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ABSTRACT

THE BIOSYNTHESIS OF A-AMINOLEVULINIC ACID AND

TETRAPYRROLES AND THEIR REGULATION IN

GREENING BARLEY: INVESTIGATIONS WITH

METABOLIC INHIBITORS

By

Peter William Bergum

The effect of isonicotinic acid hydrazide on the biosyn-

thesis of chlorophyll in greening barley was investigated.

Isonicotinic acid hydrazide is an antagonist of pyridoxal

phosphate and as such can be used to detect such pyridoxal

phosphate-dependent enzymes as d-aminolevulinatic acid synthase.

The hydrazide inhibited S-aminolevulinate formation but

appeared to have an additional inhibitory site in the choro-

phyll biosynthetic pathway. It caused an increased accumula-

tion of protoporphyrin with a concomitmant decrease in pro-

tochlorophyllide in aminolevulinate-treated seedlings.

Labelling experiments with 14C-aminolevulinate not only indi-

cated a site of action for the hydrazide between protoporphy-

rin and protochlorophyllide but also suggested an increased

protoporphyrin turnover. Pre-treatment with light or nicotin

amide attenuated these effects of isonicotinic acid hydrazide.

These observations are consistent with a dual inhibitory

action of isonicotinic acid hydrazide on chlorophyll synthesis:

it appears to act on 6-aminolevulinate synthesis as a pyridoxal



Peter William Bergum

phosphate antagonist and on tetrapyrrole synthesis via an

effect on the pyridine nucleotide pool. Aminolevulinate

synthase does not appear to play a major role in d-amino-

levulinate synthesis in greening barley.



  

”. . . Chlorophyll . . . is the real

Prometheus, stealing fire from the heavens."

Timiryazev

ii
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INTRODUCTION

The Biosynthesis of 6-Aminolevulinic

Acid (ALA)

6-Aminolevulinic acid (ALA) is the first intermediate com-

mitted to the biosynthetic pathway leading to such tetrapy—

rroles as heme, chlorophyll, bilins, and vitamin B12 (37).

Like most other tetrapyrroles found in various organisms,

chlorophyll is synthesized by the condensation of eight mole-

cules of ALA (75). In bacteria, including photosynthetic

bacteria, and in animal tissue, ALA formation is catalyzed

by the pyridoxal phosphate-dependent enzyme, ALA synthase

(ALAS) [succinyl CoA: glycine C-succinyl transferase (decar-

boxylating), EC 2.3.1.37] (37). In animals, ALAS is found

within the mitochondrion, existing close to a source of its

substrate succinyl CoA and its end—product, heme, This close

proximity of ALAS and heme may play an important role in the

feedback regulation of the pathway. In Rhodopseudomonas

spheroides, ALAS is feedback inhibited by heme (20); in addi-

tion, there is some evidence to suggest that heme may also

repress ALAS formation (68). In cultured liver cells, ALAS

is subject to induction (96a), repression (96b), and product

inhibition by protoporphyrin and heme (18, 37).



 

In contrast to the well-elucidated model for ALA synthesis

in bacteria and animals, a clear understanding of the mech-

anism of ALA formation in higher plants remains elusive. It

has been long argued that chlorophyll is formed by a pathway

identical to that of heme synthesis in bacteria and animals -

the only difference being at the metal chelation step. The

existence of ALAS in plants - in contrast to its proven exis—

tence in animals - is a subject of much controversy (cf 5, 85).

