructive process (White and Muller

Eberhard , 1977) indicates that a short-lived reactive inter

mediate generated during oxidation of these two compounds is

responsible for the destructive interaction. The close

analogy between sterol - and AIA-mediated destruction and

pigment formation provides strong evidence that the nor eth -

is terone pigments also originate from the prosthetic heme.

2 - 2 IN WITRO DESTRUCTION OF HEPATIC CYTOCHROME P-450 BY ACE

TYLENES

Nore this terone reduces he patic cytochrome P-1,50 levels

in vitro by a process which requires catalytic turn over of
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the enzyme and which favors those forms of the enzyme

induced by phenobarbital (White and Muller-Eberhard, 1977).

We have shown that the green pigments formed during the des -

tructive process are composed of elements of nore this terone

and heme, the latter almost surely contributed by the enzyme

itself (Ortiz de Montellano et al., 1979b). Destruction of

the enzyme and green pigment formation are the refore in ex

tricably linked since they both reflect the same event.

What portion of the sterol structure is required for

enzyme destruction to occur 7. The results of White and

Muller-Eberhard (1977) suggested that the sterol D ring 17

alpha-ethynyl-17-beta-hydroxy structure is the offending

functionality since only the sterols containing this assem

bly were effective destructive agents. Oxidative metabolism

at this position has been demonstrated for nore this terone

(Palmer et al., 1969), norge strel (Sisen wine et al.,

1973; 1971; ; 1979) and ethynyl estradiol (Williams and Willi

ams, 1975; Abdel Aziz and Williams, 1969) although the com

plicity of cytochrome P-1,50 in these reactions has not been

established . Additional evidence localizing the destructive

potential of the
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sterols at the propargy lic functionality has been provided

by Skrin jar ic-Spoljar et al (1971), who found that 2

propynyl phenyl phosphonate (28) and 2-(2,4,5-

trichlorophenyl) - propy nyl ether (29) cause measurable loss

of he patic cytochrome P-1150 when administered to mice.

ClO

-
_- =()--d Cl–( /)-O

O

In order to more precisely define the structural

requirements of the sterol mediated destruction process a

series of acetylene containing compounds were examined for

their ability to reduce hepatic cytochrome P-1, 50 present in

micro somes isolated from phenobarbital induced male

Sprague-Dawley rats. This model system was used since the

participation of cytochrome P-1,50 in its own destruction is

easily determined by addition or deletion of the cofactors

required for catalytic turn over of the enzyme.

The assay for NADPH and substrate dependent destruction

of cytochrome P-1,50 was developed in this laboratory and is

described in detail in the experimental section. The depen

dent variable in these experiments was the concentration of

cy to chrome P-1,50 measured spectrophotometrically at 1,50
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nanometers as the ferrous carbonyl complex. The assay solu

tions consisted of microsomal protein ( 1 mg/ml), EDTA (1.5

mM), and potassium chloride (150 mM) all in 0.1M phosphate

buffer (pH 7. 1. ). Each substrate was examined for its abil

ity to de C rease spectroscopically observable cytochrome P

l, 50 in the presence and in the absence of 1 mM NADPH. All

substrates, except propyne , were added to the incubation

mixture as the neat liquid or solid and were preincubated

for 10 minutes at 37°C prior to in it iation of the reaction

with NADPH . Aliquots of the incubation mixtures were

removed at specified time points and their cytochrome P-1, 50

content measured by difference spectroscopy on an Amin.co

DW-2 spectro photometer. The reference cuvette contained the

carbon monoxide-saturated microsomal solution plus sub

strate . The sample cuvette held the NADPH-containing, car

b on monoxide saturated , dith ioni te reduced solution. The

sub strate concentration was nominally 1 mM although complete

d is solution of the substrates in the microsomal solutions

was not always possible. Agents which were ineffective at a

c on centration of 1 mM were also tested at 10 mM. Control

experiemts were also conducted to insure that no NADPH

dependent losses of cytochrome P-1,50 occurred in the absence

of sub strate .

A total of twenty acetylenic compounds were tested for

their ability to destroy microsomal cytochrome P-1,50 in this

in vitro assay system. The results of these studies are
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TABLE 2

IN VITRO DESTRUCTION OF CYTOCHROME P-450 BY ACETYLENES

SUBSTRATE

OH
*
P

PERCENT LOSS OF CYTOCHROME P-450

l O m in . 20 m in . 30 m in .

20 + 5 25 + 2 27 it 3

l 8 + 6 22 + 6 26 + 6

l 8 + 3 22 + 4 29 + 3

l 7 24 34

22 + 5 29 + 6 3 O + 6

19 + 2 23 + 4 23: 4
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IN VITRO DESTRUCTION OF CYTOCHROME P-450 BY ACETYLENES

SUBSTRATE PERCENT LOSS OF. CYTOCHROME P-450

l O min. 20 m in . 30 m in .

C |

/N + + +• Cº- $ 2 lit 6 23: 4 24 + 3

35 &

AN 19 it l O 23 + ll 3 O + 4

3 *

2^ 25 + 3 3 li 4 34 + 2Ö—oºs
3 7 *

29 + 3 49 + 4 5 2+ 3( )—ºs

l2 + 6 24 + 7 34 + lCº

Ö–
- 18 + 3 25 + 2 27+ 2
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IN VITRO DESTRUCTION OF CYTOCHROME P-450 BY ACETYLENES

SUBSTRATE PERCENT LOSS OF CYTOCHROME P-450

l O m in . 20 m in . 30 m in .

OH

*><s
24 + 7 33 + 1 O 3.5 + 8

4 l

<. 3.5 + 4 45+ 3 47 it ls's

42 **

~~sss 27 it 3 34 + 5 3.6 ± 5

43 **
Cl

Ns 2
\\ 19 + 5 3 O + 2 32 + 3

C|
44.

N(XY H2 3 + 4 6 + 4 6 + 5

45.

O + 2 2 + 2 3 + 5*
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IN VITRO DESTRUCTION OF CYTOCHROME P-450 BY ACETYLENES

PERCENT LOSS OF CY TO CHROME P – 4 5 OSUBSTRATE -

15 min. 30 min.

ºO 2 28 + 4 29 + 4(). Tº
47.

48 # 2 56 it 2

48 ºr

The substrate concentrations were nominally 1 mM except for 40 (10 mM),
44 (10 mM), and 48 (passed over the incubation mixture at a concentration

of 10% in air). The values given are the averages of at least three
determinations (standard deviations given in parenthesis) with the
exception of 32 which was tested only once.

* These compounds, when administered to rats, caused the accumulation of

hepatic green pigments.

** These compounds were found not to cause accumulation of green pigments

in vivo.
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presented in Table 2. Nore this terone (26) was found to des -

troy approximately 27% of the cytochrome P-l; 50 found in the

micro somes of pheno barbital pre treated rats. No loss of

cytochrome P-1150 was observed when the steroid was incubated

with micro somes in the absence of NADPH. This result is in

agreement with the finding of White and Muller-Eberhard

(1977) and indicates that the sterol-mediated destruction

requires catalytic turnover of the enzyme. White and

Muller-Eberhard also found that maximal destruction was

observed at a sterol concentration of 0.75 mM even though

the sterol was incompletely dissolved at a nominal concen -

tration of 0.1 mM. In our hands, increasing the nominal con

centrations of the sterol to as much as 10 mM did not

increase the amount of destruction, indicating that suffi

cient concentrations of the sterol were available to the

enzyme when a pre incubation time of 10 minutes was used .

Maximal destruction of the enzyme was obtained within 30

minutes . Addition of more NADPH did not increase the amount

of destruction, indicating that reducing equivalent availa -

bility was not limiting the overall amount of destruction.

Ethy nyl cyclohexanol (30) and ethynyl cyclopen tanol

(33) were found to destroy the enzyme to the same extent as

the Sterol 2.É. These results indicate that the Steroid

assembly is not necessary for destructive activity. Studies

presented in the next section show that both of these com

pounds initiated hepatic green pigment accumulation in vivo.
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The acyclic propargy lic alcohol 3-methyl-1-pentyn-3-ol (33)
was also found to destroy the enzyme . This confined the

destructive potential of the sterol to the propargy lic

alcohol portion of the D ring. The methyl ether of ethynyl

cyclohexanol 33 was then tested and was also found to

deplete the enzyme. Destruction thus does not require a

free hydroxyl group, nor does it require , as witnessed by

the destructive ability of 3}, the presence of an oxygen at

all. Exposure of the micro somes to propyne gas, furthermore ,

also resulted in NADPH dependent destruction of the enzyme .

A similar finding by White (1979) for acetylene gas ter

minated our search for the minimal structural requirement

for destructive activity.

The series of terminal acetylenes examined in this

study were all active destructive agents in vitro. In an

effort to further define the destructive potential of the

acetylene triple bond , three disubstituted acetylenes, 3

penty n-2-ol (J), l, -methyl-2-octyne-1, -ol (#2), and 2-hexyne

(#3) were evaluated in the microsomal system and found to be

effective destructive agents. Thus the acetylenic hydrogen

present in the terminal acetylenes is not required for des—

tr (iction .

The three phenyl propargyl ethers 3-phenoxy-1-propyne

(37), 3-(2, 11-dichlorophenoxy)-1-propyne (35), and 3-(1,-

nitrophenoxy)-1-propyne (35) belong to a class of compounds

known to potentiate the effects of drugs and insecticides
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(Fellig et al., 1970; Sac her et al., 1968). In particular,

Skrin jar ic et al (1971) showed that 3-(2, 11, 5–

trichlorophenoxy)-1-propyne (29) causes an in vivo decrease

in mouse he patic cytochrome P-1150. The fact that the three

aryl-propargyl ether's tested in this study decrease cyto

chrome P-450 levels in vitro by a process requiring cata

lytic turn over of the enzyme suggests a common mechanism for

the synerg is tic effects of acetylenic agents such as the

propargyl phosphonates (Casida, 1970), alkynyl phth a limides

(Neumeyer and Incho, 1969) and propargyl oximes (Casida,

1970).

l! -Phenyl-1-butyne (38) and 3-phenyl-1-propyne (39) We re

found to reduce microsomal cytochrome P-150 levels when

present at nominal 1 mM concentrations. Phenyl acetylene

(#9), on the other hand, was only marginally active (10%

loss) at this concentration. However, increasing the con

centration of phenyl acetylene to 10 mM resulted in an

increased amount of NADPH dependent destruction (27% in 30

minutes). The reduced amount of destruction at 1 mM concen

trations of this agent was found not to be due to depletion

of NADPH .

The three drugs other than nore this terone examined in

this study were ethin amate (#5) and hexapropy mate (#7), both

sedative hypnotic agents, and pargy line (46), a mono-amine

oxidase inhibitor. Ethin amate and pargy line were both in ef

fective destructive agents even at 10 mM concentrations.
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These two compounds have the distinction of being the only

two acetyle nic agents tested which were in effective destruc -

tive agents in our as say system. Similar results have

recently been reported for pargy line (White, 1980). Since

metabolism of the triple bond would appear to be involved in

the de structive process, it is conceivable that the se agents

are in effective due to the fact that alternative sites are

processed by the monooxygenase system in stead of the triple

bond . Pargy line has been shown to undergo monooxygenase

catalyzed N-dealkylation to give pro pionaldehyde (Shirota,

1979). Ethinamate is known to be hydroxylated on the

cyclohexyl ring (McMahon, 1958) and to undergo slight hydro

lysis of the amide linkage (Murata, 1964) in vivo. Amide

hydrolysis of ethinamate would give the destructive agent

ethynyl cyclohexanol. No evidence is known to us which

demonstrates that either pargy line or ethin amate undergoes

cy to chrome P-1,50 dependent metabolism of the triple bond.

The closely related homolog of ethin amate, hexapropy mate

(#7) was found to cause significant (30%) destruction of

cytochrome p - 1150. Hexapropy mate and ethin amate differ in

structure by a single methylene unit. How such a small

difference in structure could so drastically affect the

relative potencies of these two compounds is unclear at this

time .

Eighteen of the twenty acetylenic agents examined in

this study have been shown to cause a time dependent loss of
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the cytochrome P-1,50 isozymes present in micro somes isolated

from phenobarbital induced rats. The loss of cytochrome P

1,50 is only observed when NADPH is present in the incubation

mixture, indicating that catalytic turn over of the enzyme is

required for destruction. These results suggest that a com

pound containing an acetyle ne group will , in all probabil

ity, destroy a portion of hepatic cytochrome P-1,50 when

administered to rats . In the absence of more data it is not

possible to extra polate these results to other mammalian

systems. The results of White and Muller Eberhard (1977)

suggest that destruction of cytochrome P-150 does occur in

un treated animals, leading to the possibility that the con

st it utive isozyme population in uninduced liver is also

suceptible to the effects of nore this terone. Separate stu

dies conducted in this laboratory have shown that the forms

of cytochrome P-l; 50 present in 3-MC induced rat liver are

resistant to the destructive effects of ethynyl cyclopen

tanol (Ortiz de Montellano et al., 1981 f).

2 - 3 CHARACTERIZATION OF THE TERMINAL ACETYLENE-PROSTHETIC

HEME ADDUCTS

The destruction of cytochrome P-1,50 by nore this terone

has been shown to result in the formation of at least two

gree n pigments. These pigments are the products of an

alkylative sequence in which the metabolic ally-activated
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sterol becomes bound to the prosthetic heme group of the

enzyme (Section 2. 1; Ortiz de Montellano et al., 1979b). The

fact that eighteen acetylene -containing compounds destroy

cytochrome P-l; 50 in vitro by a process which requires cata

lytic turn over of the enzyme indicates that metabolism of

the triple bond is somehow involved in the destructive

event. White (1979) has shown that acetylene itself

depletes cytochrome P-150 levels in vivo and in vitro and

that the loss of cytochrome P-150 in vivo is marked by an

e quimo lar loss of microsomal heme and by the accumulation of

green pigments. Since elements of nore this terone are incor

porated into the green pigments formed in vivo it is reason

able to postulate that portions of other destructive agents

also become bound to prosthetic heme. This hypothesis, if

true , leads to the conclusion that the structures of the

green pigments must , in some manner, bear the imprint of the

alkylating event. The following studies out line the methods

we have developed to further characterize the green pigments

and the results of these studies.

2 - 31 GREEN PIGMENT FORMATION AND PURIFICATION: A STUDY OF

FOURTEEN ACETYLENES

Fourteen of the acetylenes known to destroy cytochrome P-150

in vitro were examined for their ability to cause the forma

tion of green pigments in vivo. The compounds tested in

the se studies are identified in Table 3. Green pigments
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were found to accumulate in the livers of animals treated

with each of the terminal acetylenes studied. No pigments,

however, could be found in the livers of animals treated

with the internal acetylenes 2-hexyne (#3) and l-methyl-2-

octyn-l-ol (2) even though appreciable losses of cytochrome

P-450 were observed in vitro. Similar results have been

obtained from studies of three allenes which were found to

destroy equal amounts of heme and cytochrome P-450 in vitro

but not to cause the formation of green pigments in vivo.

(Ortiz de Montellano and Kunze, 1980d). The remaining

internal acetylene , ll-hydroxy-2-pentyne ( !!!), proved to be

toxic to the animals, producing almost immediate convulsions

and death even at low (20 mg/kg) doses.

Purification of the he patic pigments present in the

terminal acetylene-treated animals included a minimum of

three chromatographic steps. The livers of treated animals,

after per fusion with isotonic sodium chloride and homogeni

zation, were treated with acidic methanol to de nature the

protein, to esterify the porphyrin carboxyl groups, and to

remove the iron from the pigments. The pigments were then

extracted in to chloroform , converted to the zinc complexes,

and applied to silica plates. Insertion of zinc into the

porphyrins prior to thin layer chromatography was found to

circumvent the problem of complexation of trace metals from

the plates. The zinc-complexed porphyrins were further

purified by high pressure liquid chromatography. The puri
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fied metal complexes were treated with acidic methanol to

remove the zinc and the resulting free-base porphyrins sub

jected to a second purification step by high pressure liquid

chromatography (HPLC). The zinc-complexed porphyrins were

found to be retained much more avidly by the column than the

metal-free pigments. The purification of the zinc-complexed

porphyrins efficiently removed from the sample those contam

inants co-chromatographing with the free base porphyrins .

Conversion of the purified metal complexes to the metal-free

forms followed by a second purification on the HPLC column

removed the remaining contaminants. With the exception of

the acetylene adducts, which became irrever sibly bound to

the HPLC column in the metal-free state , all of the porphy -

rins were purified in this manner. Due to the low amounts

of pigments obtained ( 10 to 50 micrograms), trace contam

inants introduced by glas sware and solvent impurities were

always a problem.

Pigments isolated from ethynyl cyclohexanol (39) Or

ethynyl cyclopen tanol (3]) treated animals were resolved

into two component porphyrins during chromatography of the

metal-free porphyrins. In each case the two presumably

is omeric porphyrins were obtained in approximately equal

a mounts and were found to be non-interconvertible up on

treatment with acidic me thanol. The zinc-complexed pigments

could not be separated. It should be noted that the separa

tion of the metal-free ethynyl cyclopentanol pigments could
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not be duplicated at a later time . Presumably the column

had lost its ability to resolve the isomers. It is possible

that is omeric porphyrins were also formed by other a c e -

ty lenic agents. The fact that a pigment is observed as a

single chromatographic peak does not provide firm evidence

for its identification as a single isomer. As will be come

evident in later discussions, is omeric porphyrins from a

single agent are possible (section 2. 1, 2). The pigments is o –

lated from rats treated with the remaining acetylenes were

each found to chromatograph as a single peak. The chroma to -

graphic profile of a mixture of the metal-free and zinc -

complexed pigment is o lated from rats treated with 3

phenoxy-1-propyne is shown in Figure 7.

2.32 ELECTRONIC ABSORPTION SPECTRA

The electronic absorption spectra of the two nore th–

is terone pigments were found to be identical in both the

metal-free and zinc-complexed forms (section 2. 1; Figure 5).

Moreover, they were be indistinguishable from the spectra of

the pigment isolated from animals treated with 2-isopropyl

l, -pente namide (AIA). To our as tonishment, this similarity

was found to extend to the porphyrins isolated from animals

treated with each of the acetylenes examined in this study.

Representative spectra are provided in Figure 8. Each metal

free pigment (the acetylene pigment excepting) exhibited
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FIGURE 7

HPLC ANALYSIS OF THE PIGMENT ISOLATED

FROM RATS TREATED WITH 3-PHENOXY-l-PROPYNE

|
| |

O 5 |O 15

Time (min)

A mixture of the metal-free and zinc-complexed pigment was chromatographed
on a Whatman lo-PAC column eluted first with hexane/THF/methanol lo: 3: l
followed by (arrow) methanol/THF 4:l. The pigments were detected in the
eluent by absorbance at 417 nm. The first peak is the metal-free pigment,
the second peak is the zinc-somplexed pigment.
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typical etio-type porphyrin spectrum in chloroform solution.

These spectra were marked by a Soret absorbance at 1, 18 (+/-

2) nanometers followed by an order of magnitude less intense

peaks at 511, 51.5, 590 and 6 l; 8 nanometers. The acetylene

pigment Soret transition was found at 1, 1 l; nanometers and is

shown in Figure 8. The pattern of absorbances was highly

similar to that of pro to porphyrin IX dimethyl ester except

that each pigment band was red-shifted 10-15 nanometers.

The zinc-complexed pigment spectra were again highly simi

lar, exhibiting a Soret absorbance at 1, 30 nanometers and a

trio of less intense transitions at 51, 6, 589, and 629 nanom

eters (Figure 8). The spectrum of the zinc-complexed ace –

tylene pigment was indistinguishable from those of the other

pigments. A slight long-wavelength shoulder on the Soret

band of the zinc - complexed pigments isolated from rats

treated with propyne, phenyl acetylene, 3-phenyl-propyne,

and l, -phenyl butyne was also observed .