There have been scattered demonstrations, appearing in the

literature, of a "presumed" ALAS in such tissue as callus

culture of soybeans (119) and greening potatoes (89, 90), even

though the validity of such reports has been called into

question (for a review: Beale, 5). The evidence supporting the

presence of ALAS in plants is usually based on one of two

criteria: 1) a glycine- and succinyl GOA—dependent formation

of ALA in extracts of plants, or Z) the incorporation of label

from 14C—glycine or -succinate into chlorophyll or ALA. Most

investigators have not shown that the ALAS activity which they

were reporting, was actually glycine— and succinyl CoA—

dependent (cf 119). When the presence of ALAS was concluded

from the incorporation of l4C—glycine or -succinate into

chlorophyll or ALA, careful controls were not reported - such

as to whether C—2 of glycine was preferentially incorporated

into C—5 of ALA or whether glycine and succinate were incor-

porated significantly better than any other intermediate

common to general metabolism (see 5, cf 48, 118). In opposi-

tion to this criticism, however, there are several reports

 



 

 

which suggest the presence of ALAS in certain greening tissues.

Ramaswamy and Nair (89, 90) demonstrated an ALAS activity

requiring ATP, MgClz, pyridoxal phosphate, succinyl CoA

thiokinase, glycine and succinate in greening potatoe skins.

In addition, 14C-labelled glycine and succinate were equally

incorporated into ALA, whereas a-ketoglutarate and glutamate

were not. Furthermore the incorporation of glycine was

dependent on the presence of succinate and vice versa. Label-

ling experiments with two green algae, Chlorella fusca (86)

and Scenedesmus obliquus (62), suggest that the ALAS pathway 

for ALA formation, indeed, appears to be in operation in these

organisms (see Figure 1A).

Alternative Pathways for ALA Synthesis 

Since the existence of ALAS in higher plants has appeared

equivocal, and many investigators have been unable to find

ALAS in a vast number of greening plants, which under normal

conditions make enormous amounts of chlorophyll, the possibi-

lity of alternative pathways for ALA formation has been con-

sidered.

The work of Beale and Castelfranco (8, 9) showed that

greening tissues of higher plants, such as cucumber cotyledons,

14
barley and bean leaves, will preferentially incorporate C—

labelled OI-KG,'glutamate, and glutamine into ALA compared to

l4C-glycine or 14C-succinate. Furthermore, they were able to

demonstrate that the carbon skeleton of these five carbon

precursors was incorporated intact into ALA. When the labelling



 

 



Figure l. The preposed pathways of 6-aminolevulinic acid

biosynthesis.

Pathway A -

Pathway B -

Pathway C -

the classical or ALA synthase pathway involves

the pyridoxal phosphate-dependent enzyme, ALA

synthase, which condenses succinyl CoA and

14
glycine. In the conversion of l- C-glutamate

to ALA via the ALAS pathway, the label is

14
evolved as CO 2.

the DOVA transaminase pathway involves a

transamination of y, 6 -dioxovaleric acid

(DOVA) to ALA. Ketoglutarate as opposed to

glutamate is the more immediate precursor

of ALA in this pathway. In the conversion of

1-14C-glutamate to ALA via the DOVA transa-

minase pathway, the label appears in C-5 of

ALA.

the glutamate-l-semialdehyde aminotransferase

pathway involves the transamination of glu-

tamate-l-semialdehyde to ALA. Glutamate as

Opposed to a-ketoglutarate is the more imme-

diate precursor of ALA. In the conversion of

1-14C-g1utamate to ALA via the glutamate-l-

semi-aldehyde pathway, the label appears in

C-5 of ALA.
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pattern of ALA derived from glutamate was examined, it was

concluded that this pattern was incompatible with that which

could be derived from the ALAS pathway (6). These eXperimentS

gave rise to the conception of a new pathway for ALA formation

in plants, referred to generally as the C-5 pathway. This is

probably the primary biosynthetic route for tetrapyrrole syn-

thesis in plants (5, 7, 53, 43), due to its wide demonstration

in such diverse tissues and organisms as greening leaves of

maize and pea, immature spinach leaves, the green algae

Scenedesmus,iEuglenaq'the red algae Cyandium caldarium, and the
  

blue-green algae Anabaena variabilis. The mechanism for ALA
 

synthesis via the C-5 pathway in higher plants is as contro-

versial as the presence of ALAS. There are several hypothe-

tical pathways prOposed for ALA formation, all of which stem

from either d-ketoglutarate, glutamate, or glutamine (5, 7,

53, see Figure 1). In the cell-free system from maize, d-KG

is the better precursor of ALA (43, 78) whereas in isolated

chloroplasts from cucumber cotyledons, glutamate appears to

be the better precursor (8); this inconsistency has certainly

fueled the controversy.

One of the proposed C-5 pathways involves the intermediate,

y, 6-dioxovaleric acid (DOVA) as the direct precursor of ALA.

An enzyme catalying the transamintion of DOVA to ALA was

detected in extracts of Chlorella, bean leaves, and Euglena
 

(32, 33, 96). The activity of this DOVA transaminase in

Chlorella could not, however, be linked to the light-induced
 



 

synthesis of ALA. Mechanisms for ALA synthesis via DOVA

require an initial conversion of glutamate or a-KG to DOVA

(see Figure 1B). Lohr and Friedmann (73) partially purified

two protein fractions from extracts of maize leaves, one of

which reportedly catalyzed the dehydrogenation of d-KG to DOVA

in the presence of NADH and the other transamination of DOVA

to ALA. Unfortunately, their communication lacked so much

information concerning their methods and experimental data

that their results cannot be considered unequivocal (5, 43,

54). Although the DOVA transaminase pathway has been viewed

as a viable mechanism for ALA formation in greening organisms,

there exists substantial evidence that it may be nothing more

than a ”fortuitous association of enzymes encountered under

experimental conditions” (Porra and Grimme, 85, S). The rea-

sons are as follows: 1) the actual presence of DOVA has not

been shown in any of the systems where DOVA transaminase was

reported (cf 5, 4) nor has any enzymatic synthesis of DOVA

been shown; 2) the enzyme ALA transaminase, which catalyzes

the conversion of ALA to DOVA has been reported (66, cf 100)

and it appears that in the reversible interconversion of ALA

and DOVA (60) the amination of DOVA is less significant than

the deamination of ALA (83, 66); 3) DOVA transaminase could

serve to degrade AlA in XEXQ’ since DOVA is readily metabolized

(82, 4, 5), and an ALA oxidase activity has been demonstrated

in extracts from barley shoots (31) (although a relationship

with DOVA transaminase has not been shown); and finally

4) DOVA undergoes a nonenzymatic transamination to ALA (4),



 

since the aldehyde group of DOVA possesses a high degree of

reactivity with primary amines such as glycine, TRIS, and ALA.

All of this suggests that the aminotransferase activities

involving DOVA reported up to this time may simply be without

physiological significance, even though some amino acid-

specificity has been shown for the enzyme activity (32).

There have been other mechanisms suggested for ALA synthe-

sis. Since glutathione could not be replaced by any other

sulfhydryl reagent, Weinstein and Castelfranco (116) suggest

 

a mechanism for ALA formation involving glutathione in a

reaction similr to that catalyzed by glyoxylase. In this

system, DOVA is converted via a thiol-ester adduct to d-hydro-

xyglutarate (50). They propose an ATP-dependent formation of

a thiol-ester adduct between glutamate and glutathione, which

undergoes reduction to the l-semialdehyde and transamination

to ALA. Unfortunately, the only report of this glyoxylase

system has been in beef liver.

The most convincing mechanism for ALA synthesis up to this

time involves a L-glutamate-l-semialdehyde aminotransferase

in chloroplasts from greening barley (54, 53). In the pathway

catalyzed by this enzyme, the biosynthesis of ALA from gluta-

mate proceeds according to the three following proposed steps:

1) glutamate undergoes phosphorylation from ATPzMg2+ by a

kinase, 2) the glutamate-l—phosphate is reduced by a NADH—

linked dehydrogenase to glutamate—l-semialdehyde, and 3)

glutamate-l-semialdehyde is transaminated to ALA (see Figure

1C). The reaction is analogous to the biosynthesis of ornithine





Figure 2. The biosynthetic pathway of chlorophyll and heme.