2 - 33 FIELD DESORPTION MASS SPECTRA

Experiments with radio labeled nore this terone have esta

blished that the pigments isolated from rats treated with

this sterol are composed of an alkylated form of protopor

phyrin IX plus elements of the destructive agent. The fact

that a number of terminal acetylenes, including acetylene

itself, are destructive agents in vitro and cause pigment
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FIGURE 8

ELECTRONIC ABSORPTION SPECTRA OF

THE 3-PHENYL-l-PROPYNE AND ACETYLENE PIGMENTS

Wavelength (nm)

Electronic absorption spectra in chloroform of (a) the metal-free
3-phenyl-l-propyne pigment (solid line); (b) the metal-free acetylene
pigment (dashed line); and (c) the zinc-complexed 3-phenyl-l-propyne
pigment. The Soret bands are attenuated ten-fold.
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formation in vivo localizes the destructive potential of

these compounds on the triple bond. Efforts to further

define the structure of the pigments by electron impact and

chemical ionization mass spectrome try were unsuccessful,

leading only to pyrolysis of the samples. Field desorption

mass spectrometry, however, proved equal to the task of get

ting the pigments air borne and provided a much-needed key to

the structural elucidation of the green pigments.

The theory of field desorption mass spectrometry (FDMS)

has been reviewed (Beckey and Schulten, 1979) and will not

be discussed . This technique provides an important addition

to the more traditional methods of sample vaporization and

ion generation used in electron impact and chemical ioniza

tion mass spectrometry in that it allows the detection of

structurally significant ions generated from thermally

labile or non-volatile compounds. The application of FDMS

to a number of such compounds has been reviewed (Beckey and

Schulten, 1979; Burlingame et al., 1980; Schulten, 1979).

Pigments isolated from animals treated with nine termi

nal acetylenes have been characterized by FDMS studies

(Table 3). Each of the metal-free porphyrins desorped from

the emitter surface as a variable mixture of the protonated

and non-protonated forms. Very little fragmentation was

observed , as is often the case in FDMS spectra. The distri

but ion of mono protonated and non-protonated ions was found

to vary with the purity of the sample and the temperature of
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the emitter surface. Preferential formation of the pro

tonated forms was favored by high emitter temperatures and

low sample purities. In general, the monoprotonated molecu

lar ion was found to dominate the ion current. Mono pro

tonated molecular ions are frequently produced by this tech

nique (Derrick, 1977) and have been observed for other por

phyrins (Jackson, 1979).

A rend it ion of the galvanometer tracing of the FDMS

spectrum obtained from one of the ethynyl cyclohexanol pig

ments is shown in Figure 9. The distribution of non

protonated and protonated ions can be clearly seen. Occa

sionally respectable ion currents of the protonated molecu

lar dimer (2M+H") were also observed. Detection of these

ions on a routine basis was not sought since their measure —

ment required reducing the accelerating voltage , a change

which lowers the sensitivity of the in strument, and provided

no add it ional structural in formation .

FDMS spectra were also obtained from selected zinc

complexed pigments. The pattern of ions obtained from these

pigments was that expected from the natural isotopic abun

dance of zinc (*zn, l, 9%; 66Zn, 28%; 67zn, l!? ; 68Zn, 18%).

The unmistakable cluster of ions observed in the zinc -

complexed pigment spectra corresponded only qualitatively to

the known distribution of isotopic zinc due to the generally

low ion currents obtained from these samples and the high

s can to scan variability observed in the spectra , reliable ,
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FIGURE 9

FIELD DESORPTION MASS SPECTRA OF THE

METAL-FREE AND ZINC-COMPLEXED ETHYNYL CYCLOHEXANOL ADDUCT

793
73]

A representation of the galvanometer tracing obtained from the
filed desorption mass spectra of the metal-free and zinc-complexed
pigments (inset) isolated from rats treated with ethynyl cyclohexanol.
The remaining high-mass portion of the spectra were featureless.
Spectra were obtained on a modified Kratos MS-902 operating at an
accelarating voltage of 8.2 KV.
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quantitative, ion distributions were not obtainable. Figure

9 shows an FDMS spectrum of the zinc-complex of the ethynyl

cyclohexanol pigment.

The metal-free porphyrin molecular ion values are given

in Table 3. The major (6*zn) ion mass numbers of the zinc

complexed porphyrins are also reported. The two presumably

isomeric porphyrins isolated from ethynyl cyclohexanol were

separately analyzed and found to give the same pattern of

ions. Similar results were obtained for the two pigments

isolated from ethynyl cyclopen tanol-treated animals. Only

one of the nore this ter one is omers was examined . The

radio labeling experiment with no re this ter one indicated that

a portion or all of the sterol is bound to the heme

prosthetic group. This result is reinforced by the fact

that each distinct acetylene adduct gave a different molecu -

lar ion. More precisely, the differences in substrate

molecular weight are retained in the differences between the

molecular ions. For in stance , ethynyl cyclohexanol and

ethynyl cyclopen tanol differ in molecular weight by 11, mass

units . This difference is also observed for the molecular

ions of the metal-free and zinc-complexed adducts. The

molecular weight of dimethyl-ester ified pro to porphyr in IX is

590. Sub traction of this value from the molecular weight of

each adduct (except nore this terone) as determined from the

FDMS data leaves, in each case , a number equal to the sum of

the molecular weight of the destructive agent plus 16 mass
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TABLE 3

ANALYSIS OF THE TERMINAL ACETYLENE ADDUCTS BY

FIELD DESORPTION MASS SPECTROMETRY

PREDICTED MOLECULAR ION

SUBSTRATE (MR) MOLECULAR ION METAL-FREE* 642n COMPLEX* *

26 (298) 904 886 (Na")

3O (l24) 730 730 (H") 793

31 (ll0) 71.6 716 (H") 779

35* * * (200) 806 806 (H") 869

37 (l:32) 738 738 (H") 8Ol

38 (l:80) 736 736 (H") 799

39 (llé) 722 722 (H") 785

48 (40) 646 646 (H")

acetylene (26) 632 632 (H") 795

* The porphyrins were usually abserved as the monoprotonated molecular ions

One mass unit has been substracted to give the value reported.

* * The most intense ion (that due to the major isotope of zinc, **zn)
is reported.

* * *The isotope pattern due to the presence of two chlorines was observed.

The reported value is that of the most inense (**c.1) ion.
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units. Thus the molecular ion observed for a given pigment

corresponds to the sum of the molecular weights of protopor

phyrin IX dimethyl ester plus the substrate plus 16 mass

units (Table 3).

The single deviation from this pattern is the nore th–

is ter one pigment, which gave an apparent molecular ion at

m/e 909. A hypothes is cons is tent with the formation of this

ion is that it is the sodium-complexed , dehydrated adduct .

Sodium complexation (cation ionization) has been observed in

FDMS studies (Derrick, 1977) and is a likely possibility in

view of the fact that the emitters used in this study were

etched in sodium chloride solution. In fact, a steady

stream of sodium ions could be observed desorbing from the

emitter surface in the mass spectrome ter. The loss of 18

mass units (dehydration) may have occurred as a result of

the particularly high emitter temperatures required to

obtain this spectrum. These harsh conditions were not

required for the other metal free pigments. The strongest

evidence to support this rationalization remains the fact

that the nore this terone adduct is the only pigment which

deviates from the previously discussed adduct stoichiometry.

The purified pigments have been shown to exhibit essen

tially identical electronic absorption spectra and to pro

duce FDMS molecular ions equal to the sum of the molecular

weights of protoporphyrin IX dimethyl ester plus the sub

strate plus 16 mass units. Since aerobic oxidation of the
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acetylenes is required for destruction to occur (White and

Muller-Eberhard, 1977), and substrate oxidation by cyto

chrome P-l; 50 terminates in the transfer of atomic oxygen to

the substrate, the source of the extra 1.6 mass units is

likely to be atomic oxygen. That the additional 16 mass

units are due to oxygen is shown in the next section .

2.35 PROTON NUCLEAR MAGNETIC RESONANCE STUDIES

Catalytic processing of terminal acetylenes by cyto

chrome P-l;50 isozymes present in phenobarbital induced rat

liver is abruptly terminated by alkylation of the heme

prosthetic group of the enzyme by a reactive in termediate

generated in situ. The alkylated hemes have been isolated

by a procedure which removes the iron (De Matteis, 1978) and

me thy lates the two porphyr in carboxyl groups. Nine of the

porphyrins have been purified by high pressure liquid

chromatography and analyzed by electronic absorption spec

troscopy and field desorption mass spectrometry. The visi

ble absorption spectra of the porphyrins have been shown to

be highly similar . FDMS studies have allowed the formula -

tion of an alkylation stoichiometry which clearly estab

lishes incorporation of the destructive agent into each of

the green pigments.

The most definite evidence relevant to elucidation of

the porphyr in adduct structure has been provided by proton

Q}
*

*
} l

* |
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magnetic resonance studies. Even at high magnetic field

strengths (360 MHz) a ten-fold higher amount of the pigments

was required for NMR studies than for FDMS studies. Accord

ingly, the biological reactions were scaled up to de liver

200 to 300 micrograms of pigment.

The first acetylene adduct obtained in sufficient quan

tity and purity to allow a structural assignment to be made

was that obtained with propyne. The 360 MHz NMR of the

chloro-zinc complex of this adduct is presented in Figure 10

and discussed more fully in section 3. 5. This spectrum pro

vides proof that the various peripheral substituents of heme

survive the alkylation reaction and the purification pro -

cedure unscathed. All four meso protons (10-10.5 ppm, HH),

the two internal vinyl protons (7. 8-8.3 ppm, 2H, 1 lines

each proton due to c is and trans coupling with external

vinyl protons), the l; external vinyl protons (6–6. 1 ppm, l,

H, 2 lines each ), the four methylene protons on the two car

bons beta to the carboxyl groups (1.2-l. 1 ppm, l, H, vicinal

coupled ), the six methyl groups (3.5-3.8 ppm, 18H, one

methyl per pyrrole ring plus the two ester methyls), and the

l, methylene protons of the carbons alpha to the carboxyl

groups (3.2–3. 1 ppm, l, H, vicinally coupled ) are all

accounted for in this spectrum. The apparent molecular

weight of the propyne adduct is 61, 6 (Table 3). The proton

signals from the 56 mass units remaining after subtraction

of 590 due to protoporphyrin IX dimethyl ester are not found
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FIGURE 10

NMR SPECTRUM OF THE CHLORO-ZINC COMPLEX

OF THE PROPYNE PIGMENT

360 MHz NMR spectrum (next page) of the zinc complex of the
of the propyne adduct in deuterochloroform. The region of the
spectrum between 0 and 2 ppm is not shown. The only signals
in the deleted region are sue to impurities and water. The
baseline of the upfield region of the spectrum is displaced

upwards and to the left. The meso region of the spectrum has
been expanded in the inset.

FIGURE 11

STRUCTURE OF THE METAL-FREE PROPYNE ADDUCT
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in the region from 2 to 11 ppm. Instead, a three proton

singlet at -0.15 ppm and a two proton singlet at -1.35 ppm

are observed . The abnormally high field position of the

signals associated with these protons is only consistent

with their placement in the shielding cone of the porphyr in

ring current. The appearance of a two proton single t at

-1, .35 ppm locates these protons on a carbon directly

attached to a pyrrole ring nitrogen since this is the only

position where the ring current effects are of sufficient

strength to cause such an up field shift. The remaining pro

tons must be those of an acetyl group since only this formu

lation allows for the three proton single t observed at -0.15

ppm. The propyne adduct is the refore one of the four is o –

mers of N-(2-oxopropyl)-pro top orphyrin IX dimethyl ester.

The one remaining ambiguity, that is , which pyrrole nitrogen

bears the N-alkyl group, has been resolved by a combination

of NMR techniques (section 3. 5). The structure of the major

propyne adduct determined in those experiments is given in

Figure 1 1.

Examination of the meso region of the NMR spectrum

(Figure 10, in set) reveals that minor amounts of at least

one of the other four isomers of N-(2-oxopropyl)-

pro top orphyrin IX are also formed in the bioalkylation reac

tion . The presence of isomers is also detec table in the

methyl region (3.1, -3.8 ppm) and the 2-oxopropyl-methyl

region (-0.15 ppm) of the spectrum. Thus, the alkylative
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sequence overwhelmingly favors the A ring pyrrole nitrogen

but is not specific for it.

Insertion of metals into porphyrins involves replace -

ment of the two pyrrole hydrogens with the metal, generating

a neutral compound . For instance, insertion of divalent

zinc (as zinc acetate ) in to pro top orphyr in IX produces the

neutral zinc complex plus two equivalents of acetic acid.

On the other hand, insertion of zinc into an N-alkylated

porphyr in produces a salt since the metal free porphyr in has

only one proton to lose . The remaining positive charge on

the metal is balanced by a counterion. The counterion can

be exchanged by washing with salt solutions. The fact that

the zinc-complexed pigments, now known to be salts, are much

more polar by HPLC analysis than the metal free adducts is

ther fore readily understood.

The field desorption mass spectra of the zinc-complexed

pigments give molecular ion patterns cons is tent with the

insertion of zinc . These molecular ions (after adjustments

are made for the natural isotopic distribution of zinc ) are

63 mass units heavier than the molecular weights of the

metal-free porphyrins. This requires that the metal com

plexes desorp from the emitter as the intact metallo

porphyrins minus the counterion.

The similarity in absorption spectra and the con

sistency to the alkylation stoichiometry revealed by the

FDMS studies leave little doubt that the destruction of
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cytochrome P-1,50 caused by catalytic processing of terminal

acetylenes is due to N-alkylation of the heme prosthetic

group of the enzyme by the activated acetylene. Support for

this conclusion is provided by the NMR spectrum (obtained in

collaboration with Hal Beilan of this laboratory) of pig

ments is o lated from rats treated with a c e tylene gas. The

acetylene pigments proved to be particularly difficult to

obtain in pure form. Especially frustrating was the fact

that the metal-free pigments were irrever sibly bound by the

HPLC columns. On one occasion it was possible to collect

two chromatographically distinct forms of the pigment. The

360 MHz NMR spectrum of one of these fractions, as the

chloro-zinc complexed porphyrin, is presented in Figure 12.

Peak by peak analysis of the spectrum clearly revealed that

it is composed of a number of isomers. However, signals

associated with protons attached to a carbon bound to a pyr

role nitrogen could be observed at -11.5 to -5ppm. These

signals correspond to two protons when compared with the

meso proton signals by integration. In light of the FDMS

data, and in analogy with the propyne pigment structure ,

these signals must be due to methylene group's bound directly

to isomeric pyrrole nitrogens. This leaves one proton unac

counted for . Since the FDMS data (Table 3) require the

presence of a carbon and an oxygen, these adducts must be

the isomers of N-(2-oxoethyl)-protoporphyrin IX dimethyl

ester . Additional evidence for this conclusion has been

obtained by exchange experiments (Figure 12, inset).
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NMR SPECTRUM OF CHLORO-ZINC COMPLEXED

PIGMENTS ISOLATED FROM ACETYLENE-TREATED RATS

360 MHz NMR spectrum of the zinc-complexed pigments isolated from
the livers of rats treated with acetylene gas. The pigments in

this sample represent one of two approximately equal HPLC fractions
of the crude pigment. The upfield (-2 to -6 ppm) region has been
displaced upwards and to the left (A). The upfield region after

addition of D20 to the NMR sample (B). The same region after addition

of D20 and a trace of deuterated trifluoroacetic acid (C).
The region from 2.5 to -2 ppm is not shown. The spectrum is shown
on the next page.

Structure of (A) one of the four possible isomers of dimethyl esterified
N-(2-oxoethyl)-protoporphyrin IX and (B) the corresponding dimethyl
acetal derivatives. The other three isomers are those with the alkyl

group on each of the other three nitrogens of protoporphyrin IX
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Add it ion of deuter ium oxide and a trace of trifluoroa c e tic

acid to the NMR sample caused the up field signals to rapidly

disappear . Addition of deuterium oxide a lone had no effect

on the intensities of the se signals. The methylene protons

the refore undergo acid catalyzed exchange with water. This

is consistent with the proposed structure of these pigments

sin they would be expected to undergo rapid, acid catalyzed

eno lization, reactions. Similar results have also been

obtained for other N-(2-oxoalkyl)-porphyrins (Ortiz de Mon

tellano and Beilan, manuscript in preparation).

N-2-oxoethyl isomers of protoporphyrin IX are also

formed during catalytic processing of 2, 2, 2-trifluoroethyl

vinyl ether (flur oxene ) by cytochrome P-1,50 (Kunze et al.,

1981). Common to the FDMS spectra of the metal free pig

ments isolated from flur oxene and acetylene treated animals

are ions at m/e 633 and m/e 679. The relative in tensities

of these ions varied with the sample and the emitter,

although the former peak was always much more in tense . The

presence of the ion at m/e 679 in the spectra of the flur ox

ene pigment has been explicitly shown to a rise from the for

mation of the dimethyl acetal of the aldehyde in the N-alkyl

group. The bottom trace of Figure 13 is the FD spectrum of

the flur oxene pigment. The upper trace shows the same pig

In ent after treatment with a c idic trid eu te rome than ol. The

i on at m/e 633 (lower trace) has been replaced by an ion at

m/e 639 due to transe sterification of the methyl ester
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FIGURE 13

FIELD DESORPTION MASS SPECTRUM OF THE METAL-FREE FLUROXENE ADDUCT
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Field desorption mass spectrum of the metal-free green porphyrin isolated
from fluroxene-treated rats. The upper spectrum is that obtained when

the sample was treated overnight with 57 H250, in trideuteromethanol
and was reisolated. Essentially the same mass spectrum is obtained

with the acetylene adduct (see text).
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groups with the deute rated me thanol. The ion at m/e 679

(lower trace ) has been replaced by ion at m/e 691 (upper

trace ) due to the same treatment. This twelve mass unit

shift is due to incorporation of four trid euteromethyl

groups into the porphyrin, two into the ester methyl posi

tions and two in to the dimethyl ace tal. The NMR spectrum

presented in Figure 12 the refore also contains signals from

the dimethyl acetals as well as the different regio isomers

of N-(2-oxoethyl)-pro to porphyrin IX dimethyl ester. The NMR

spectrum of the other fraction collected from the HPLC

column similarly represents a number of isomeric porphyrins

as well as their dimethyl ace tals (not shown ). While it is

not possible to precisely define the is omeric distribution

of the acetylene adducts, the convergent lines of evidence

presented here leave little doubt that the initially formed

adduct contains the N-2-oxoethyl group as the N-alkyl sub

st it u ent .

Identification of the propyne adduct as N-(2-

oxopropyl)-pro top orphyr in IX allows a tentative prediction

to be made for the structures of other terminal acetylene

adducts . The destructive interaction involves a mechanism

which leads to addition of the terminal carbon of activated

propyne to pyrrole nitrogen of heme. Similarly, the other

terminal acetylenes probably also add to heme to give the

ketone rather than the aldehyde product. The single excep

tion to this rule is , of course, acetylene itself, since it
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can only give the aldehyde derivative .

2. 35 CIRCULAR DICHROISM SPECTRA OF THE PROPYNE ADDUCT : THE

TWO FACES OF HEME

The two sides of pro to porphyr in IX defined by the plane

of the porphyrin ring are prochiral. N-alkylation of one of

the pyrrole nitrogens removes this symmetry element and gen

erates two enantiomeric porphyrins. An equal mixture of the

two enant iomers will exhibit no optical activity, where as

each enant iomer will give an equal and opposite rotation of

circularly polarized light. The purified propyne adduct has

been found to be composed of essentially one isomer of N

(2-oxopropyl)-pro to porphyrin IX dimethyl ester. The three

carbon centers of the N-alkyl group are not chiral. The pos

sibility that the propyne adduct is optically active was

investigated by measuring the circular dichroism spectra of

the pigment. The CD spectra of the metal-free adduct (solid

line ) and of the zinc acetate salt of the pigment (dotted

line) are presented in Figure 11, . Both the free base and

the zinc-complexed pigment were found to be optically

active. Moreover, the obvious differences in the optical

activity of the two forms of the pigment definitively at tri

butes the observed optical activity to the porphyrin itself

rather than to an optically active impurity in the sample .



92

FIGURE 14

CIRCULAR DICHROISM SPECTRA OF THE

METAL-FREE AND ZINC-COMPLEXED PROPYNE ADDUCT

l _l ■ ■ ■ ■ |

3OO 35O 4OO 45O 5OO 55O (SOO
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Circular dichroism spectrum of the propyne adduct (solid line) and
of its zinc complex (dotted line) in methylene chloride. The high
absorbance of the sample precluded determination of the shorter
wavelength region of the spectrum of the metal-free form of the

porphyrin. Ellipticity has been calculated on the assumption that the
extinction coefficient of the zinc-complexed porphyrin at 423 mm
is 125,000.
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These results suggest that N-alkylation of the cyto

chrome P-150 prosthetic heme by oxidatively activated pro

pyne is stereo selective for one face of prosthetic heme . A

single ambiguity prevents use of the word stereo specific

rather than stereoselective. The optical purity of the por

phyr in cannot be de termined from this data. The refore, it

can not be stated with cert it u de that one enant iomer is

present to the complete exclusion of the other.

A number of scenarios can be envisioned , in the absence

of optical purity data , which would be consistent with the

CD results. The first of these is that the propyne adduct

is only one of the two possible enantiomers, in which case

N-alkylation of prosthetic heme only occurs at one face of

the porphyrin. The most logical explanation in this case

would be that the he me is bound in the active site in such a

manner that only one face of the heme is presented to the

alkylating sub strate . He moglobin, for instance, always

presents the same side of heme to oxygen. If the pigment is

not optically pure , however, one is left with less clear-cut

alternatives, including stereo specific alkylation of dif

ferent isozymes containing opposite ly oriented heme groups

or stereo selective , but not stereo specific , insertion of

heme into the apoprote in . Additional studies are in pro

gress to determine the optical purity of these and similar

adducts.



9 l;

2.36 POTENTIAL MECHANISMS FOR TERMINAL ACETYLENE MEDIATED

DESTRUCTION OF CYTOCHROME P-450

Catalytic processing of terminal acetylenes by cyto

chrome P-l,50 terminates in the production of a reactive

inter mediate which destroys the enzyme by alkylation of the

heme prosthetic group. The nature of the reactive inter

mediate formed , and the chemical events leading to its for -

mation and subsequent attachment to a pyrrole nitrogen of

prosthetic heme, have yet to be defined . Structural eluci

dation of the pigments isolated from propyne - and

acetylene -treated animals, however, provides a firm base

from which mechanistic arguments may be proposed . The is o –

lated pigments contain the three elements of the ternary

complex present in the active site immediately prior to the

destructive sequence. These are heme, atomic oxygen and the

acetylene molecule. While it has not been explicitly demon

strated that the activated oxygen is the oxygen atom eventu

ally incorporated in to the pigments, the fact that oxygen is

required for destruction to occur (White and Muller

Eberhard, 1977) clearly favors this possibility. Destruc -

tion of cytochrome P-l; 50 by acetylenes is not at tenuated by

glutathione in vitro, indicating that a short-lived species,

one that remains in the confines of the active site, is

responsible for destruction. In the analogous case of

ole fin-mediated destruction of cytochrome P-1150, the des

tructive process has been explicitly demonstrated to be
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suicidal by kinetic analysis, a result which specifically

excludes the intervention of a diffusible in termediate

(Ortiz de Montellano and Mico, 1981 ).

The mechanist ic alternatives considered in this discus -

sion are predicated on the supposition that the alkylating

in termediate is generated during an abortive attempt to oxi

dize the acetylene triple bond. Cytochrome P-l. 50-dependent

oxidation of this functionality has been demonstrated (Wade

et al., 1980, Ortiz de Montellano and Kunze, 1980 f; 1981 b )

and is discussed in section 2. 1 . Concerted transfer of

activated oxygen to the triple bond would give an oxirene

(Figure 11, ). The highly unstable, antiaromatic , oxir ene

ring has never been observed (see Ciabattoni et al., 1970;

Tanaka and Yoshimine , 1980). Its short-lived presence has ,

however, been in ferred (Zeller, 1977; Russel and Rowland,

1970). The lifetime calculated for the oxir ene ring is too

short to allow chemical trapping or stabilization by low

temperature matrix isolation techniques (Strauz et al.,

1976). The most refined calculations to date indicate that

the potential energy barrier between oxir ene and ketocar bene

is low or non-existent, and that the ketocar bene is energet

ically favored (Tomioka, 1980). More over, chemical oxida

tion of acetylenes leads to the products expected from

decomposition of the ketocar bene, not the oxir ene . There -

fore, if the oxygen transfer is concerted, the resulting

ke to car bene is the most likely alkylating agent. Exit from
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FIGURE 15

DESTRUCTION OF CYTOCHROME P-450 BY PROPYNE:

POTENTIAL ALKYLATING SPECIES

N3–NÇi■ )
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the oxirene -ketocar bene manifold is possible via ketocarbene

to ke tene rearrangement. A ke tene is not the alkylating

agent since it would not give the observed propyne adduct.

A calculated minimum corresponding to the zwitter ionic oxo

vinyl cation, a resonance form of the ketocar bene, has not

been observed (Tomioka, 1980), although its presence in the

active site may be favored by the proximity of the iron of

he me .

Entry into a second array of reactive intermediates can

be envisioned if transfer of the oxygen to the triple bond

is non-concerted (Figure 1 li ). Destruction of cytochrome P

1,50 by terminal, mono substituted olefins apparently proceeds

via an acyclic precursor to the epoxide (Ortiz de Montellano

and Mico, 1980a, b) . The initial step might then be either

be asymmetric transfer of the oxygen to give the iron

ligated oxo vinyl cation, a resonance structure of the keto

car bene, or single electron removal from a pi orbital, in

analogy to aliphatic hydroxylation reactions (Groves et al.,

1977), followed by recombination of the oxygen at either

carb on to give the radical or oxo vinyl cation.

The battery of potential alkylating species is

presented in Figure 11, . Three of the six proposed inter

mediates may be ruled out since they would react with he me

to give the aldehyde rather than the observed ketone adduct.

The remaining three species merely represent different dis -

tributions of electrons among the two carbons and oxygen.
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Calculations indicate that the ketocarb ene will predominate .

The potential for an equilibrium between the alternatives,

perhaps aided by the iron, however, makes a firm prediction

difficult.

Recently, workers in a number of laboratories have

demonstrated the ability of car be ne s to react with me tallo

porphyrins to give, after further reactions, N-alkylated

porphyrins. Particularly relevant to our work is the

demonstration that an iron II car bene complex of tetra phenyl

porphyrin undergoes a one electron oxidation to a carbon

bridged species which , up on acid treatment, rearranges with

loss of iron to an N-substituted tetraphenyl porphyrin

(Lange and Mansuy, 1981; Latos-Grayzynski et al., 1981).

These reactions are summarized in Figure 16. Related reac

tions have been demon strated for zinc , nickel and cobalt

porphyrins (Callot et al., 1978; Callot and Schaffer, 1980;

Johnson and Ward, 1976; Johnson et al., 1975). In particu

lar, the reaction of ethyl diazoacetate with cobalt III por

phyrins has been shown to give the carbon-cobalt-pyrrole

nitrogen bridged species directly. There fore , if the keto

car bene enters the mani fold of reactive in termediates gen

erated during oxidation of acetylenes in the enzyme , it may

directly insert in to the ferric iron-pyrrole nitrogen bond

of heme. Rearrangment with loss of iron might then be

expected to occur during the acid work up of the pigments, in

analogy with the results of Lange and Mansuy (1981) and
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FIGURE 16

REACTION OF CARBENES WITH IRON TETRAPHENYLPORPHYRIN*

Fe"(TPP) N º N2 e T - - 167 ST |T|

+ + 2 (2
º

-
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Ar,CHCCl3

*Taken from Lange and Mansuy (1981)
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Latos-Grayzynski et al (1981).

N-.N N-T.N.S Hºt /NTN(º) – º – Q"
O

SO 6

The alkylation sequence with propyne could conceivably

generate as many as eight different N-alkylated porphyrins.

Thus each of the four pyrrole nitrogens could bear either a

2-oxopropyl group or a 1-methyl-2-oxoethyl group. (Actually

21, isomers are possible when the potential for enantiomers

and diastereomers is also taken into consideration.) Our

results show that one major isomer, that with a 2-oxopropyl

group attached to pyrrole ring A, as well as a trace of as

many as two other N-2-oxopropyl isomers, are formed. The

acetylene alkylation reaction seems to be less specific .

High alkylation selectivity has also been observed in the

case of the ethylene and propene adducts (see section 3. l. ).

Selectivity could , in principle, be mediated by specific

binding of the substrate , orientation of the reactive inter

mediate species in the active site , or a combination of the

two. Pyrrole ring specificity may also be due to differen

tial reactivities of the pyrrole nitrogens. If the reactive

in termediate is sufficiently short lived , initial orienta
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tion may be dominant. An intermediate with sufficient

long evity to assume a number of orientations might be

expected to give less specific alkylation .

Why is it that only the terminal carbon of activated

propyne adds to heme 7 Again, a number of possibilities come

to mind . If the ke to car bene is the proximate alkylating

species, it may be that the terminal car bene is formed

exclusively or preferentially. It is also possible that if

the disubstituted car bene is formed , it immediately rear

ranges to the ke tene by a 1, 2 hydrogen shift (see section

2. l; ) rather than alkylating the heme. It remains to be

shown that dialkyl car benes can add to heme, so it is also

possible that the reaction is sterically dis favored. Inter

nal acetylenes , which could only give dialkyl car benes, do

destroy cytochrome P-1, 50 but do not give green pigments.

2. A OXIDATION OF THE TRIPLE BOND BY CYTOCHROME P-450: THE

UC SHIFT

The first evidence that acetylenes are oxidized by mam

malian systems was provided by El Masri et al (1958), who

found that 50% of an oral dose of phenyl acetylene was

excreted in the urine of rabbits as phenylacetic acid. More

recently, biphenylacetylene (Wade et al., 1979; 1980) and

l!" -ethynyl-2'-fluorobiphenyl (Sullivan et al., 1979) have been

shown to be transformed in vivo to the corresponding aryl
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substituted acetic acids. The conversion of biphenyl ace

tylene to biphenyl acetic acid by he patic micro some s

requires NADPH and is inhibited by carbon monoxide. Furth

er more, the rate of oxidation varies with the induction

state of the animals. Induction with phenobarbital or 3

methylcholan threne accelerates the in vitro microsomal oxi

dation reaction compared with that in un treated liver micro

somes . These results demonstrate that the oxidation reac –

tion is catalyzed by isozymes of cytochrome P-l;50.

Two mechanisms have been proposed for this oxidation

reaction. One group (Sullivan et al., 1979) has postulated

that the oxidative step is a cytochrome P-1,50 catalyzed

insertion of oxygen in to the acetylene carbon–hydrogen bond.

The in it i ally formed hydroxy-acetylene the n is suggested to

rapidly tautomerize to the ke tene and to be hydrolyzed to

the acid (Figure 18, path a ). Alternatively, oxidation

could proceed by oxygen insertion in to the triple bond to

give an oxir ene which , via ketene formation and hydrolysis,

also gives the corresponding acid (Figure 18, path b ; Wade

et al., 1980).

These mechanistic alternatives can be differentiated by

labeling the acetylene proton with deuterium and looking for

the presence of this isotope in the acid product. Oxidation

via path a would give the oxir ene which rearranges to the

ketene via a 1, 2 shift. The acetylene proton would the re

fore be conserved in the acid product. Product formation
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FIGURE 17

ALTERNATIVE PATHWAYS FOR CYTOCHROME P-450 CATALYZED

OXIDATION OF THE TRIPLE BOND OF BIPHENYLACETYLENE
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via path b would involve loss of the acetylene proton to the

environment since retention of the alcohol proton would

require a sigmatropically non-allowed 1,3 hydride shift or

two allowed, but energetically unfavorable, 1, 2 shifts.

Calculations suggest that the rearrangement of hydroxyace

tylene to ke tene with retention of the acetylene proton

would involve the latter of the two mechanisms but that the

required energy of activation would be in excess of 90

kilocalories/mole (Tanaka and Yoshimine , 1980). Thus, any

rearrangement involving acid formation would require removal

of the labeled alcohol proton. Appearance of this proton in

the acid is viable but unattractive since it requires highly

specific off-return mechanisms. Oxir ene rearrangement to

ke tene, on the other hand, is thermodynamically favored , and

follows a reaction coordinate which presents little or no

activation barrier , and does not involve loss of the ace

tyle ne proton.

Monodeute rated biphenylace tylene was chosen as a probe

of these two mechanist ic alternatives since the role of

cytochrome P-1150 in its oxidation has been established (Wade

et al., 1980). Treatment of biphenylace tylene with n-butyl

lithium, followed by addition of D20, gave the monodeu -

terated biphenylace tylene with no detectable residual pro

tons on the acetylene carbon. The 1-ÉH-biphenylacetylene
was incubated with he patic micro some s isolated from

phenobarbital induced rats. The biphenylac etic acid formed
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in this reaction was extracted into dichlorome thane after

care ful acidification of the incubation mixture to pH 5.

Extreme care was taken to avoid exposure of the arylace tic

acid to highly acidic or basic cond it ions because rapid

exchange of the methylene protons would be expected to occur

under these conditions. The combined organic extracts were

dried (anhydrous magnesium sulfate ) and the solvent removed .

The residue was treated with e the real diazome thane to methy

late the metabolite . The solvent was removed under a stream

of nitrogen and the residue analyzed by coupled GC-EIMS.

The methyl-biphenyl acetate was further purified by low

pressure liquid chromatography on silic a gel and analyzed by

NMR .

The high mass region of the electron impact spectrum of

unlabeled methyl biphenyl acetate is shown in Figure 19,

panel A. The base peak in the spectrum is the 1, -phenyl

benzyl cation at m/e 157. A strong ( l;0% of the base peak)

molecular ion at m/e 226 is also observed . The region of

the NMR spectrum containing the methyl ( 3.77 ppm, 3H) and

methylene (3.31, ppm, 2H) proton signals is inset in this

figure. The corresponding spectral regions of the

microsomally-generated biphenylace tic acid (as the methyl

ester) are shown in Figure 19, panel B. The molecular ion

(m/e 227) and the base peak benzyl cation (m/e 158) were one

mass unit higher than the unlabeled ions in panel A. This

shift of one mass unit was attributed to the presence of a
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FIGURE 18

NMR AND EIMS SPECTRA OF METHYL BIPHENYLACETATE OBTAINED FROM

CHEMICAL AND MICROSOMAL OXIDATION OF 1-ºn-2-biphenylAcetylene

~
r—n

4.0 ppm 3.5

§ 5 s 3 s 3 5 § 3. s :

Electron impact (70ev) mass spectra and 80 MHz NMR spectra (inset)
of (a) authentic unlabeled methyl 2-biphenylacetate, (b) methyl 2
biphenylacetate obtained by esterification of the acid formed on
incubation of monodeuterated biphenylacetylene with hepatic microsomes,
(c) methyl 2-biphenylacetate obtained by m-chloroperbenzoic acid
oxidation of monodeuterated biphenylacetylene.
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deuterium on the methylene carbon by NMR (Figure 18, panel

B). The two proton methylene singlet of the unlabeled com

pound was replaced by a broad (H-D geminal coupling) one

proton signal at 3.31 ppm. A trace of unlabeled methylbi

phenyl acetate was observed in the mass spectrum and may be

due to minor exchange of the methylene proton during work up .

Peracid oxidation of mono substituted arylace tylenes is

known to give arylacetic acids as products (McDonald and

Schwab, 1961; ), yet definitive proof that the reaction

proceeds through ke tene has not been offered. Dialkyl ace

tylene oxidation, on the other hand, has been shown to

involve 1, 2 alkyl migration to give the ke tene in termediate

(Stille and Whitehurst, 1964; Conc annon and Ciabat tonia,

1973; Ciabattonia et al., 1970). According ly, deuterated

biphenylacetylene was treated with meta-chloroper benzoic

acid in dichlorome thane solution containing 1% me thanol (as

a ke tene trap ). The purified ester product was analyzed by

GCMS and NMR (Figure 19, panel C). Essentially quantitative

retention of deuterium in the ester product was observed by

MS, and the position of the deuterium at the methylene posi

tions was confirmed by NMR.

The retention of deuterium during enzymatic and per acid

oxidation of biphenylace tylene to biphenyl acetic acid rules

out the in termediacy of the hydroxy acetylene in both reac

tion sequences. There fore , these reactions must proceed via

attack of an activated oxygen species on the acetylene pi
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bond . Two mechanistically-distinguishable routes can be

invoked to rationalize these results. Both routes proceed

through the ketene, one via a 1,2 hydride shift (Figure 20,

path a and the other via a 1, 2 shift of the biphenyl group

(Figure 20, path b ). To distinguish between these two

alternatives , methyl biphenyl-acetate was generated in both

13cthe chemical and biological systems from 1 -

biphenylace tylene and was examined for label content and

position by GCMS.

The synthesis of 1-'ºc-biphenyl a c e tylene was pattern ed

after a similar synthesis of radio labeled biphenylace tylene

(Wade et al., 1979). The two step synthesis involved

Friedel–Crafts alkylation of biphenyl with 1-'ºc-acetyl
chloride (90% isotopically labeled ) followed by treatment of

the resulting l; -phenyl ace to phenone with PCls in pyridine to

give the acetylene .

The specifically labeled biphenylace tylene was incu

bated with he patic micro somes obtained from phenobarbital

induced rats and was also oxidized with meta

chloroperbenzoic acid. The labeled methyl-biphenylace tate

obtained from these two procedures was analyzed by GCMS.

The molecular ion obtained by the enzymatic (Figure 21,

panel c) and per acid (Figure 21, panel b) oxidation reac

tions was , as expected , m/e 227 . Both spectra also

d is played small (ca 1.0%) molecular ions at m/e 226 due to
12

the 10% C present in the acetyl chloride reagent. The
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FIGURE 19

THE 1,2 SHIFT DURING TRIPLE BOND OXIDATION:

ARYL VERSUS HYDRIDE

Ar C–C–
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FIGURE 20

ELECTRON IMPACT MASS SPECTRA OF METHYL BIPHENYLACETATE OBTAINED

BY CHEMICAL AND MICROSOMAL OXIDATION OF 1-”c-1-biphenylacteylene
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Electron impact (70 ev) mass spectra of (a) authentic unlabeled methyl
2-biphenylacetate, (b) methyl 2-biphenylacetate obtained by metachloro
perbenzoic acid oxidation of 1-”c-1-biphenylacetylene in the presence

of methanol, and (c) methyl 2-biphenylacetate obtained by esterificatiion
with diazomethane of the acid formed on incubation of 1-”c-1-biphenyl
acetylene with hepatic microsomes from phenobarbital pretreated rats.



base peak due to the l-phenyl-benzyl cation fragment is

diagnostic for the position of the labeled carbon in the

acid product. Biphenyl migration would place the label at

the carbonyl carbon, whereas hydrogen migration places the

label at the benzylic carbon (Figure 20). The methyl

biphenyl acetate obtained from both oxidation systems frag

mented in the mass spectrometer to give the benzyl cation at

m/e 168, demonstrating that the benzylic carbon was labeled.

Thus, both oxidation reactions involve oxygen attack at the

acetylene pi bond and a 1, 2 hydride shift to the ke tene.

This 1, 2 shift is similar to the 1, 2 hydride shift (NIH

shift ) observed subsequent to cytochrome P-1, 50 catalyzed

oxidation of aromatic pi bonds to the highly reactive a rene

oxides. Both reaction sequences involve initial at tack of

activated oxygen on a pi bond to give a highly reactive

in termediate which rapidly rearranges, via a 1,2 hydrogen

shift, to a more stable product.

These results show that cytochrome P-1,50 catalyzed oxi

dation of biphenylace tylene, and very likely other ace -

tylenes as well, proceeds by attack of enzymatically

activated oxygen at the acetylene pi bond. This attack, if

concerted , should give an extremely short-lived oxir ene

which would immediately isomerize to the ke to car bene . A

rapid exit from the oxir ene -ketocar bene manifold is expected

due to the extreme reactivity of these species. One mode of

deactivation has been shown to be a 1, 2 shift of the ace
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ty lenic hydrogen to give the ketene. A second pathway

involves addition to the heme prosthetic group of the enzyme

(section 2.3). Additional pathways may also be operative .