The biosynthesis of ALA has been proposed to be

feedback regulated by three tetrapyrroles: heme,

protoporphyrin, and protochlorophyllide.

Abbreviations:

6 ALA - 6-aminolevulinic acid

PBG - porphobilinogen

COprogen - ceprobilinogen

Proto - protOporphyrin

Mg-Proto - magnesium protoporphyrin

Mg-ProtoME - magnesium protoporphyrin

monomethyl ester

PCHLD - protochlorOphyllide

CHLD - chlorophyllide
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and initial stages of proline biosynthesis. In these cases,

however, the glutamate-S-semialdehyde is formed instead of

glutamate-l-semialdehyde. The evidence for the glutamate-l-

semialdehyde aminotransferase pathway is as follows: 1) soluble

protein preparations from plastids which support ALA synthe-

sis from 14 C (U) - glutamate in the presence of ATP, NADPH,

and Mg2+ were also capable of synthesizing ALA from glutamate-

l-semialdehyde in the absence of added cofactors, 2) the

transaminase inhibitors aminooxyacetate and cycloserine in—

hibited ALA formation from glutamate—l-semialdehyde, 3) B-

hydroxy—glutamate, an analog of glutamate and potent inhibitor

of the conversion of 14 C-glutamate to ALA, had no effect on

the conversion of glutamate-l-semialdehyde toALA, and 4) the

column fractions which possessed the ability to synthesize

ALA from labelled-glutamate corresponded to the fractions

containing the aminotransferase activity. These results

suggest that an aminotransferase catalyzing the formation

of ALA from glutamate—l-semialdehyde is likely involved in

the synthesis of ALA in barley.

The Existence of Multiple Pathways in Barley 

For the Formation of ALA 

The finding that both the ALAS and C-5 pathway exist

together in a greening organism, Scenedesmus obliquus, raises 

the possibility that both pathways may exist in higher plants

(54, cf 85). In Scenedesmus, it appears that ALA is formed

predominantly via the ALAS pathway, but both pathways "co-exist”
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simultaneously and lead to chlorophyll formation. On the

other hand, Stobart and Hendry (104) have suggested that that

the ALAS pathway is in operation only in the dark in barley,

while the glutamate pathway operates in greening leaves. Since

they obtained incorporation of labelled-glycine into ALA in

the dark, it was suggested that this might be mitochondrial

heme synthesis as there was little chloroplastic formation of

tetrapyrroles in the dark (cf 5). The fact remains however

that heme synthesis appears to occur via the C—5 pathway in

barley leaves, and regardless of how poor of a radioactive

precursor a compound was, heme and chlorophyll were labelled

equally, suggesting that only one pathway, the C-5 pathway,

gave rise to both metallo-tetrapyrroles (22). The presence of

two pathways in higher plants, both of which synthesize ALA,

remains controversial.

The Biosynthetic Pathway Chlorophyll 

and Other Magnesium Tetrapyrroles 

The first step in the biosynthesis of chlorophyll (CHL)

(Figure 2) is the rate—limiting formation of ALA — discussed

in detail in the previous section. Following ALA synthesis,

two molecules of ALA are condensed to form the monopyrrole

porphobilogen (PBG) by the enzyme ALA dehydrase. PBG is the

monomeric pyrrole which serves as precursor of the subsequent

porphyrin compounds. Four molecules of PBG are combined by

the coordinated action of two enzymes, PBG-deaminase and uro—

porphyrinogen III oxidase to protoporphyrin IX (PROTO), the
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last intermediate common to both heme and CHL biosynthesis.

After the synthesis of PROTO — at the point of metal insertion

- the pathway bifurcates into the branches of heme and chloro-

phyll. If Fe(II) is inserted into PROTO by ferrochelatase,

heme is formed. If Mg(II) is incorporated into PROTO by Mg

chelatase, Mg protoporphyrin (MgPROTO) is formed. In its

conversion to chlorophyll, the newly synthesized MgPROTO under-

goes a series of structural modifications which include the

 

closure of a fifth ring and the addition of a phytol side

chain as well as a photoreduction of one of the pyrrole rings.