An example of such a secondary reaction is the per acid oxi

dation of cycloalkynes to give trans annular insertion reac

tions expected of car bene in termediates (Concannon and Cia

battoni, 1973).
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CHAPTER III

SYNTHESIS AND IDENTIFICATION OF

n-ALKYLATED DERIVATIVES OF PROTOPORPHYRIN IX

3.0 INTRODUCTION

Catalytic processing of terminal olefin and acetylene

pi bonds by he patic cytochrome P-1,50 isozymes leads to the

formation of reactive inter mediates that inactivate the

enzyme via alkylation of the heme prosthetic group. The

covalent attachment of these activated substrates to heme

has been elucidated by spectroscopic studies of the iron

free dimethyl-esterified porphyrin adducts. FDMS and NMR

studies have demonstrated the pigments to be stoichiome tri

cally composed of protoporphyrin IX dimethyl ester plus the

substrate plus atomic oxygen. The ethylene (Ortiz de Mon

tellano et al., 1981 a ; section 3. l. ), propene (section 3. l. ),

and propyne (section 2. l ; Ortiz de Montellano and Kunze,

1981 g) adducts have been characterized by proton NMR studies

and found to be N-alkylated derivatives of protoporphyrin IX

dimethyl ester. The major propyne adduct is one of the four

regioisomers of N-(2-oxopropyl)-pro to porphyrin IX dimethyl

ester. The ethylene adduct is a single is omer of N-(2-

hydroxyethyl)-pro to porphyrin IX dimethyl ester. The propene

adduct is a single isomer of N-(2-hydroxypropyl)-



11 l;

pro to porphyrin IX dimethyl ester. The alkylation sequences

partially unveiled by these studies display a surprisingly

high selectivity for individual pyrrole nitrogens of heme.

The acetylene adduct, on the other hand, is composed of an

as yet undetermined distribution of the four isomers of N

(2-oxoethyl)-pro to porphyrin IX dimethyl ester (section 2. l. )

indicating that more than one pyrrole nitrogen is suscepti

ble to alkylation. More over , both activated propene and

propyne are bound to heme through the terminal unsaturated

carb on . Mechanist ic alternatives cons is tent with these

results have been suggested for destruction mediated by ter

minal olefins (Ortiz de Montellano et al., 1980c ; 1981 a ;

1981 h ) and terminal acetylenes (Ortiz de Montellano and

Kunze, 1981 g; section 2. l. ).

The high regiospecificity exhibited by these alkylation

reactions suggests that the destructive sequence is rigidly

controlled by steric and electronic factors. Unfortunately

it is not a simple task to determine , from the NMR spectra ,

which of the four pyrrole nitrogens bears the N-alkyl group.

Such a determination for a number of different destructive

agents would provide a means by which the active site topol

ogy of the enzyme can be explored. In order to facilitate

such studies, we have developed techniques to differentiate

the four isomers of N-methyl and of N-ethyl protoporphyrin

IX dimethyl ester. These studies are presented in the next

sections. This methodology, which includes spin de coupling,
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nuclear Overhauser effect, and spin lattice relaxation stu

dies, has subsequently been applied to the elucidation of

the structures of the ethylene , propene , and propyne adducts

(sections 3.3-3. 1; ).

Synthetic access to the N-alkylated porphyrins has been

reviewed (Jackson, 1978; Jackson and Dearden, 1973). The

first N-alkylated porphyrin known, N-methyl etioporphyrin I,

was synthesized by the high temperature, sealed tube, reac

tion of methyl iodide with etioporphyrin I (McEwen, 1952).

This reaction exemplifies the most general procedure used to

synthesize N-alkylated porphyrins, that is electrophilic

attack by an electrophile on a porphyrin pyrrole nitrogen .

The most common electrophiles employed for this purpose are

methyl iodide , ethyl iodide, and methyl fluorosulphonate .

The types of porphyrins examined have been limited to the

simple, symmetrical porphyrins such as etioporphyrin,

octaethyl porphyrin, coproporphyrin and meso

tetra phenylp orphyrin.

The synthesis of N-methyl protoporphyrin IX is compli

cated by the fact that this porphyrin contains two highly

reactive vinyl side chains which must survive the alkylation

conditions unscathed. Attempts to form the desired deriva
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tives of this porphyrin by high temperature alkylation with

alkyl halides yielded only in soluble tars. Since similar

reactions with porphyrins not containing vinyl side chains

give excellent yields of the N-alkylated products it appears

that the vinyl side chains participate in polymerization

reactions. Methyl fluorosulphonate , however, was found to

give good yields of the desired N-methylated derivatives of

pro to porphyrin IX.

3. 11 SYNTHESIS AND SEPARATION OF THE FOUR N-METHYL ISOMERS

The reaction of excess methyl fluorosulphonate with

pro to porphyrin IX dimethyl ester in dichlorome thane was

marked by a gradual change in the color of the reaction mix

ture from red to brown . (The use of methyl fluorosulphonate

requires extreme caution due to its toxic effects, see

experimental section for details). After three days the

reaction was terminated and worked up . The residue obtained

after work up was fractionated by column chromatography on

silica gel. Three major fractions were eluted from the

column. The first of these was unreacted pro to porphyrin IX

dimethyl ester. The second and major fraction was found to

contain the four regioisomers of N-methyl protoporphyrin IX

dimethyl ester. The final fraction was found to consist of

the many isomers of N,N'-dimethyl protoporphyrin IX dimethyl
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ester. The four isomers of N-methyl protoporphyrin IX

dimethyl ester were dissolved in hot chloroform and precipi

tated from solution by the addition of cold hexane.

The electronic absorption spectra of the metal-free and

zinc-complexed N-methyl isomer mixture are given in Figure

21. These spectra are essentially identical to those of the

biologically obtained green pigments. The molar absorp

tivity values for the Soret bands are also comparable (free

bases, l, 17 nm (116,000); zinc complexes, 1,31 nm (121, , 000);

nore this ter one free base pigment, l, 17 nm (116-118,000);

nore this terone zinc-complexed pigment, 132 nm (123-125,000).

Moreover the zinc-complexed N-methyl protoporphyrin IX spec

trum exhibits the three long wavelength absorptions charac -

ter is tic of all the pigments. Thus, by all appearances, the

visible spectra of the pigments and of N-methyl protoporphy

r in IX are in distinguishable .

Analysis of the N-methyl protoporphyrin mixture by FDMS

resulted in spectacular ion currents at m/e 601, and m/e 605

(Figure 22). The molecular weight of N-methyl protoporphy

rin IX dimethyl ester is 60 l . These ions correspond, the re

fore, to the protonated and non-protonated molecular ions.

Generally, a greater proportion of the monoprotonated molec -

ular ion was present at higher emitter currents.

The mixture of N-methylated protoporphyrin IX dimethyl

ester is omers was resolved into four fractions by high pres

sure liquid chromatography (Figure 23). These fractions are
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ELECTRONIC ABSORPTION SPECTRA OF
METAL=FREE AND ZINC-COMPLEXED

N-METHYL PROTOPORPHYRIN IX. DIMETHYLESTER
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Electronic absorption spectra of metal-free (solid line) and zinc
complexed (dashed line) N-methyl protoporphyrin IX dimethylester.
in chloroform. The Soret bands are attenuated ten-fold.
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FIELD DESORPTION MASS SPECTRUM OF A MIXTURE

OF THE N-METHYL PROTOPORPHYRIN IX. DIMETHYL ESTER ISOMERS
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labeled according to their relative elution pattern in Fig

ure 23. The visible absorption spectrum of each is omer was

ess entially identical in both the metal free and zinc

complexed forms to the corresponding spectrum of the mixture

of isomers (Figure 21). A slight long wave length shoulder

was observed in the spectra of the zinc complexes of isomers

I and II. Similar shoulders have been observed with some of

the pigments. Each of the metal-free isomers I-IV gave a

molecular ion pattern similar to that of the unresolved mix

ture shown in Figure 22. NMR spectra of each porphyrin in

the metal-free, monoprotonated , diprotonated and zinc -

complexed forms were recorded . The zinc-complexed porphy

rins were chosen for further study since their NMR spectra

were insensitive to the presence of trace amounts of acids .

The 360 MHz NMR spectra of the four chloro-zinc com

plexes of the N-methyl pro to porphyrin IX dimethyl ester iso

mers shown in Figure 21, , are labeled I-IV as in the HPLC

chromatogram (Figure 23). The NMR spectra of metallo-N-

alkylated porphyrins have been shown to differ significantly

when the counterion used to neutralize the remaining posi

tive charge on the metal is varied (Jackson and Dearden,

1973). The samples of zinc-complexed I-IV were , the refore ,

washed with aqueous solutions of sodium chloride to insure

that chloride was the uniform counterion . Each spectrum

contains all of the resonances associated with the porphyrin

protons: (a) meso ( 10. 1-10. 1 ppm, l, H) , (b) internal vinyl
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HPLC SEPARATION OF THE FOUR ISOMERS OF

N-METHYL PROTOPORPHYRIN IX. DIMETHYL ESTER

| | | |

O 10 20 30

RETENTION TIME (min.)

Separation of the four isomers of N-methyl protoporphyrin IX dimethyl
ester by HPLC (9.4 X 250 m Whatman Partisil 10-PAC column, hexane/
THF/methanol 97:97:6). The isomers are labeled I-IV in order of
elution from the column.
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FIGURE 24

360 MHz NMR SPECTRA OF THE CHLOROZINC-COMPLExED ISOMERS
OF N-METHYL PROTOPORPHYRIN IX. DIMETHYL ESTER

NMR spectra of the zinc chloride complexed isomers of N-methyl
protoporphyrin IX dimethyl ester (next page) in deuterochloroform.
Each spectrum is labeled with the number of the porphyrin isomer
(Figure 23) from which the zinc complex was prepared. The methyl
group signals are truncated (see Figure 26 for expansion of this
region). The structures of the four isomers are given below.

\ || 21,H 23,OH,
| 24, H 22¢H,
||| 23,H 21,0H,

\ / IV 22,H 24,OH,

OMe OMe
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(7.9-8.3 ppm, 2H), (c) terminal vinyl ( 6. 0-6.1 ppm, l; H ), (d)

benzylic methylene (methylene protons adjacent to the ring)

(l, . 0-1. 1 ppm, l, H) , (e) ester and ring methyl ( 3. 1, -3.8 ppm,

18H) , (f) carboxyl methylene (side chain methylene protons

adjacent to the carbonyls) (2.7–3.3 ppm, l, H), and (g) N

methyl (-ll .5 ppm, 3H). The unusual three proton singlet at

approximately -l, .5 ppm is due to the three N-methyl protons

nest led in the shielding region of the porphyrin ring

current .

The identity of the N-alkylated pyrrole ring in each of

the four isomers I-IV cannot be determined directly from the

NMR spectra. The position of the N-methyl group may, how

ever, be localized on one of the two types of pyrrole rings

present in the pro to porphyrin IX mac rocycle. Pyrrole rings

A and B bear a methyl and a vinyl substituent whereas rings

C and D bear a methyl and a methyl pro pion a te substituent.

NMR studies of other N-alkylated porphyrins have shown that

the proton signals associated with peripheral substituents

attached to an N-alkylated pyrrole ring occur approximately

O - 1 to 0.2 ppm to higher field than the corresponding sig

n a ls of the same substituent on the non-alkylated pyrrole

rings (Jackson and Dearden, 1973). This up field shift is

due to changes in the structure of the porphyrin macrocycle

caused by the presence of the N-alkyl substituent. Struc

tural determinations of N-alkylated porphyrins by X-ray

crystallography have shown that the alkylated pyrrole ring
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is sharply tilted out of the plane of the porphyrin ring

defined by the four meso carbons (Lavallee et al., 1978;

Anders on and Lavallee, 1977; Lavallee and Anderson, 1977;

Grigg et al., 1970; McLaughlin, 1971; ). The position of the

substituent protons on the alkylated pyrrole ring relative

to the porphyrin ring current is sufficiently altered by

this per turbation to cause the signals associated with these

protons to appear at higher field in the NMR spectrum.

Application of this chemical shift correlation permits a

partial assignment of the four isomers of N-methyl protopor

phyrin IX. A 0.1 ppm up field shift is observed for one of

the two internal vinyl multiplets in the spectra of I and II

but not of III and IV (each internal vinyl proton signal is

observed as a four line multiple t due to c is and trans

scalar coupling to the external vinyl protons (J (c is ) = 12 Hz,

J (trans) = 15 Hz). The benzylic methylene proton signals, on

the other hand, are observed as a single set of multiplets

in the NMR spectra of I and II whereas one set of multiplets

is displaced 0.2 ppm to higher field in the spectra of III

and IV. A similar result obtains for the carboxyl methylene

proton signals as well. Spin decoupling experiments (not

shown ) have established that the higher field benzylic and

carboxyl methylene protons are on the same side chain. Thus,

up field shifts are observed for one of the two internal

vinyl proton multiplets of I and II but not of III or IV,

while the protons on one of the two methylene side chains are

displaced to higher field in III and IV but not in I and II.
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These self-consistent observations lead directly to the

assignment of I and II as the isomers of N-methyl protopor

phyrin IX dimethyl ester bearing an N-methyl group on a

vinyl-substituted pyrrole ring (rings A and B), and III and

IW as the two isomers alkylated on pro pionate -substituted

pyrrole rings (rings C and D). Final structural as signments

are not possible in the absence of more specific identifica

tion of the porphyrin peripheral proton signals. The

requisite signal assignments have been made by a combination

of techniques including synthesis of the four N-methyl iso

mers with different but known amounts of deuter ium inc or -

porated into the meso positions, determination of spin lat

tice relaxation times for the peripheral methyl and meso

protons, and the use of nuclear Overhauser enhancements

(NOE) to establish the spatial relationships of the peri

pheral protons.

Synthesis of Meso-Deuterated Isomers of N-Methyl Protopor

phyrin IX Dimethyl Ester: Assignment of the Alpha and Gamma

Me So Protons

The identity of the meso proton signals in the spectra

of I-IV can be determined by synthesis of the isomers from

pro to porphyr in IX containing known , but different , amounts

of deuterium at the meso positions. The reaction of mono

deuterated p-toluene sulfonic acid with protoporphyrin IX
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FIGURE 25

MESO REGIONS OF THE NMR SPECTRA OF PARTIALLY-DEUERATED

N-METHYL ISOMERS I-III AND PROTOPORPHYRIN IX DIMETHYLESTER

A D

I---,T-I r—Ii --------I T I-1-1- --I-

10.5 10.4 10.3 10.2 10.1 10.0 10.5 10.4
-T—T--—H---- ---T—T---—r—I-

10.3 10.2 10.1 10.0

T-I- I–––––H––––.

10.5 10.4 10.3 10.2 10.1 10.0 10.5 10.4 10.3 10.2 |0.1 10.0

-
PPM PPM

Meso proton region in the NMR spectra of dimethyl-esterified, partially
deuterated (a) zinc protoporphyrin IX (spectrum taken in the presence
of 5 mM perdeuteropyridine), (b) zinc-complexed isomer I of N-methyl
protoporphyrin IX, (c) zinc-complexed II, (d) zince-complexed III.
The meso signal identies in (a) are, from right to left: delta, gamma,
beta, and alpha.
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dimethyl ester has been shown to effect such a differential

incorporation of deuterium into the four porphyrin meso

positions (Smith et al., 1979). The relative vulnerabilities

of the meso positions to acid-catalyzed deuteration has been

demonstrated to be , in decreasing order:

gamma, delta, beta , alpha . This exchange reaction gave , in our

hands, a l;5% yield of deute rated protoporphyrin IX dimethyl

ester which was further treated with methyl fluorosulphonate

to give partially deute rated I-IV. The reaction mixture,

following normal work-up, was fractionated by column chroma

tography. Unreacted protoporphyrin IX dimethyl ester was

complexed with zinc and assayed for deuterium content by NMR

to insure that no back-exchange reactions had occurred dur

ing methylation and work-up. The ratio of deuterium incor

porated into the meso positions of protoporphyrin IX (Figure

25, panel a J was similar to that reported by Smith et al

(1979), although, the integrated intensities of the beta and

delta meso signals were not significantly different from

each other. Significant in tensity differences were observed

for the alpha and gamma proton signals. The meso regions of

the NMR spectra of chlorozinc-complexed I, II, and III are

shown and labeled in Figure 25. The assignment of the alpha

and gamma meso signals follows directly from the relative

amounts of deuterium known to be incorporated in to each of

the meso positions. The identity of the gamma meso proton

signal has been independently confirmed by the relaxation

time measurements discussed in the next section . The me so
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signal assignments for IW are given in Figure 26.

Spin-Lattice Relaxation Time Measurements : Assignment of

the Ester Methyl Proton Signals

A single is omer of N-methyl pro to porphyrin IX dimethyl

ester contains six peripheral methyl groups. Four of these

methyl groups are pyrrole ring substituents while the

remaining two methyl groups are due to the methyl esters on

the pro pionate side chains of rings C and D. The six methyl

groups all give rise to signals within a relatively cong

ested region of the NMR spectrum (Figure 26). Partial

dissection of this region can be accomplished by examination

of the spin lattice relaxation time (T,) of the protons of

each methyl group. This procedure, first implemented by

Sanders et al (1978) in studies on pro to porphyrin IX and

dihydroporphyrins, directly assigns the two methyl ester

signals. Sanders and coworkers noted that the aromatic

methyl protons of pro to porphyr in IX dimethyl ester relax 1.5

to 2 times more rapidly than the ester methyl protons. This

difference is due to the fact that the aromatic methyl pro

tons are rigidly held in proximity to the vinyl, methylene ,

and meso protons, where as the ester methyl protons are rela

tively unconstrained . The primary mode of spin lattice

relaxation for protons attached to small molecules of this

type in deuterated solvents involves radiationless transfer
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of magnetization to other nuclei, primarily protons, via

through-space dipolar coupling. This relaxation process is

accelerated in the case of the porphyr in a romatic methyl

protons due to their proximity to the other ring substituent

protons. The ester methyl protons, in contrast , spend a

large percentage of their time in contact with the solvent

(deuterated solvents are poor promoters of relaxation), and

relax more slowly. Accordingly, the spin lattice relaxation

times were determined for the methyl protons of I-IV. Each

of isomers I-IV was found to contain two sets of methyl pro

tons which relaxed much more slowly (ca 1.3 seconds) than

the protons of the remaining four methyl groups (ca 0.7

seconds). One ester methyl signal was found to overlap with

an a romatic methyl signal in the spectrum of IV. The T
value calculated in this case (0.9 seconds) has no real sig

nificance since it represents a simultaneous fit to two dif

ferent , exponentially-decaying functions. The T values

measured in these experiments are given in Table l; .

The spin lattice relaxation times for the meso protons

were also determined. Sanders et al (1979) reported that

the gamma meso proton of metal-free and zinc-complexed pro

top orphyrin IX dimethyl ester relaxes more rapidly than the

remaining three meso protons. A conclusive rationale for

this observation was not offered by Sanders, nor is one

readily apparent, but the effect was reproducible. The

selective deuteration experiments described previously unam
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FIGURE 26

NMR SPECTRA OF THE METHYL PROTON REGION

OF N-METHYL ISOMERS I-IV

" _
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PPM |

Methyl proton region of the NMR spectra of the four zinc-complexed
N-methylprotoporphyrin IX dimethylester isomers. The isomer number
is given with each spectrum. The identity of each of the methyl
signals is given.
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TABLE 4

CHEMICAL SHIFT AND RELAXATION TIMEs (T1) vaLUES FOR
MESO AND METHYL PROTONS IN THE FOUR N-METHYLPROTOPORPHYRIN IX

DIMETHYL ESTER ISOMERS

ISOMER&

GROUP. I II. III. IV.

l-methyl 3. 659 (O. 7l) 3.548 (O. 66) 3. 630 (0.72) 3.663 (0.67)

3-methyl 3. 517 (O. 65) 3. 646 (0.7l) 3.650 (0.66) 3.620 (0.98)"

5-methyl 3.554 (O. 67) 3. 526 (O. 65) 3.429 (0.65) 3.566 (0. 64)

8-methyl 3.546 (O. 67) 3.582 (0. 64) 3.587 (O.80) 3. 469 (0. 64)

6-methoxy 3.686 (l. 32) 3.682 (1.32) b 3.592 (l. la) 3. 619 (O. 98) C

7-methoxy 3.686 (l. 36) 3.693 (1.33)b 3.6l3 (l. 30) 3.548 (l. 24)

N-methyl –4. 492 –4. 530 –4. 497 –4. 535

alpha meso lo. 338 (1.16) lC). 373 (1.12) lC). 344 (l. l9) 10.315 (l. O7)

beta meso lC). 291 (l. 10) 10. 233 (l. O5) 9 10.272 (l. 12) lC). 265 (l. 10)

9amma meSO 10. l42 (0.65) lC. l 50 (0.66) 10. 232 (0.70) lC. 247 (0.90) C

Jelta meso 10. 193 (1.04) lo. 236 (l. O5) 9 10.193 (1.08) 10.245 (O. 90) C

(a). Chemical shifts in ppm (Tl values in parenthesis in seconds).

(b). These two methoxy groups could not be specifically assigned.

(c). Relaxation time is an average for two superimposed signals
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biguously established the identity of the gamma meso signal

in each of the four spectra . Examination of the T data for

the meso protons of I-III revealed the presence of one

rapidly relaxing (T1, 0.65-0.70 seconds) and three slowly

relaxing (T1, 1.0-1.2 seconds) protons. In each instance

the previously assigned gamma meso proton signal coincided

with the rapidly relaxing meso proton. The gamma meso sig

nal overlapped with another meso signal in the spectrum of

IV. The coincidence of this assignment, based on relaxation

data, extends the applicability of Sander 's results and pro

vides an independent method for determining the identity of

the gamma meso signal in porphyrins such as the geen pig

ments .

Proton-Proton Nuclear Overhauser Effects : The Missing Link

Accelerated relaxation of the porphyrin ring methyl

protons relative to the ester methyl protons demonstrated in

the previous section is due to strong dipole–dipole interac -

tions with adjacent ring substituents held rigidly in place

by the porphyrin ring . Through-space dipole dipole interac -

tions provide a conduit through which energy is transferred

from proton to proton by radiation less processes. Irradia

tion of a proton in a magnetic field with energy of a fre

quency equal to its Lamour precessional frequency induces

rapid transitions between its two nuclear spin energy lev
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els. If the irradiated proton is strongly dipole coupled

with another proton, a portion of the absorbed energy will

be transferred to the second proton and the absorption sig

nal of this second proton in the NMR experiment will be

altered . For small molecules this alteration in intensity

is observed as an enhancement of the signal arising from the

second proton. This phenomenon, known as the Nuclear

Overhauser Effect (NOE), is not confined to proton-proton

interactions (see Noggle and Schirmer, 1971 for a complete

discussion). The enhancement observed is dependent upon the

strength of the dipole-dipole coupling which falls off as

the sixth power of the internuclear distance. Thus the

observation of a signal enhancement in an appropriately

designed NMR experiment establishes the proximity of two

pro tons.

The applicability of nuclear Overhauser effects to por

phyr in systems was first demonstrated by Sanders et al

(1979). These investigators found that nuclear Overhauser

enhancement of the meso signals of zinc protoporphyrin IX

dimethyl ester could be observed when the protons immedi

ately adjacent the meso protons were irradiated. For

in stance, irradiation of the benzylic methylene protons

caused an enhancement of the gamma meso proton signal. Due

to the rigid positioning of the substituent protons around

the periphery of the porphyrin ring, large (15-30%) enhance -

ments were observed (50% enhancement is the theoretical
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limit ; Noggle and Schirmer, 1971). The application of this

technique to the four isomers of N-methyl protoporphyrin IX

leads to specific assignments of the methyl groups, once the

identity of the meso protons is known. The alpha and gamma

meso proton signals for I-IV have been assigned. Assignment

of one of the two remaining meso proton signals identifies

the last by difference.

The NMR signals arising from the methyl protons of I-IV

are shown in Figure 25. The use of high magnetic fields was

absolutely required since selective irradiation of the

methyl protons at lower field strengths is not possible.

Selective NOE experiments were performed by sequentially

irradiating the methyl and methylene protons with sufficient

power to saturate their absorption signals in the NMR spec

trum . Immedia tely after the selective pulse was terminated ,

a broad b and 90° pulse was applied , and the free induction

decay recorded. This sequence was repeated until the

required signal-to-noise ratio was achieved . A control

spectrum was also recorded using an identical presaturation

pulse which did not excite any of the porphyrin protons.

The Fourier-transformed spectrum from each experiment was

sub tracted from the control transformed spectra . Peaks

present in the resulting difference spectrum indicate the

presence of a signal enhancement. The results of these

experiments are shown in Figure 27. The bottom plot in each

panel is the meso region spectrum of the is omer in question.
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NUCLEAR OWERHAUSER EFFECT ENHANCEMENT

OF THE MESO PROTON SIGNALS OF I-IV

Nuclear Overhauser effect (NOE) enhancement of the meso proton
signals in each isomer of zinc-complexed N-methyl protoporphyrin
IX dimethyl ester due to sequential irradiation first of the low
field side-chain methylene protons (Figure 24) and then of each of
the methyl groups shown in the corresponding spectrum in Figure 26.
The results of these NOE experiments, going from low to high field
are shown from the bottom to the top in the panel which corresponds
to each isomer. Each NOE result is given as the difference between
the meso proton region in the specifically irradiated sample and
the meso proton region of a control spectrum. The presence of a
peak thus indicates a signal enhancement: (a) isomer I, (b) isomer II,
(c) isomer III, and (d) isomer IV. The structure of zinc protoporphyrin
IX dimethyl ester is given at the top. The ring methylated as well
as the identity of the meso protons and the group irradiated in
each NOE each NOE experiment are given for each isomer. Spectra
are shown on the following page.
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The difference spectra directly above the reference spectrum

represent experiments involving sequential irradiation, from

low to high field , of each set of methylene or methyl pro

tons. The identity of the set of protons irradiated is

given beside the appropriate difference spectrum.

Irradiation of the benzylic methylene protons (I and

II, bottom difference spectra; III and IV, bottom two

difference spectra) gives rise to an enhancement of the meso

proton signal previously as signed as the gamma meso signal.

Selective irradiation of each of the methyl protons was not

always possible since, in some instances, their resonant

frequencies were almost identical. Fortunately, even in

these cases, the relative meso proton signal enhancements

were sufficiently different to allow as signments to be made

(see is omer I where the 5 and 8-methyl proton frequencies

differ by only 2.5 Hz). Irradiation of the previously

assigned (from the relaxation experiments) ester methyl pro

tons gave rise to no detectable meso signal enhancements

except when ring methyl protons were also excited due to

spin tick ling effects (see III and IV, Figure 27 and 28).

Enhancement of the alpha meso proton signal, previously

assigned by the selective deuteration experiments, is only

observed when the neighboring 3-methyl protons are irradi

a ted. The NOE experiment, the refore, assigns the 3-methyl

proton signal. Enhancement of the delta meso signal will be

observed by irradiation of either the 1 or 8-methyl protons.
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The identity of the delta meso proton signal is , therefore ,

uniquely defined since it is the only meso proton flanked by

two methyl groups. As signment of the delta meso proton sig

nal immediately isolates the beta meso proton signal as the

only unassigned me so signal. The 5-methyl proton signal is

then assignable since it is dipolar-coupled to the beta meso

proton (see Figure 27 for enhancements). The only ambigui

ties remaining are differentiation of the 1 and 8-methyl

proton signals and the final structural as signments.

Isomer Assignments

The NMR spectrum of an N-alkylated porphyrin differs

from that of its non-alkylated counterpart in a number of

ways. Crucial to this study is the fact that the proton

signals associated with the peripheral substituents on the

alky lated pyrrole ring are shifted 0.1 to 0.2 ppm to higher

field than the signals associated with similarly substituted

protons on the vicinal rings. This phenomenon, due to

twisting of the alkylated pyrrole ring out of the plane of

the porphyrin ring, has been demonstrated for simple N

alkylated porphyrins such as zinc N-methyl octamethyl por

phyrin (Jackson and Dearden, 1973). This result has been

applied to the four is omers of N-methyl protoporphyrin IX by

examination of the internal vinyl and benzylic methylene

proton signal chemical shifts. Isomers I and II bear N
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methyl substituents on pyrrole ring A or B, while III and IW

bear N-methyl groups on ring C or D.

The 3- and 5-methyl proton signals has been identified

by a combination of nuclear Overhauser enhancement, spin

lattice relaxation , and chemical exchange studies. The 3

methyl proton signal for isomer I is shifted approximately

0.1 ppm up field from its position in the other three is omers

(Table H). Isomer I is therefore N-alkylated on the nitro

gen of pyrrole ring B.

The 5-methyl proton signals for I-IV exhibit the same

pattern except that the 5-methyl signal occupies a high field

position in the spectrum of isomer III (Table l; ). The pre

vious conclusion that this isome r is alkylated on ring C or

D, supports the assignment of III as the isomer of N-methyl

pro top orphyrin IX dimethyl ester in which pyrrole ring C is

alkylated .

The preceding as signments lead directly, even with out

specific assignment of the 1 - and 8-methyl proton signals,

to the identification of isomer II as A ring alkylated and

is omer IV as D ring alkylated . (The structural assignments

are given in Figure 21, ) The 1 - and 8-methyl signals an be

as signed on the basis of chemical shift correlations. The

1 – and 3-methyl proton signals of zinc pro to porphyrin IX

dimethyl ester occur approximately 0.1 ppm downfield from

the 5 and 8-methyl proton resonances due to the inductive

effects of the adjacent vinyl groups. The chemical shifts
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of the 3- and 5-methyl proton signals in the four is omers

accurately mirror this difference. It is to be expected,

there fore , that the 1-methyl proton signal will be con

sistently downfield from the 8-methyl signal except perhaps

for the is omer where pyrrole ring A is alkylated . This chem

ical shift correlation has been applied to make the final

signal assignments given in Table l; . The identity of the

1-methyl proton signal in isomer II has been confirmed

through spin de coup ling experiments in which the 1-methyl

signal was observed to sharpen when the internal vinyl pro

tons were irradiated . This correlation has also been vali

dated by NMR experiments on the four isomers of N-ethyl pro

top orphyrin IX dimethyl ester presented in section 3. 2.

Both the alkylated pyrrole ring and the pyrrole ring

trans to it, the latter to a much lesser degree, have been

shown to be tilted out of the plane of the porphyrin ring

defined by the two vicinal rings by X-ray crystallographic

studies of simple metallo N-alkylated porphyrins (McLaugh

lin, 1971; ; Grigg et al., 1970; Lavallee et al., 1978; Anderson

and Lavallee , 1977; Lavallee and Ander son, 1977). We have

also observed this effect in solution by correlation of the

c hemical shifts of the methyl group resonances. The average

of the two chemical shifts for each methyl group when

present on a ring vicinal to an alkylated ring have been

computed and are given in Table 5. This value is then com

pared with the chemical shifts of each methyl group signal
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TABLE 5

UPFIELD SHIFT OF THE RING METHYL GROUPS WHEN PRESENT ON THE

N-ALKYLATED RING OR ON THE RING OPPOSITE TO IT

REFERENCE CHEMICAL UPFIELD SHIFT WHEN UPFIELD SHIFT WHEN
METHYL SHIFT VALUE* ON ALKYLATED RINGP ON OPPOSITE RINGº
GROUP (IN PPM) (IN PPM) (IN PPM)

l 3.66l (0.004) O. ll3 0.031

3 3. 648 (0.004) O. l.20 O. O.28

5 3.560 (0. Ol2) O. l 31 0.024

8 3.585 (O. OO5) O. ll 6 O. O39

(a).

(b) .

(c) .

The chemical shift values for the given methyl when on neither the

alkylated ring nor on the ring opposite to it (Table 4) have been averaged.

The difference between the two averaged values is given in parenthesis.

The difference between the chemical shift value for the given methyl when

on the alkylated ring and the average (reference) value calculated
in the first column.

The difference between the chemical shift value for the given methyl

when on the ring opposite to that which is alkylated and the reference
value in the first column
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when present on the alkylated ring or on the ring trans to

the alkylated ring. An up field shift of 0. 113 to 0. 131 ppm

is observed when the chemical shifts of the alkylated ring

methyl signals are compared with the averaged reference

value. An up field shift of 0.028 to 0.039 ppm is observed

when the averaged value is compared with the chemical shift

of each methyl when present on the ring trans to the

alkylated ring. These results indicate that the ring trans

to the alkylated ring is also tilted out of the porphyr in

plane , but less so than the alkylated ring , in agreement

with the X-ray results.

3 - 12 N-METHYL PROTOPORPHYRIN IX. DIMETHYL ESTERS: THE POR

PHYRINS ISOLATED FROM RATS TREATED WITH 3, 5.

DIETHOXYCARBONYL-1, 4-DIHYDROCOLLIDINE

Administration of 3,5-dieth oxycarbonyl-1, ll

dihydrocollidine (DDC) to mice reduces he patic heme and

cytochrome P-150. Concurrently, the levels of heme precur

sors such as protoporphyrin IX become elevated due to inhi

bition of mitochondrial ferroche latase , the enzyme which

inserts iron into protoporphyrin IX to make heme. The in hi

bition of ferrochelatase is indirect since in vitro prepara

tions of the enzyme are unaffected by DDC. Recently, the

inhibitory effect of DDC on ferrochelatase in vivo has been

a scribed to ill-defined green pigments isolated from the
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livers of treated animals (Tephly et al., 1979; De Matte is et

al., 1980). The he patic pigments formed due to administra -

tion of DDC have been found to inhibit in vitro preparations

of ferroc he la tase.

The identity of the pigments isolated from DDC treated

animals has recently been established by Hal Beilan of this

laboratory. The pigments, isolated as the dimethyl esteri

fied porphyrins, have been examined by HPLC, electronic

absorption spectroscopy, NMR, and FDMS and found to be com

posed of the four is omers of N-methyl protoporphyrin IX

dimethyl ester (Ortiz de Montellano et al., 1981 d). The is o –

mer of N-methyl protoporphyrin IX alkylated on pyrrole ring

A is formed to the greatest extent in the biological system.

Minor amounts of isomers I and III (B and C ring methylated )

are also formed, as well as a trace of isomer IV .

The pigments isolated from DDC treated animals, as the

metal-free, non-ester ified porphyrins, have been show to be

potent inhibitors of mitochondrial ferroche latase (Tephly et

al., 1979; DeMatteis, 1980). The relative proportions of the

four N-methyl isomers was, of course, unknown (as was the

overall structure of the pigments), leaving open the ques

tion of differential inhibitory potencies of the four is o –

mers. Accordingly, the four is omers of N-methyl protopor

phyrin IX have been tested in a collaborative effort with

Gerald Marks and Susan Cole of Queen's University for inhi

bition of chick embryo liver ferrochelatase activity and
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found to be equally-potent inhibitors of the enzyme (Ortiz

de Montellano et al., 1980g).

3 - 2 SYNTHESIS AND CHARACTERIZATION OF THE FOUR ISOMERS OF

N-ETHYL PROTOPORPHYRIN IX. DIMETHYL ESTER: THE PORPHYRINS

DIMETHYL- A-ETHYL-1, 4-DIHYDROPYRIDINE

The administration of 3,5-dicarb ethoxy-1, ll

dihydrocollidine (DDC) to rats results in the formation of

abnormal he patic pigments which have been identified as an

unequal mixture of the four isomers of N-methyl protoporphy

rin IX (Ortiz de Montellano et al., 1981 d). More recently the

mysterious origin of the N-methyl group has been investi

gated by Hal Beilan of this laboratory. Administration of

3, 5-dicar be thoxy-2, 6-dimethyl-1, -ethyl-1, l, -dihydropyridine

(DDEP), an analog of DDC bearing an ethyl instead of a

methyl group at the l; position, to rats results in the accu

mulation of he patic pigments.

Eto,C co,Et Eto,C co,Et

DDC DDEP

The pigments were fractionated by HPLC and found to consist
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of four porphyrins. NMR and FDMS studies revealed that the

purified pigments were the four is omers of N-ethyl

pro top orphyr in IX dimethyl ester. These and other experi

ments (Ortiz de Montellano et al., 1981 e ) demonstrate that

metabolic transformation of DDC and DDEP by cytochrome P-1, 50

generates a reactive species capable of donating the dihy -

dropyridine ll-alkyl group to a pyrrole nitrogen of

prosthetic heme. He me alkylation by activated DDC occurs

primarily at the nitrogen of pyrrole ring A. The alkylation

reaction in the case of DDEP is pyrrole ring selective as

well . In order to be t t er characterize the de S tructive

interaction, the four is omers of N-ethyl pro top orphyrin IX

have been synthesized, separated , and the isomers assigned .

3. 21 SYNTHESIS AND SEPARATION OF THE FOUR ISOMERS

A dichlorome thane solution of ethyl fluorosulphonate (6

mmol) and pro to porphyr in IX dimethyl ester (0.81 mmol ) was

st irred in the dark for 3 days. The residue obtained after

work-up was dissolved in acidic me thanol and left overnight

to insure that the porphyrin carboxyl groups were methyl

ester ified (some of the ethyl esters were detected by prel

iminary NMR studies). The porphyrins were then chromato

graphed on silica gel to give 130 mg of the desired N-ethyl

is omers. The four isomers were separated by HPLC. The bot

to m trace (Figure 28) shows the chromatographic profile of
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the four synthetic isomers. The upper trace (Figure 28)

shows the elution pattern of the four isomers isolated from

the livers of DDEP-treated animals.

The visible absorption spectra of the four metal-free

porphyr in s were in distinguishable from one another and

highly similar to that of the mixture of N-methyl isomers

(Figure 21). The spectra of the zinc-complexed porphyrins

were essentially identical to the N-methyl spectra (Figure

21) including the presence of a slight shoulder on the

long wave length side of the Sore t bands of I and II. Each of

the four metal-free pigments gave a molecular ion at m/e 618

when analyzed by FDMS. The same ion was observed in the

spectra of the mixture of four isomers (Figure 29).

The NMR spectra of the chloro-zinc complexes of the

four isomers of N-ethyl protoporphyrin dimethyl ester are

shown in Figure 30 and labeled according to increasing HPLC

retention times. The signals associated with the various

p or phyrin protons were present in each spectrum : (a) I■ le S.O.

( 10. 0-10.5 ppm, l, H); (b) internal vinyl (8.0–8.5 ppm, 2H);

(c) external vinyl ( 6. 0-6.5 ppm, l, H); (d) benzylic methylene

( 1, . 0-11.5 ppm, l, H); (e) benzylic and ester methyl ( 3.5-3. 75

ppm, 18H); (f) carboxyl methylene (2.9-3.3 ppm, l, H); (g)

methyl of N-ethyl (-2.0 ppm, 3H); and (h) methylene of N

ethyl (-5 ppm, 2H). The signal at 7.21 ppm is due to

chloroform.
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SEPARATION BY HPLC OF THE FOUR ISOMERS OF

N-ETHYL PROTOPORPHYRIN IX DIMETHYL ESTER

1 _l l l I l l I I

16 20 24 28 32 36 40 44 48

RETENTION TIME (min)

HPLC analysis of the abnormal porphyrin isolated from DDEP-treated
rats (top) and the mixture of the four synthetic isomers of N-ethyl
protoporphyrin IX dimethyl ester.
order of elution from the column.

The isomers are numbered I-IV in

A 9.4 X 500 mm Partisil 10-PAC

column eluted with hexane/THF/methanol 12:12:l was used for the
purification.
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FIGURE 29

FIELD DESORPTION MASS SPECTRUM OF

A MIXTURE OF THE N-ETHYL PROTOPORPHYRIN IX DIMETHYL ESTER
ISOMERS

618

5CO 7OO
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FIGURE 30 50

360 MHZ NMR SPECTRA OF THE CHLOROZINC-COMPLEXED ISOMERS

OF N-ETHYL PROTOPORPHYRIN IX DIMETHYL ESTER

NMR spectra in deuterated chloroform of the zinc chloride complexed
isomers of N-ethyl protoporphyrin IX dimethyl ester (next four pages).
Each spectrum is labeled with the number of the porphyrin isomer
(figure 28) from which the zinc complex was prepared. The
structures of the four isomers are given below.