The first modification of MgPROTO occurring is on the carboxyl

group of the propriate residue of ring C. This residue is

esterified with a methyl group derived from S-adenosyl methio-

nine. The transfer is catalyzed by MgPROTO IX methyl trans-

ferase, yielding MgPROTO monomethyl ester (MgPROTO MB). In

the events prior to ring closure, the activated proprionate

residue undergoes a biosynthetic B-oxidation; the sequence

for which is as follows: the B-carbon is desaturated, and

hydroxylated yielding the acrylic methyl ester. The acrylic

derivative is then oxidized to a ketone at the B-carbon,

activating the a-carbon. This a-carbon condenses with the y—

methane bridge carbon of the Mg-tetrapyrrole, yielding the

cyclopentanone ring (for review: 16, 23, 27). The resulting

tetrapyrrole is called Mg-Z, 4- divinyl pheoporhyrin a5 ME

and belongs to a group of Mg—tetrapyrroles which contain this

fifth ring called phorbins. The reduction of the vinyl side

chain on ring B of the phorbin macrocycle to an ethyl group
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is required to form Mg 2-viny1 pheoporphyrin a5 ME, or pro-

tochlorophyllide (PCHLD) - the naturally accumulating pigment

of dark-grown angiosperms. PCHLD, in subsequent reactions,

will be photoreduced and phytylated to give chlorophyll.

Treatment of dark-grown leaves of angiosperms with exogenous

ALA gives rise to the accumulation of a PCHLD species which is

not transformable in light, that is, is not photoreduced to

CHLD. This PCHLD absorbs maximally between 628nm and 636nm
628

(38, 106). The native, phototransformable species, PCHLD650 -

with an absorption maximum at 650nm - is intercontertible with

PCHLD628 species (52, 19, 38). The interconversion of PCHLD628  to PCHLD650 is dependent on the free sites available on the

photoconverting enzyme, holochrome (38, 107). The attachment

of PCHLD628 to the holochrome results in a PCHLD650 -holochrome

complex (PCHLD—H). The actual binding of the PCHLD to the
628

holochrome is apparently responsible for the spectral shift

from 628 to 650 (PCHLD650) and appears to require ATP and

NADPH (49, 42, 19, 38). Normally, native PCHLD fully
650

saturates all available apoenzyme. Under conditions where

PCHLD628 accumulates, its accretion is a consequence of the

lack of available sites on the holochrome to which the

PCHLD628 can bind (38). If brief flashes are given to convert

the PCHLD650 to CHLD, PCHLD628 will be rapidly converted to

PCHLD650 depending on how quickly the PCHLD628 saturates the

holochrome binding sites (106, 108, 38). In the presence of

7,8
light, the A -double bond of ring D of the PCHLD

650 is

reduced, generating CHLD678 (holochrome—bound). The actual
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source of the reductant responsible for the photoreducing

event is still a matter to be resolved. The holochrome has

been proposed to act as a reductase, undergoing oxidation and

reduction itself with NADPH as reductant (16). It has also

 
been suggested that the light absorbed by the PCHLD chromophore

is responsible for the photoreduction (see 91 for discussion).

We can summarize the overall process as follows to correspond

to the in 1119 spectral shifts [as proposed by Brodersen (19)

and modified by Horton (49)]: 1) PCHLD + holochrome + NADPH
628

+ ATP + PCHLD650 [enzyme-substrate-NADPH—ATP] complex. The

 

ATP is not only necessary for photoconversion of PCHLD628 but

also appears to stabilize the PCHLDéso-holochrome (49); 2)

650

complex]; 3) CHLD

PCHLD + light energy + CHLD678 [enzyme-product-NADP + ADP

+ dark + CHLD and CHLD + dark +
678 684’ 684

CHL(D)672 [product + holochrome + NADP + ADP]. The last

spectral shift is presumably the phytylation of CHLD to CHL,

] the last step in CHL synthesis (16).