II 21,H 23,-CH2CH 3

I 24, H 22,-CH2CH3
III 23, H 21, -CH2CH3

IW 22,H 24, -CH2CH2”3
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Strategy of Peripheral Proton Assignments

The strategy employed to assign the peripheral reso –

nances has been refined to the point that the selective meso

proton deuteration experiments utilized in the N-methyl iso

mer assignment studies are no longer required. The two

additional experiments which make this possible are the

detection of scalar coupling between the internal vinyl pro

tons and the methyl protons on pyrrole ring A and B and

detection of dipolar, through space coupling between the

alpha and beta meso protons and their neighboring 2 and l,

internal vinyl protons. Similar connectivities have been

observed for pro to porphyrin IX dimethyl ester (Sanders et

al., 1979). Isomers I and III will be used as examples of

these techniques.

Gamma Meso Proton Signal

The gamma meso proton signal may be identified by two

independent methods. The first of these requires measure

ment of the meso proton spin lattice relaxation times. These

values are reported in Table 6. The gamma meso proton is

more rapidly relaxed by its surroundings than the remaining

three meso protons. The rapidly relaxing meso proton, thus

identified as the gamma meso proton signal, is at 10. 117 ppm

for isomer I and 10.292 ppm for isomer III (see Table 6).

These assignments are confirmed by the presence of through

space dipolar coupling, detected by nuclear Overhauser
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enhancement studies, between the benzylic methylene protons

and these same meso protons (Figure 31 a , c).

Ester Methyl Proton Signals

The signals a rising from the methyl ester protons are

determined from the T data (Table 6). The ester methyl

protons relax significantly more slowly ( 1.5 to 2.0 times)

than the ring methyl protons. The ester methyl T, 's varied

from 1.1 to 1.2 seconds while the ring methyl proton T, 's
fell within the range of 0.55 to 0.70 seconds. The T' data
does not uniquely assign the ester methyl protons. The

assignments are confirmed by the fact that irradiation of

the ring methyl protons gives rise to an enhancement of a

meso proton signal where as irradiation the ester methyl pro

tons does not .

Delta Meso Proton Signal

The delta meso pro to n is uniquely flanked by two methyl

groups (1 and 8) and may be assigned by the NOE experiment.

The delta meso signal is at 10. 167 ppm for is omer I (Figure

35a) and at 10. 196 ppm for isomer III (Figure 35c).

1, 3, 8 Methyl Proton Signals

The 1-methyl proton (ring A) shares its pyrrole ring

with a vinyl group (2 vinyl) whereas, the 8-methyl group

shares the D ring with a beta-carboxy-ethyl group. The 1
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and 3 methyl protons are slightly coupled ( 0.8 Hz) with the

2 and l internal vinyl protons respectively. This coupling

can be eliminated by irradiation of the 1 and 3-methyl group

protons. Once the coupling is removed, the internal vinyl

proton resonances are observed to sharpen. Figure 31 b, d

shows the effects of irradiating (in a spin decoupling

experiment) each of the methyl protons (identities given on

the right) on the internal vinyl signals. The bottom trace

corresponds to the signal without irradiation. Sharpening

can be observed in the second (from the bottom) and fifth

spectra of isomer I (Figure 31 b) and in the second and third

spectra o f isomer III (Figure 31 d). The 1-methyl protons

are the refore identified as those which are dipolar-coupled

to the delta meso proton and scalar-coupled to an internal

vinyl proton (I, 3.. 65.8 ppm ; III, 3.623 ppm). The 8-methyl

protons are assigned , by difference , as being dipolar

coupled to the delta meso proton but not scalar-coupled to

an internal vinyl proton (I, 3.539 ppm ; III, 3.589 ppm).

The 3-methyl protons are also assigned by difference since

they are scalar-coupled to an internal vinyl proton but are

not dipolar-coupled to the delta meso proton (I, 3.1. 83 ppm ;

III, 3.6 l; 8 ppm).

Alpha and Beta Meso, and 5 Methyl, Proton Signals

Irradiation of the 3-methyl protons ( just assigned )

produces a nuclear Overhauser enhancement of the alpha meso
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N-ETHYL PROTOPORPHYRIN IX. DIMETHYL ESTER ISOMERS I AND III:

NOE ENHANCEMENT OF THE MESO SIGNALS

AND METHYL TO WINYL PROTON COUPLING

Nuclear Overhauser effect (NOE) enhancement of the meso proton
signals in isomers I (a) and III (c) of zinc-complexed N-ethyl
protoporphyrin IX dimethyl ester due to irradiation of the
methylene, internal vinyl, and methyl protons (Figure 30).
The identity of the irradiatied protons is given on the right
side of each difference spectrum. Each NOE result is given as
the difference between the meso proton region in the specifically
irradiated sample and the meso proton region of a control spectrum.

Sharpening of the internal vinyl proton signals of isomers
I(b) and III (d) of zinc-complexed N-ethyl protoporphyrin IX
dimethyl ester due to specific irradiation of each set of methyl
group protons (identity given on right side of each spectrum).
The identity of the internal vinyl proton signals is given at the
top of the figure. The sharpening observed is due to removal
of scalar coupling (0.8 Hz) between an internal vinyl proton
and the methyl group protons which share a common pyrrole ring.

Spectra for I are shown on the next page. Spectra for III are
shown on the following page.
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TABLE 6

CHEMICAL SHIFT AND RELAXATION TIME (Tl) vaLUES FOR THE
MESO AND METHYL PROTONS IN THE FOUR N-ETHYLPROTOPORPHYRIN IX

DIMETHYL ESTER ISOMERS

ISOMER”

GROUP I. II. III. IV

l-methyl 3.658 (0.62) 3.519 (0.58) P 3.623 (0.77) b 3.672 (0. 64)

3-methyl 3. 483 (0.60) 3.655 (O. 60) 3. 648 (0.6l) 3. 615 (0.68)

5-methyl 3.563 (0.58) 3.513 (0.58) b 3. 397 (0.6l) 3.565 (0.62)

8-methyl 3.539 (O. 59) 3.589 (0.55) 3.583 (O. 58) 3. 436 (0.62)

methoxy 3. 690 (l. 20) 3. 695 (1.16) 3.619 (0.77) b 3. 626 (l. lo)

methoxy 3. 701 (l. 20) 3. 695 (l. l6) 3.6ll (l. l3) 3. 606 (l. lS)

alpha meso lC). 369 (l. O6) lC). 402 (0.98) lC. 320 (l. Ol) 10. 294 (l. 05)

beta meso lC). 319 (l. Ol) lC). 206 (l. 04) 10.305 (O. 96) 10.243 (0.93)

9amulla I■ le SO. lC). ll 7 (0. 64) lC. l.22 (0.63) 10. 292 (0.63) lC). 303 (0. 64)

Gelta meso lC. le 7 (O. 95) lC). 264 (l. 05) lC). 196 (l. 03) 10.278 (l. O4)

N-CH2-CH3 –5. 107 –5. 138 –5. 131 —5. la 3

N-CH2-CH3 -l. 884 —l. 908 —l. 902 -l. 923

(a). Chemical shifts in ppm (Tl values in parenthesis in seconds).

(b). Relaxation time is an average for two superimposed signals.
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proton signal (I, 10.369 ppm ; III, 10.320 ppm). The beta

meso and 5-methyl proton signals can then be assigned since

they are the only two remaining signals. The observation of

NOE enhancements of the beta meso signals (I, 10.319 ppm ;

III, 10.305 ppm) upon irradiation of the 5-methyl protons

(I, 3.563 ppm ; III, 3.39.7 ppm) confirms the assignments.

Isomer Assignment and Chemical Shift Correlations

The identity of the alkylated pyrrole ring may be

deduced from the chemical shifts of the peripheral proton

resonances. The methyl, internal vinyl and benzylic reso

nances are found 0.1 to 0.2 ppm to higher field, compared to

their corresponding values when occupying rings vicinal to

an alkylated ring, when the protons giving rise to these

signals are found on the alkylated pyrrole ring. We have

also observed that the signals associated with the peri

pheral substituents on a ring trans to an alkylated ring are

shifted up field approximately 0.01.0 ppm. Examination of the

chemical shifts for the ring methyl proton signals (Table 6)

leads directly to the final isomer assignments. Four values

( one for each is omer) are presented for the chemical shifts

of each methyl group . A dramatic up field shift is observed

for the 1-methyl group protons of isomer II as well as a

smaller 0.01.2 ppm shift in isomer III when compared with the

averaged value for the two remaining is omers. Thus isomer

II is the porphyr in alkylated on pyrrole ring A. A similar
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TABLE 7

UPFIELD SHIFT OF THE RING METHYL GROUPS WHEN PRESENT ON THE

N-ALKYLATED RING OR ON THE RING OPPOSITE TO IT

REFERENCE CHEMICAL UPFIELD SHIFT WHEN UPFIELD SHIFT WHEN
METHYL SHIFT VALUEa ON ALKYLATED RING” ON OPPOSITE RING"
GROUP (IN PPM) (IN PPM) (IN PPM)

l 3. 665 (0. Ola) 0.149 0.042

3 3.65l (O. Ol'7) 0.168 0.036

5 3.564 (O. OO2) O. lo'7 0.048

8 3.586 (O. OO6) O. l'EO O. O47

(a).

(b).

(c).

The chemical shift values for the given methyl when on neither the

alkylated ring nor on the ring opposite to it (Table 6) have been averaged.

The difference between the two averaged values is given in parenthesis.

The difference between the chemical shift value for the given methyl

when on the alkylated ring and the average (reference) value
calculated in the first column.

The difference between the chemical shift value for the given methyl

shen on the ring opposite to that which is alkylated and the
reference value in the first column.
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analysis of the remaining is omers and methyl group reso

nances irrevocably leads to the assignment of I as B ring

alkylated , III as C ring alkylated , and IV as D ring

alkylated (see Figure 30 for structures). A mean up field

shift of 0.158 ppm (+/- 0.010) in chemical shift is observed

when a methyl group is on an alkylated ring compared to the

average of its chemical shift when it is attached to a pyr

role ring vicinal to an alkylated ring (Table 7). A more

modest , but significant, 0.01.3 ppm (+/- 0.005) shift is

observed when the methyl proton is on the ring trans to the

alkylated ring. These difference values are slightly higher

than those obtained for the N-methyl isomers (Table 5).

This may be due to the effect of the increased size of the

N-alkyl substituent.

3.22 CONCLUSIONS AND APPLICATIONS

The NMR studies out lined in the preceding section pro

vide a practical methodology for determination of the struc -

ture of N-alkylated derivatives of protoporphyrin IX. Con

sistent and significant up field shifts of proton signals on

substituents attached to an alkylated pyrrole ring have been

cataloged. A firm base has the refore been established from

which the ultimate structures of the green pigments may be

as certained (see 3.3 and 3. l. ).
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The major isomer of N-ethyl protoporphyrin IX formed

during alkylation of the prosthetic heme group of cytochrome

P-1,50 by an enzymatically-activated form of DDEP is that

bearing the N-ethyl group on pyrrole ring A. Exactly the

same ring is preferentially alkylated during destruction by

DDC. The fact that a significantly greater proportion of

the other ring alkylated isomers is formed in the case of

DDEP than DDC raises some in triguing questions about sub

strate binding and the he me alkylation reaction.

Each of the four isomers of N-methyl protoporphyrin IX

was found to be equally potent as an inhibitor of chick

embryo liver ferroche latase (Ortiz de Montellano et al.,

1980g). The four N-ethyl isomers of non-esterified proto

porphyr in IX have also been examined for inhibition of this

enzyme . Isomers I and II were found to be equally-potent

inhibitors of ferroc he latase , whereas isomers III and IW

were 30 - 100 times less potent. Isomers I and II gave in hi

bition profiles very similar to those of the N-methyl iso

mers (Ortiz de Montellano, P. R. , Kunze, K. L., Cole, S. B. ,

and Marks, G. ; submitted for publication).
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3. 3 STRUCTURES OF THE GREEN PIGMENTS ISOLATED FROM RATS

TREATED WITH ETHYLENE AND PROPENE

The Ethylene Adduct

Purification of the ethylene adduct has been reported

(Ortiz de Montellano et al., 1981 a J . The procedure used

included two steps involving chromatography on thin layer

silica plates, passage down an alumina column , and two

separate fractionations by HPLC. In all these steps the

porphyrin was observed to chromatograph as a single band.

The electronic absorption spectra have been reported (Ortiz

de Montellano and Mico, 1980b). The metal-free pigment is

characterized by a FDMS monoprotonated molecular ion at m/e

635. This value corresponds to the one expected from addi

tion of the molecular weights of pro to porphyrin IX dimethyl

ester (590) plus ethylene (28) plus atomic oxygen (16). The

360 MHz NMR spectrum of the chloro-zinc complex of the

ethylene adduct is shown in Figure 32. The signals associ

ated with the peripheral protons are : (a) meso ( 10.2-10. 1,

ppm, l; H ); (b) internal vinyl (8.0–8.5 ppm, 2H); (c) external

vinyl ( 6. 0-6.5 ppm, l, H); (d) benzylic methylene (3.9-l. .5

ppm, l; H ); (e) ring and ester methyl ( 3.3-3.8 ppm, 18H); and

(f) carboxyl methylene (3.0-3.3 ppm ; H H ). Irradiation of

the internal vinyl protons removes scalar coupling to the

external vinyl protons and collapses the 8 line signal to a
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FIGURE 32

360 MHZ NMR SPECTRUM OF THE ZINC-COMPLEXED ETHYLENE ADDUCT

The 360 MHz NMR spectrum of the chloro-zinc-complexed dimethyl
ester of the ethylene-derived abnormal pigment. The inset shows
the change in the multiplet at approximately 6.1-6.4 ppm on
decoupling of the protons appearing at 8.2 ppm. The peak at

7.21 ppm is due to traces of CHC13 in the CDC13, that at 1.5 ppm
to an impurity, and that at 1.2 ppm to a trace of water in the
NMR solvent (spectrum shown on next page).

The structure of the ethylene adduct is shown below.
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four line signal (Figure 32, in set). Other than the impur

ity peaks at 1.5 (column bleed) and 1.2 ppm (water), the

remaining signals are attributable to the N-alkyl group.

The two proton multiple t at -1, .9 ppm must be due to a

methylene group attached to the porphyrin pyrrole ring

nitrogen. The alkylation stoichiometry dictated by the FDMS

molecular ion requires the presence of three more protons,

an oxygen, and a carbon. The signals arising from the three

protons are found at 0.65 ppm ( m, 2H) and 0.35 ppm (triple t ,

1H). The triplet signal proton, which is exchangeable with

D20, must be a hydroxyl proton. The N-alkyl group must

the refore be a 2-hydroxyethyl functionality.

N-alkylation of pro top orphyrin IX at a single pyrrole

nitrogen removes its single symmetry element and the reby

makes enantiomeric structures possible . Thus, each

methylene proton present in the ethylene adduct (there are a

total of 6 methylene carbons or 12 methylene protons) is

prochiral and diasterio topic. Hence, any two protons shar -

ing a common methylene carbon are non-isochronous and may

have different chemical shifts. Each set of methylene pro

tons may also be geminally coupled . The four methylene pro

tons of the N-2-hydroxyethyl group are all diasteriotopic

and display different chemical shifts in the NMR spectrum

(Figure 33). This relationship has been unraveled by spin

decoupling experiments. Irradiation of the hydroxy

methylene protons (0.65 ppm) collapses the N-methylene sig
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FIGURE 33

SPIN DECOUPLING OF THE

N-2-HYDROXYETHYL PROTONS IN THE ETHYLENE ADDUCT

Hº H. H.3
...’ \ A

2—c
|- \on.

Me M4 Me MºbG

I
Me

'W's. /, ºwh wº-wow." **
H---—T---- | r–H–

1.0 0.5 PPM -4.5 —5.0 PPM

K

Amplification of the NMR signals due to the N-(2-hydroxyethyl) group
in the ethylene adduct. The assignment of the protons in this
functionality is given. The undecoupled proton signals are given
in the bottom of each panel. The upper spectrum on the left is that
obtained on decoupling of the protons at -4.9 ppm, while the upper
spectrum on the right is that obtained on decoupling of the protons
at 0.63 ppm
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SPIN DECOUPLING OF THE METHYLENE PROTONS IN THE ETHYLENE ADDUCT

|
Hi–C–H2 Hs-C-Hé

| |
Ha-C-H, Hy–C–He

| |
M 1 M2 CO2 Me CO2 MeMs. We

Ms Mé My Ms

T-T-I I T-I-T-I T-IH––––H– I---

4.5 4.0 a's 3.0 PPM

Amplification (a) of the region of the ethylene-adduct NMR spectrum
(Figure 32) in which the propionic acid sidechain protons are located,
(b) the same region of the spectrum with the protons at 3.22 ppm
decoupled, and (c) the same region of the spectrum with the protons
at 3.07 ppm decoupled. Some line broadening is observed in the de
coupled spectra due to spin tickling of the protons at 3.22 ppm
on irradiation of those at 3.07 ppm, and vice versa. The propionic
acid sidechain protons are shown in the diagram and their NMR signals
are assigned in the undecoupled spectra.
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nals at -11.9 ppm (lower right) to a four line signal (upper

right). Irradiation of the N-methylene protons (lower

right) simplifies the multiple t at 0.65 ppm (lower to upper

left). The N-methylene protons are, therefore, part of an

ABXY spin system. These two protons (Ha and Hb) differ in

chemical shift by 0.05 ppm (1.8 Hz at 360 MHz) and are gemi

nally coup led (Jab = 14.5 Hz). The additional complexity of

the hydroxy-methylene signals (He and Hd) is due to coup ling

with the hydroxyl proton. The hydroxy-methylene protons are

represented by a total of 16 lines since they are part of an

ABMXY spin system. The multiple t at 0.65 ppm is composed of

32 lines. The multiplet at -11.9 ppm is composed of 16

lines.

The benzylic and carboxyl methylene protons are also

diastereo topic. The complexity of their signal patterns

reflects this fact (Figure 34). Spin decoupling experiments

provide the proton signal assignments. Irradiation of the

H3 and Hil protons collapses the Hi and H2 multiplets to four

lines. The spin system, ABXY, has been analyzed and the

chemical shift and coup ling constants extracted are as fol

lows : y=15 Hz; delta , -21 Hz; * (vic) =7.5 Hz;"1, 2**3, "(gem
delta 2= 13 Hz . Irradiation of Hy

3

7 and H 8 collapses the H5

and H6 proton signals to l, lines: *7, 8**5, 6**(gem) = 12 Hz;

= 7.5 Hz; delta 5 6=77 Hz ; delta = 1 3 Hz . Thus each set2* (vic) 7, 9

of geminal protons is not only diasterio topic , but is

observably so in the NMR spectrum.
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Isomer Ident ification

The key to isomer identification is to assign each of

the peripheral methyl proton resonances, and to then deter

mine which signal is shifted up field from the position it

would be expected to occupy if it were not on the alkylated

pyrrole ring. Methyl proton signal identification is accom

p lished by a combination of spin lattice relaxation, spin

decoup ling, and nuclear Overhauser effect studies. The

gamma meso proton (10.322 ppm) is identified by its short T.
( 0.57 seconds; Table 8) and by the observation of an

enhancement of its signal in tensity upon irradiation of the

benzylic methylene protons (Figure 35). One ester methyl

(3.705 ppm) is identified by its long Ti (Table 8) and the

other (3.555 ppm), whose signal overlaps with a ring methyl

signal, by difference and integration. Further assignments

are hampered by the fact that two of the remaining meso pro

ton signals are super imposed (Figure 35). Irradiation of

the protons of three separate methyl groups gives rise to an

enhancement of the two superimposed me so signals. This

means that one of the two meso protons giving rise to that

signal is the delta meso proton. Spin decoupling experi

ments were conducted to isolate the 1 and 3-methyl protons

from the other methyl protons. These involved sequential

irradiation of each set of methyl group protons to determine

which ones are coupled to internal vinyl protons. The

results of these experiments are given in Figure 36 and the
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FIGURE 35

THE ETHYLENE ADDUCT:

NOE ENHANCEMENT OF THE MESO PROTON SIGNALS

Nuclear Overhauser effect enhancement of the meso proton signals
due to selective irradiation of the methylene, internal vinyl, and
methyl protons (Figure 32). The identity of the irradiated protons
is given on the right side of each difference spectrum. Each NOE
result is given as the difference between the meso proton region
in the specifically irradiated sample and the meso proton region
of a control spectrum.
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THE ETHYLENE ADDUCT: SHARPENING OF THE INTERNAL WINYL PROTON

SIGNALS DUE TO SPIN DECOUPLING OF THE METHYL GROUP PROTONS

8-CH,

5-CH3

3-CH3

| | -cºs

OCH3

I I T

B. O PPM

U CONTROL
T T I T i I T

B . I
T T I I T T I I T T m T I T T

B. H B. 3 B. 2

Sharpening of the internal vinyl proton signals of the ethylene-adduct
due to specific irradiation of each set of methyl group protons
(identity given on right hand side of each spectrum). The sharpening
observed is due to removal of scalar coupling (0.8 Hz) between an
internal vinyl proton and the methyl group protons which share a
common pyrrole ring.
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GROUP

l-methyl

3-methyl

5-methyl

8-methyl

methoxy

methoxy

alpha meso

beta meso

gamma meSO

delta meso

These signals were superimposed upon one another.

TABLE 8

CHEMICAL SHIFT AND RELAXATION TIME (T,) VALUES FOR
THE MESO AND METHYL PROTONS OF THE ETHYLENE ADDUCT

CHEMICAL SHIFT

3.656

3.6l 2

3. 555

3. 388

3. 705

3. 555

10. 279

lC). 236

lC). 322

10. 297

(PPM)
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1 and 3-methyl proton signals are assigned (the final

assignments are shown although the two could not as yet be

differentiated ). Nuclear Overhause r enhancement of the mid

dle me so signal was observed when the methyl protons

assigned as 1 and 3 were irradiated (Figure 35). The two

proton me so signal must be due to the alpha and delta meso

protons. The remaining meso proton is the beta meso ( 10. 236

ppm). This is confirmed by the fact that an enhancement of

its signal is observed when the internal vinyl protons are

irradiated. Since the beta meso proton is flanked by the

5-methyl group , the dipolar coup ling observed between the

two (Figure 35) assigns the latter (3.555 ppm). The 8

methyl group (3.388 ppm) can be assigned by difference since

it is the only methyl group not yet as signed . Selective

irradiation of the two internal vinyl protons was , unfor

tunate ly, not possible , but , differential enhancements could

be observed by selective placement of the decoupler fre

quency. Irradiation at 8.17 ppm gave a stronger enhancement

of the beta than the alpha meso proton signal. Correspond

ingly, irradiation at 8. 22 ppm gave a stronger enhancement

of the alpha signal. This difference follows from the fact

that the two internal vinyl protons have slightly different

chemical shifts (l, line multiplets centered at 8.22 and 8.17

ppm). Thus the vinyl proton dipolar-coupled to the beta

meso proton is the one centered at 8.17 ppm (l, internal

vinyl proton). Isolation of the methyl group sharing the

same ring as the ll vinyl proton by spin de coupling
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experiments (Figure 36) as signs the 3-methyl and , by differ

ence , the 1-methyl proton signals. The complete meso and

methyl assignments are given in Table 8.

The ethylene adduct is a single isomer of N-(2-

hydroxyethyl)-pro top orphyr in IX dimethyl ester. The identity

of the alkylated ring can be deduced by determining which of

the peripheral substituents are displaced in the porphyr in

ring current. The signals found to be shifted up field by

0. 1 to 0. 15 ppm from their normal position must a rise from

association of the corresponding protons with the alkylated

ring (section 3. 1). Such an up field shift is observed for

the 8-methyl proton signal (Table 8) at 3.38.8 ppm. The

alkylated pyrrole ring must the refore be ring D. The com

plete structure of the ethylene adduct is given in Figure

32.

The Propene Adduct

Approximately 33% of the spectroscopically observable

cytochrome P-1,50 present in phenobarbital induced rat liver

micro somes is lost during a 30 minute incubation with pro

pene (5% in air). The loss of enzyme is only observed when

NADPH is provided in the incubation mixture. He patic green

pigments accumulate in the livers of phenobarbital induced

rats treated with a l;0% mixture of propene in air. The

zinc-complexed porphyrins, purified by thin layer chromatog

raphy on silica gel and then by chromatography on a Part is il
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10-PAC column , were demeta lated . The metal-free porphyrins

were rechromatographed on the same column. The pigment

chromatographed as a single , slightly asymmetric peak.

The visible absorption spectrum of the propene adduct

displayed a pattern of absorbances characteristic of the

many adducts isolated in this laboratory. A monoprotonated

molecular ion at m/e 6 119 was the only significant peak in

the FDMS spectrum of the metal-free adduct. This value , 11,

mass units higher than the molecular ion of the ethylene

adduct , is that predicted by the alkylation stoichiometry

observed in the structure of the ethylene adduct.

The 360 MHz NMR spectrum of the chloro-zinc complexed

propene adduct is shown in Figure 37. The peripheral proton

signal patterns are remarkably similar to those in the spec

trum of the ethylene adduct (Figure 32). Particularly

striking similarities are observed for the carboxyl and ben

zylic methylene proton signals. The protons giving rise to

these signals are all diaste riotopic and sufficiently dis

similar to be distinguished in the NMR spectrum.

A total of eight distinct porphyrins must be considered

as possible products of the alkylation reaction. Each of

the four pyrrole nitrogens could , in principle, bear either

a 2-hydroxypropyl group or a 2-hydroxy-1-methyl-ethyl group ,
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360 MHZ NMR SPECTRUM OF THE ZINC-COMPLEXED PROPENE ADDUCT

The 360 MHz NMR spectrum of the chloro-zinc-complexed dimethyl
ester of the propene-derived abnormal porphyrin. The peak at
7.21 ppm is due to traces of chloroform in the deuterochloroform
solvent, that at 1.5 ppm to an impurity, and that at 1.2 ppm
to a trace of water in the NMR solvent (spectrum shown on next page).

The structure of the propene adduct is given below
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FIGURE 38

SPIN DECOUPLING OF THE N-(2-HYDROXYPROPYL) METHINE PROTON

hy
=-3 $

S
\ N He

~CH3
Hd #

HL OH

I I I I I I T

- L| -12 -13 PPM –4.9 –50 –5| –52 PPM

Expansion of the N-(2-hydroxypropyl) methyl and methylene proton
signals (lower trace) and the effect of spin decoupling of the
methine proton at 0.8 to 1.0 ppm. (upper trace).
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depending on the identity of the alkylating ac cyclic precur

sor (a total of 118 porphyrins are possible when the poten

tial for enantiomers and diasteriomers is considered ). The

pattern of the NMR signals indicates that a single major

porphyrin is formed although traces of at least one other

porphyr in can be detected. A three proton double t at -1.2

ppm and a two proton multiplet at -5 ppm occupy high field

positions characteristic of N-alkyl group protons. The mul

tiple t at -5 ppm must be due to protons attached to a carbon

bound to a pyrrole nitrogen. Since two protons are

represented by these signals, they must be part of a

methylene group . Only one of the two possible hydroxypropyl

arrangements is consistent with this result. The propene

adduct must be, therefore, one of the four isomers of N-(2-

hydroxypropyl)-pro top orphyr in IX dimethyl ester.

This assignment has been confirmed by spin de coup ling

experiments (Figure 38). Irradiation of the three protons

represented by the doublet at -1.2 ppm has no effect on the

multiple t at -5 ppm. These protons are not part of the same

spin system. Subtle changes were noted in the congested

region at 0.8 to 1.0 ppm when either the methyl or methylene

protons were irradiated. Irradiation of the protons giving

rise to signals in this region caused the eight line signal

at -5 ppm to collapse to a four line signal and the double t

at - 1.3 ppm to collapse to a single t . The ABMX, spin system

exposed by these decoupling experiment is exactly that
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predicted by the structure. The geminal coupling constant

for the methylene protons is 11 Hz. The vicinal coupling

constants of Ha and HB with Ho are different (Ja, b =7 Hz;

"b e=2 Hz), indicating that rotation about the carbon–carbon9

bond does not occur on the NMR time scale at room tempera -

ture .

Isomer Assignment

Irradiation of the benzylic methylene protons gives

rise to a nuclear Overhauser enhancement of the two proton

meso signal at 10.281 ppm (Figure 39), a result which iden

tifies one of the two protons giving rise to that signal as

the gamma meso proton. No enhancement of the meso signals

was observed when the ester methyl protons assigned by Ti
measurements were irradiated . Dipolar coup ling was detected

between two sets of methyl group protons (3.66.1 ppm and

3.352 ppm) and the meso proton (10.315 ppm, Figure 39).

This signal must be due to the delta meso proton since it is

the only meso proton flanked by two methyl groups (methyls 1

and 8). The methyl protons giving rise to the signal at

3.66 l; ppm were found to be scalar-coupled to an internal

vinyl proton, whereas the methyl protons resonating at 3.352

ppm were not. The 1-methyl proton signal is , the refore , at

3.66 l; ppm and the 8-methyl proton signal is at 3.352 ppm.

Scalar coupling was detected between the remaining internal

vinyl proton and what must be the 3-methyl protons (3.617
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FIGURE 39

THE PROPENE ADDUCT

NOE ENHANCEMENT OF THE MESO PROTON SIGNALS

cº-º2^.2^/vºv, -CH2

º 8-CH3

■ º~~~ 5-CH3

ºv-vº 0-CH3

ºº 3-CH3
}
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ºr -º 1-CH3

/~~ --~~~~ ~~ºvwº-/ºv~~wº-vº/v. V. 0-CH 3

CK Y,8 G
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3- 1 J 32 1 Q , 30 1 Q , 26 1 Q , 26 1 Q , 2-1 1 0 , 22 1 Q , 20 1 Q , i. 8 PP"

H–
1 J E t 1 J

Nuclear Overhauser effect enhancement of the meso proton signals
due to selective irradiation of the methylene, internal vinyl, and
methyl protons (Figure 37). The identity of the irradiated protons
is given on the right side of each difference spectrum. Each NOE
result is given as the difference between the meso proton region
in the specifically irradiated sample and the meso proton region
of a control spectrum.
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TABLE 9

CHEMICAL SHIFT AND RELAXATION TIME (T,) VALUES FOR
THE MESO AND METHYL PROTONS OF THE PROPENE ADDUCT

GROUP CHEMICAL SHIFT (PPM) T1 (SEC)

l-methyl 3. 664 0.62

3-methyl 3. 617 0.64

5-methyl 3.558 0.64

8-methyl 3. 352 0.6l

methoxy 3. 703 l.06

methoxy 3.575 l. 12

alpha meso 10.315 O. 86

beta meso lC). 226 O. 95

9amma meSO 10. 281 O. 83%

delta meso lC). 281 O. 83 +

These signals were superimposed upon one another
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ppm). The two proton me so signal at 10. 281 is enhanced by

irradiation of the 3-methyl protons. This meso signal is

due , there fore , to the alpha and gamma meso protons. The

5-methyl proton signal at 3. 55.8 ppm and the beta meso proton

signal ( 10. 226 ppm) are assigned by difference. The chemi

cal shift assignments are given in Table 9. The abnormally

high-field position of the 8-methyl proton resonance identi

fies the propene adduct as the isomer of N-(2-

hydroxypropyl)-pro top orphyr in IX dimethyl ester which bears

the N-alkyl group on the D ring. The structure of the

adduct is given in Figure 37

3. A STRUCTURE OF THE PROPINE ADDUCT

The propyne pigment was isolated from phenobarbital

induced rats exposed to a 50% mixture of propyne in air for

four hours. The pigment was purified by HPLC and found to

chromatograph as a single peak in both the metal-free and

zinc-complexed forms (Figure 1,0). The visible absorption

spectrum of the metal-free pigment (Figure 1, 1) exhibited the

pattern of absorbances typical of the acetylene and olefin

pigments isolated in this laboratory. The Soret band of the

zinc-complexed pigment displayed a slight long wavelength

shoulder. The molecular weight of the adduct given by FDMS

studies is 646 (M/e (MH*) =647, Table H).
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FIGURE 40

ANALYSIS OF THE PROPYNE ADDUCT BY HPLC

i
—'S--

O 5 IO 15 2O
Time (min)

Analysis of the purified propyne adduct (metal free) by high
pressure liquid chromatography on a Partisil 10-PAC column.
The elution solvent is a ternary mixture consisting of 5% methanol
and 95% of a l :l hexane/THF mixture.

º
*

-I f
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ELECTRONIC ABSORPTION SPECTRA OF THE
ZINC-COMPLEXED AND METAL-FREE PROPYNE ADDUCT

;

Wovelength (nm) º,
º

s
5.

■

Electronic absorption spectrum of the metal-free (solid line) -St.
and zinc-complexed (dashed line) propyne adduct in chloroform. ~".
The Soret bands are attenuated ten-fold. º
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The NMR spectrum of the chloro-zinc-complexed pigment

is given in Figure l; 2. In addition to the signals associ

ated with the peripheral protons of the porphyrin ring, a

three proton single t at -0.26 ppm and a two proton single t

at – l . 1, 3 ppm are present in this spectrum. These signals

must be due to an N-2-oxopropyl group (section 2.34). The

two minor porphyrins detectable in this spectrum must also

be N-2-oxopropyl isomers of protoporphyrin IX dimethyl ester

(section 2. 34).

The gamma meso proton ( 10. 156) is assigned (a) by the

observation of an enhancement of its signal in the NOE

experiment when the benzylic methylene protons are irradi

a ted (Figure l; 3) and (b) by its rapid T ( 0.70 seconds,

Table 10). The delta meso proton ( 10.213 ppm), the only

meso proton adjacent to two ring methyl groups (1 and 8), is

assigned from the NOE experiments (Figure 1, 3) since only

this signal is enhanced by irradiation of two different

methyl groups. One of the two sets of methyl protons

dipolar-coup led to the delta meso proton was also found to

be scalar-coupled to one of the two internal vinyl protons

(Figure l; 3). The 1-methyl protons (3.126 ppm) are scalar

coupled to one of the two internal vinyl protons and

dipolar-coupled to the delta meso proton. The remaining

methyl group dipolar-coupled to the delta meso must be the

8-methyl group (3.562 ppm). The other methyl group protons

scalar-coup led to an internal vinyl proton are those of the

2 ºp.



19|

FIGURE 42

NMR SPECTRUM OF THE CHLORO-ZINC COMPLEX

OF THE PROPYNE PIGMENT

360 MHz NMR spectrum (next page) of the zinc complex of the
of the propyne adduct in deuterochloroform. The region of the
spectrum between 0 and 2 ppm is not shown. The only signals

in the deleted region are sue to impurities and water. The
baseline of the upfield region of the spectrum is displaced

upwards and to the left. The meso region of the spectrum has
been expanded in the inset.

STRUCTURE OF THE METAL-FREE PROPYNE ADDUCT
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FIGURE 43

THE PROPYNE ADDUCT

NOE ENHANCEMENT OF THE MESO PROTON SIGNALS

%

J FCH3-
r• . . .....".". . . . . . .'' A.'', '■ ""-, ... * * *.!…..”. .” – …'■ .”*...* ** *. ‘....' |*- "...

-
. / 5-CH3* ... "…”…'...' …!'…'...' …! ■ º

! * !,” •“.. J. “...W. …' --~~!.… .8°F3- ***.

*

2. f. ,, ...".” '--...' *■ ,!. ***AlwW.”-■ º.."~/.*…*& H3

f, fºr ºf , ■ º ■ º,2."...■ º■ MºvJ-ºxº~. 2.67. OCH3

º —CH
| ****"…] A '■ -ºw■ ■ º., A.V-AW" “rºyº■ - 2

Nuclear Overhauser effect enhancement of the meso proton signals
due to selective irradiation of the methylene and methyl protons.
The identity of the irradiated protons is given on the right side
of each difference spectrum. Each NOE result is given as the
difference between the meso proton region in the specifically
irradiated sample and the meso proton region of a control spectrum.

* Spin coupled to an internal vinyl proton.
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TABLE lo º,

CHEMICAL SHIFT AND RELAXATION TIME (T1) VALUES FOR

THE MESO AND METHYL PROTONS OF THE PROPYNE ADDUCT

GROUP CHEMICAL SHIFT (PPM) T1 (SEC)

l-methyl 3.426 O. 69

3-methyl 3. 626 0.68

5-methyl 3.536 O. 68

8-methyl 3. 562 O. 67 ('')
methoxy 3. 701 l. 05 - I ■ º

methoxy 3. 697 l. 24 º, |
º

º
alpha meso lC. 34l l.04

sº
beta meso l0. 220 l. 02 sº |

amma meSO 10. 156 O. 70 Q;

Adelta meso lC). 213 0.95 Yo:

4.

%.
º

_º
Sº

*
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º

- Fl



195

3-methyl group (3.626 ppm). The meso signal enhanced upon

irradiation of the 3-methyl protons is that of the alpha

meso proton (10.31, 1 ppm). The remaining meso signal in the

spectrum must be that of the beta meso proton ( 10. 220 ppm).

The methyl group dipolar-coupled to the beta meso proton is

the 5-methyl group (3.536 ppm). The two remaining methyl

group signals are the ester methyls (3.70 1 and 3. 697 ppm).

This assignment is confirmed by the T data in Table 1 0.

The two internal vinyl protons differ in chemical shift

by 0.2 ppm, where as the benzylic methylene protons are

ess entially chemical shift equivalent. The methyl proton

signal found at high field is due to the 1-methyl protons.

The other vinyl-bearing pyrrole ring methyl proton signal

(the 3-methyl, 3.626 ppm) is found at much lower field. The

propyne adduct is, the refore, the isomer of N-(2-

oxopropyl)-protoporphyrin IX alkylated on pyrrole ring A

(see Figure 1, 2 for structure).



CHAPTER FOUR

EXPERIMENTAL

1.0 INSTRUMENTATION

Proton Nuclear Magnetic Resonance Studies : NMR spectra were

obtained either at 80 MHz on a Warian FT-80 instrument or at

360 MHz on the Nicolet NT-360 instrument at the University

of California (Davis) NMR Facility. All spectra were

recorded in deuterochloro form and chemical shifts are

reported relative to the residual chloroform signal a 7.21

ppm .

Mass Spectral Studies: Electron impact spectra were obtained

on a Kratos MS-25 in strument. An OV-1 column was used for

GCMS studies. Field desorption spectra were recorded using

a modified Kratos MS-902 instrument located at the Berkely

Biomedical and Environmental Mass Spectrometry Resource,

University of California at Berkely (Burlingame et al.,

1978).

Electronic Absorption Studies : All porphyrin spectra were

recorded in chloroform or methylene chloride solutions using

1 cm cells on a Varian-Carey 118 spectro photometer. Micro

somal cytochrome P-150 concentration studies were conducted

on an Am inco DW-2 in strument.
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Sc in tillation Counting : Radioactivity was measured on a

Packard Tri-Carb Model 3375 scintillation counter in Aqua sol

(New England Nuclear).

High Pressure Liquid Chromatography : Porphyrin purification

and isomer separations were carried out on a system

comprised of twin Altex Model 1 1 0A pumps, a Hitachi Model

100-10 variable wavelength detector, a Laboratory Data Con

trol Model 1100 Solvent Programmer and Whatman Part is il 10

PAC columns (l, .6x250 mm, 9. 1; x 250 mm, or 9. 1, x500mm). All

solvents were purchased at HPLC grade or dist illed prior to

use. Tetrahydrofuran was dist illed from sodium under an

atmosphere of nitrogen just prior to use to prevent per oxide

formation.

Circular Dichroism Studies : CD spectra were recorded on a

Jouan Dich rographe II using 3 cm cells.

Centrifugation : Micro somes were prepared using a Sorvall

Superspeed RC2-B centrifuge (Sorv all SC31, rotor) for

10,000xg spin and a Beckman L-2 Ultra centrifuge (Type 110

rotor) for 100,000x g spins.

4-1 BIOLOGICAL EXPERIMENTS

! - 1 1 PREPARATION OF LIVER MICROSOMES
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Micro somes were isolated from unstarved , 200-250 gram

male Sprague-Dawley rats which had been induced with

phenobarbital by in traperitoneal injection for four consecu

tive days (sodium phenobarbital, 80 mg/kg, 80 mg/ml aqueous

solution). The animals were killed on the fifth day by

decapitation and their livers per fused in situ with ice-cold

isotonic KCl ( 1.15% W/V, 50-100 ml/liver) via the inferior

vena cava. The livers were care fully trimmed of attachment

tissue and homogenized in isotonic KCl ( 3 grams wet weight

liver per 10 ml KCl solution) in a Blessing glass homogeniz

ing apparatus, first with a loose-fitting pest le (15-20

passes), and then a tight-fitting pestle (20 passes). The

homogenate was spun ( 10,000xg, 19C, 30 minutes) and the

supernatant collected and spun (96,000xg, 1 hour, 5-8°C) to

give the microsomal pelle t . The microsomal pellet was

resuspended in fresh isotonic KCl and spun at 96,000xg for

30 minutes. The pelleted micro somes were resuspended in a

pH 7. 1, buffer solution containing 0.1M sodium/potassium

phosphate, 150 mM KCl , and 1.5 mM tetrasodium EDTA by gentle

homogenization in a Bless ing homgenizing apparatus using a

tight-fitting pestle. Protein concentrations were measured

by the method of Lowry et al (1951) using human serum albu

min as the standard . Typical microsomal solutions contained

1.8-2.2 nanomoles of cytochrome P-1150 per mg of protein.

Micro somes were kept on ice whenever possible during the

isolation procedure .

7,

| E
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!. 12 ASSAY FOR CYTOCHROME P-450 DESTRUCTION IN WITR0

Duplicate incubation mixtures containing substrates and

micro some s (1 mg microsomal protein per ml final concentra

tion) in buffer (0.1M sodium/potassium phosphate , 150 mM

KCl , 1.5 mM EDTA, pH 7. 1, ) were pre incubated, with shaking,

in a water bath (120 cycles per minute , 37°C). All sub

strates were added as the solid or neat liquid except for

the gases, propyne and propene, which were passed over the

incubation mixtures in air. The experiment was initiated by

the addition of a concentrated solution of NADPH (final

NADPH concentration, 1 mM) to one flask, and an equivalent

volume of buffer to the other. Two to three ml a liquots

were immediately removed and placed in test tubes immersed

in ice-water . Carbon monoxide was gently passed through

each solution for 20 seconds. The NADPH-free solution was

split into two cuvettes (1 cm light path ) and approximately

1 mg of sodium dith ionite added to one of the two cuvettes.

The cuvettes were placed in an Aminco DW-2 spectrophotometer

and the difference spectrum from 390 to 520 nm recorded .

The cuvette containing dith ionite was replaced with another

cuvette containing the dith ionite-reduced , NADPH-containing

solution and another difference spectrum recorded . At

specified time points, usually 10, 20, and 30 minutes, this

procedure was repeated. Cytochrome P-150 content was meas

ured as the difference in absorbance at 1,50 and 1,90 nanome

ters (Waterman, 1978). The extinction coefficient for cyto
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chrome P-l; 50 measured in this fashion is 100 mMt.' om"'. At

the beginning of each series of experiments a separate run

was conducted in the presence of NADPH, but in the absence

of any substrate, to insure the absence of any NADPH

dependent lipid per oxidation.

4. 13 ISOLATION AND PURIFICATION OF HEPATIC GREEN PIGMENTS

GENERATED IN VIVO

Male Sprague-Dawley rats weighing 200 to 250 grams were

induced with sodium phenobarbital for 11 days by daily inter

per it one a l injections (80 mg/kg, 80 mg/ml solution in

water). Solid and liquid agents were administered by intra

peritoneal injection as follows: nore this terone, 100 mg/kg

in 0.25 ml triac tono in ; other solid agents, 200 mg/kg in

0.25 ml ethanol ; liquid agents 200 mg/kg neat or in 0.25 ml

e thanol. Acetylene gas was administered by passage through

a chamber containing the animals at a concentration of 10 to

15 per cent in air. Propyne and propene were administered at

a concentration of 110 to 50 percent in air. Flow rates of

200 to 800 ml per minute were used depending upon how many

animals were in the chamber . Radio labeled (9,11-3H) no reth -

is terone (200 mCi/mmole) was a gift from Syntex and was

purified by silica gel thin layer chromatography (solvent

system chloroform/ace tone 2: 1) immediately before use. The

sterol specific activity after dilution with cold nore th–

is ter one was 0.220 m Ci/mmo le.
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Four hours after administration of the agents (the

gases were continually administered throughout the four

hours), the animals were killed by decapitation and their

livers per fused in situ with cold isotonic sodium chloride

(50 ml/liver) via the inferior vena cava. The livers were

then removed , homogenized and added to a solution of 5% W/W

sulfuric acid in me thanol (l, -6 ml of solution per gram wet

weight of liver), and left standing overnight at 19C in the

dark. From this point on all manipulations and procedures

were carried out under subdued light whenever possible. The

following day the solution was filtered to remove the dena

tured prote in and added to half volumes each of chloro form

and water. The two phases were separated and the aqueous

phase re-extracted with a small volume of fresh chloroform.

The combined chloro form fractions were washed with d is tilled

water three times, or until neutral, and dried over anhy

drous sodium sulphate. One ml of a saturated solution of

zinc acetate in me thanol was added , the solution filtered to

remove the drying agent, and the solvent stripped to leave a

brown residue . The brown residue was taken up in a minimal

amount of chloroform/me thanol 5: 1 (l, -6 ml of solution per

thin layer plate ) and applied to 2mm Anal tech Silica Gel G

thin layer plates. The equivalent of li livers worth of

solution was applied per plate used . The plates were eluted

with a chloroform/acetone 3:1 solution. The green band

(red-fluorescing under 365 nm light) observed at an r f = 0. 1,

to 0.6 was scraped and then eluted from the silica with
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ace tone. In some cases the pigments was not cleanly

separated from the slower running dimethyl heme (brown,

non-fluorescing), in which case, the sample was replated on

a 1 mm silic a plate . The zinc-complexed pigments were

further purified by high pressure liquid chromatography

(HPLC) on a Whatman Part is il 1, .. 6x250 mm column in a mobile

phase of me thanol/THF 1 : 1 delivered at a flow rate of 3

ml/min. The pigments were detected in the eluent by moni

to ring the absorbance at l; 32 nm. The retention times of the

pigments in this system varied between 6 and 10 minutes. The

zinc-complexed pigments were demeta lated (see section l; . 1 1,

for procedure ) and the metal-free porphyrins further puri

fied by HPLC on the same column in a solvent system of

hexane / THF/me thanol 10:3:1 (detector set to l, 17 nm).

Pigments isolated from propene and propyne treated

animals were chromatographed , following initial thin layer

purification, as the zinc complexes on a Part is il 9.6x500 mm

column using a 0-100% gradient of me thanol into hexane /THF

1 : 1. The zinc-complexed porphyrins were collected , deme

talated , and further purified on this column in a solvent

system of hexane / THF/methanol 97: 97:6. Chloro-zinc com

plexes were prepared for NMR studies by addition of a small

amount of a saturated solution of zinc acetate in methanol

to chloroform solutions of the purified , metal-free , porphy

rins followed by a minimum of three washes of the chloroform

solution with saturated sodium chloride. The chloroform
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solution containing the pigment was dried by passage through

a Pasteur pipet half-filled with any drous sodium sulphate

which was retained by a glass wool plug at the taper. The

solvent was removed under a stream of nitrogen and the dried

sample left under high vacumn overnight to remove the

remaining traces of solvents.

A. 14 DEMETALATION OF ZINC-COMPLEXED PIGMENTS

The zinc-complexed pigment was dissolved in 2 ml of 5%

sulfuric acid in me thanol in a test tube equipped with a

Teflon screw to p. Demeta lation was almost instantaneous.

Two ml of chloroform and 5 ml dist illed water were added and

the upper phase , after vigorous shaking with the cap in

place , removed with a pipe t . The chloroform phase was again

washed with water, then dilute aqueous sodium bicarbonate,

and finally water. The chloroform layer was then passed

through a Pasteur pipet half-filled with sodium sulfate

which was retained by a glass wool plug at the taper .

4-3 SYNTHESIS

* - 31 Meso-Deuterated Protoporphyrin IX Dimethyl Ester

This compound was prepared by a procedure patterned

after that of Smith et al (1979). One gram of p-toluene

sulfonic acid monohydrate was dissolved in 10 ml deuterated



204

water (99.8 atom D) and the water removed in vacuo. This

exchange procedure was repeated twice more to give monod eu

terated p-toluene sulfonic acid. Protoporphyrin IX dimethyl

ester (200 mg, 0.34 mmole) and deuterated p-toluene sulfonic

acid (1 gram, 5.3 mmole ) were dissolved in 25 ml 1, 2

dichlorobenzene (dried and distilled ) and the reaction mix

ture St irred at 90°C under argon in the dark for 3 days.

The solution was part it ioned between equal volumes of

dichlorome thane and 5% W/W aqueous sodium bicarbonate to

remove the p-toluene sulfonic acid. The organic layer was

dried over sodium sulfate and the solvent removed under

vacumn (1 mm Hg, 50°C). The brown is h residue was dissolved

in me thanol/sulphuric acid 20:1 (100 ml) and left overnight

in the dark at room temperature to re-esterify any free por

phyrin carboxyl groups. An equal volume of chloroform was

added and the solution was he d with water three times . The

organic phase was dried over sodium sulphate and the chloro

form removed . The residue was chromatographed on silica

(Merck silica gel 60, deactivated with water 10% W/W) in a

solvent system of chloroform/methanol 5: 1. The red band was

collected and crystallized from me thanol/chloroform to give

90 mg (1.5% yield) of the deute rated pro top orphyrin IX

dimethyl ester.
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4.32 N-Methyl-Protoporphyrin IX Dimethyl Ester (4 isomers)

Methyl fluorosulphonate ( 1.0 ml, 12 mmol) was added to

500 mg (0.83 mmole) of pro top orphyrin IX dimethyl ester in

50 ml dry dichlorome thane. The flask was wrapped in a lumi

num foil, sealed with a rubber septum, and left standing in

the hood for three days at room temperature. (Note: Methyl

fluorosulphonate is extremely toxic. Any solution or

glass ware contaminated with this reagent was hand led in the

hood with a minimum of three layers of gloves . The outer

layer of gloves was shed before leaving the hood area .

Methyl fluorosulphonate will pass through surgical gloves .

All glass ware and solutions were washed with KOHA methanol

before being removed from the hood . )

After three days, the solution was added to 200 ml each

of dichlorome thane and 5% aqueous sodium bicarbonate in a

separatory funnel and the mixture shaken extensively. The

organic layer was washed with water and dried over sodium

sulphate. The residue, after solvent removal, was chromato -

graphed on a 1 x 37 cm column of silic a gel (Merck Silic a Gel

60, 10% w/w water deactivated ) using a mobile phase of 5%

methanol/chloroform. The brown, red-fluorescing, band con

taining the four isomers of N-methyl pro to porphyrin IX

dimethyl ester was eluted after unreacted protoporphyrin IX

dimethyl ester. The N-methyl isomers were dissolved in a

minimal volume of boiling chloroform and precipitated from

solution with hexane (250 mg, 1.7% yield). WIS (chcla)
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l, 17 (116,000), 512 ( 1.0, 800), 546 (7580), 592 (5200), 652 (2200);

FDMS (m/e 604, M*); zinc complex, VIS (chcis) 431 (12,000),
515 (7600), 591 (7600), 632 (2600).

The four N-methyl is omers were resolved by HPLC on a

Whatman Part is il 9. 1; x 250 mm column in a solvent system of

hexane / THF/me thanol 97: 97: 6 delivered at four ml per min.

The porphyrins were detected by absorbance at 651 nm. The

leading or trailing edges of each peak, as appropriate , were

collected and rech romatographed under the same conditions to

give the pure is omers. The zinc chloride complexes were

prepared for NMR by addition of zinc acetate (2 ml saturated

zinc acetate solution in me thanol) to chloroform solutions

of the porphyrins. The excess zinc acetate was removed by

repeated water washes of the chloro form solutions, and the

acetate counter-ion replaced by chloride by repeated washing

with saturated aqueous sodium chloride. The chloroform

solutions were dried with sodium sulphate and the solvent

removed , after filtration, under a stream of nitrogen. The

samples were then left in high vacumn overnight (1 mm Hg) to

remove the last traces of solvent. See section 3. 1 for

detailed spectroscopic characterization of the four isomers.

4.33 N-Ethyl Protoporphyrin IX (four isomers)

Ethyl fluorosulphonate (1 ml, 6 mmoles) was added to 200

mg (0.3 mmoles) of protoporphyrin IX dimethyl ester in 50 ml

dry dichlorome thane and stirred in the dark for 3 days at
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room temperature. The reaction mixture was added to equal

volumes of dichlorome thane (200 ml) and saturated aqueous

sodium bicarbonate (200 ml) in a separatory funnel and

shaken vigorously. The organic layer was collected , dried

over soldium sulfate , and stripped of solvent. The brown

residue was dissolved in 100 ml sulphuric acid/me thanol 1: 20

and left overnight in the dark. Equal volumes of chloroform

and water (300 ml each ) were added, the chloroform phase

washed with water, and dried over sodium sulfate. The pro

duct obtained after solvent removal was chromatographed on a

l, x 30 cm column of 10% water deactivated Merck silica gel 60

in a solvent system of chloroform/methanol 20:1, yielding

130 mg of pure N-ethyl pro top or phy in IX dimethyl ester (l,

is omers). WIS (CHC13) l, 17 (111,000), 512 ( 10, 200), 51.7 (6800),
592 (5,000), 650 (1,900); FDMS (618, M*) : zinc complex VIS

(CHCl2 ) l 32 (1211,000), 515 (8,000), 591. ( 13, 200), 633 (2,100).3

The four N-ethyl pro to porphyr in IX is omers were

resolved by HPLC on a 9. 1; x 500 mm Whatman Part is il column in

a solvent system of hexane / THF/methanol 12:12: 1. Porphyrins

were detected in the eluent by their absorbance at 650 nm.

See preceeding section for other experimental details. See

section 3.2 for isomer assignments.
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A. 34 1-‘H-2-biphenylacetylene

Biphenylace tylene (17.8 mg , 1 mmole) was dissolved in 10

ml dry THF and cooled to –78° in a nitrogen atmosphere . 1 . 1

equivalents of n-butyl lithium (1.6 M in hexane) was added

via a syringe and the reaction brought to 09 for one hour .

Excess D 20 (99.8% atom D) was added and the reaction mixture

partitioned between ether and water. The ether layer was

dried over anhydrous magnesium sulphate and the residue ,

after solvent evaporation, purified by column chromatography

(Lobar Lich roprep Si60, Size B, ethyl acetate /hexane 1: 20, 8

ml/min). The appropriate fractions were pooled, the solvent

removed , and the product crystallized from ethanol/water.

Yield 125 mg ; mp 85-87°; no residual acetylene proton by NMR

and MS.

4-35 Methyl-2-º-2-biphenylacetate from 1-#H-2-
biphenylacetylene

1-ÉH-2-biphenylacetylene (10 mg, 0.055 mmole) and pH 7

phosphate-washed, m-chloroper benzoic acid (12 mg, 0.069

mmo le) were stirred for 21, hours at room temperature in 3 ml

of methylene chloride containing 1% methanol. The unreacted

pe racid was decomposed with sodium bisulphite, and the reac

tion mixture partitioned between methylene chloride and

dilute aqueous sodium bicarbonate . The organic layer was

dried over anhydrous magnesium sulphate and the residue,

after solvent evaporation, was purified by column
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chromatography (silica gel 60, methylene chloride).

NMR (cDcis): a romatic protons (7.25-7. 75 ppm, 9H), -ochs
(3.77 ppm, 3H) , methylene proton (3.67 ppm, 1H, broad due to

H-D geminal coupling); GCEIMS ( 70 ev) m/e (relative in ten

sity), 227 (1,0) , 168 (100). See section 2. 1 for spectra.

4-36 Methyl-2-’H-2-biphenylacetate from 1-#H-2-
Biphenylacetylene by Microsomal Oxidation

Micro some s were is o lated from phenobarbital-induced

rats as previously out lined . Deute rated biphenylacteylene

(10 mg , 0.056 mmole) and NADPH (89 mg , 0.098 mmole) were

added to a l;0 ml microsomal solution containing 0.1 M

sodium-potassium phosphate buffer (pH 7. 1; ), 1.5 mM EDTA, and

150 mM KCl . The reaction was allowed to proceed for 110

minutes at 37°C. The microsomal mixture was care fully aci

dified to pH 5 with 1 M HCl and extracted 3X with equal

volumes of methylene chloride. The combined organic layer

extracts were dried over anhydrous magnesium sulphate, the

solvent removed , and the residue dissolved in e the real dia

zome thane (1 mmole) and 2°C for 24 hours. The solvent was

removed under a stream of nitrogen, and the residue purified

by low pressure liquid chromatography (Lobar Lichro prep Si60

Size A, ethyl acetate/hexane 1:19). Spectroscopic proper

ties of the product were identical to above (l, .35). See

section 2. l; for spectra.
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4-37 1-'g-1-biphenylacetylene from Biphenyl (modified pro

cedure from Parke et al. (1979)).

Biphenyl (192 mg , 1.25 mmole) and 1–13 C-acetyl chloride

(100 mg, 1.1 mmole, 90% 13c, Prochem) were dissolved in dry

methylene chloride and added to 150 mg a luminum chloride in

refluxing methylene chloride (5 ml) in an atmosphere of

nitrogen. The reaction was held at reflux for ll hours,

cooled to 20°C and part it ioned between water and methylene

chloride. The organic layer was washed with water until the

washes were neutral, dried over magnesium sulphate , and

stripped of solvent. The labeled l, -acetylbiphenyl was twice

recrystalized from ethanol/water. Yield 180 mg (61%), mp

117-118°C, NMR (CDCl3) aromatic (8.0-7.2 ppm 9H), methyl (2.5
ppm, 3H, J("*c-H=5Hz)).

Labeled acetylbiphenyl (100 mg , 0.51 mmole) and PCls
(600 mg, 11.2 mmole) were dissolved in 6 ml anhydrous pyri

dine and the reaction mixture stirred under nitrogen for 12

hour S at 15°C. The solution was poured into cold 2N HCl and

extracted with chloroform. The organic layer was washed

with 2N HCl, then distilled water, and dried over anhydrous

magnesium sulphate. The residue after solvent evaporation,

was chromatographed on a column of silica gel 60 in a sol

vent of methylene chloride, and recrystallized from

ethanol/water to give l;5 mg of 1-'*c-1-biphenylacetylene

(42% yield, mp 86-87°C). NMR (cDcis) 7.25-7.65 ppm (9H),
3.15 ppm (2H, J("3c-H=51 Hz). Chemical and microsomal oxi
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dation reactions were carried out as previously described

for deute rated biphenylace tylene.

H. A. NMR STUDIES

All NMR studies on the porphyrins were performed on a

360 MHz Nicolet NT-360 FT NMR in strument. The prophyrins

were examined in deuterochloroform (99.96% atom D) solution.

The residual chloroform peak a 7.21 ppm was used as a chemi

cal shift reference. Spin lattice relaxation time experi

ments were conducted on non-degassed solutions of the por -

phy rins using a spectral width of 2000 Hz. The center of

the spectrum was ad justed such that no signal fold-over

occurred in to the regions of interest. Proton relaxation

times were determined by the inversion recovery with alter

nating phases method to minimize pulse non-idealities. A

minimum of 11 tau values were used . A two Hz line broaden

ing function was applied to each FID prior to FT. Ti values

were computed by a three paramenter fit of the relative peak

heights. Proton-proton NOE enhancements were measured using

a selective, l, second , gated , presaturation pulse and a

sweep width of 2000 Hz over 16K data points. A line

broadening function of 0.5 Hz was applied to each FID. Each

FID was zero-filled to 32K prior to FT. Methyl group

saturation required a 20 micro second, 1, 2 dB pulse, whereas a

25 micro second , 1, 8 dB pulse was required to saurate the
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vinyl and methylene protons. A control spectrum was

acquired at both power levels in which the decoupler fre

quency was set a l; .. 8 ppm. Each transformed spectrum was

subtracted from the appropriate control to give the differ

ence spectra given in the text. Enhancements of 7-15% were

observed .
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