Contrary to what used to be believed about the phytylation

I process, chlorophyllase does not appear to esterify free

phytol to the proprionate residue of ring D of CHLD (cf reviews

16, 91). Results from kinetic and inhibitor experiments sug—

gest that the phytylation of CHLD is a multistep pathway

involving the reduction of a terpenoid alcohol adduct to a

phytol side chain (93). The esterifying enzyme isolated from

maize shoots were shown to affix geranylgeranyl pyrophosphate

to CHLD giving CHL a- geranylgeraniol. The CHL-geranylgeraniol





 

 

 

 



Figure 3.

16

Structure of isonicotinic acid hydrazide

and two physiologically important analogs.

INH is a structural analog of both pyridoxal

phosphate and the nicotinamide moiety of the

pyridine nucleotide, NAD+.



0
“
,
N
H
N
H
Z

/
I

\
N

I
s
o
n
i
c
o
t
i
n
i
c
A
c
i
d
H
y
d
r
a
z
i
d
e

,
H

9
-

o
~
‘
c

0
,
0

N
H
Z

O
3
P
O
H
2
C
/

,
O
H

'I
'

~
\
T

\
1
'

C
H
3

R

T
h
e
N
i
c
o
t
i
n
a
m
i
d
e
M
o
i
e
t
y
o
f
N
A
D
+

P
y
r
i
d
o
x
a
l
P
h
o
s
p
h
a
t
e

17



 

18

ester if formed first; subsequent stepwise hydrogenation of

this intermediate gives rise to CHL-dihydrogeranylgeraniol,

CHL-tetrahydrogeranylgeraniol, and CHL phytyl ester (93, 94).

Regulation of Chlorophyll Biosynthesis 

The pathway of chlorophyll biosynthesis appears to be

regulated at three points (see Figure 2): 1) at the level of

ALA formation, where control over the flux of the ALA into the

pathway is exerted; 2) at the point of metal chelation of

PROTO IX, where the flow into the branch pathways of heme and

Mg-tetrapyrroles is regulated; and 3) at the site of photo-

reduction of PCHLD to CHLD, where light regulates the conver-

sion in angiosperms. (In gymnosperms and most algae, this

conversion has no light requirements.) All of the enzymes of

the CHL pathway are contained in the etioplast, although

studies with inhibitor of protein synthesis show that they are

synthesized by cytoplasmic ribosomes. With the exception of

the ALA synthesizing enzyme(s) - which is light inducible -

all of the biosynthetic enzymes needed for CHL formation are

present in non—limiting quantities in the etiochloroplast (97).

The availability of ALA is generally accepted as being the

rate-controlling factor in CHL biosynthesis (37, 10). In

addition, the enzyme responsible for ALA formation is believed

to be under feedback regulation (110). For example, if a

block occurs in the pathway, whether naturally as in the case

of etiolated plants with the physiological accumulation of

PCHLD, or genetically, as in mutants defective in CHL
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biosynthesis, little of the tetrapyrrole intermediates prior

to the blockage will accumulate (36). When ALA synthesis is

examined under these "obstructing" conditions, it is found to

be reduced and the accumulation of intermediates before the

block occurs only when the plant is fed ALA (110). From these

observations as well as from extensive analysis of Mendelian

mutants blocked in porphyrin synthesis, it has been suggested

that PROTO and PCHLD have a feedback regulatory function on

ALA synthesis (111, 112, 76, 36). It has also been proposed

that another feedback loop exists in the Mg-tetrapyrrole path—

way from PCHLD to the step converting PROTO to MgPROTO in

Chlamydomonas (112). Etiolated bean leaves treated with iron

chelators, such as a,a'-dipyridy1, produce large amounts of

MgPROTO ME and smaller amounts of MgPROTO, PROTO, and PCHLD

as well as increased amounts of ALA (25). These results appear

to indicate that the iron chelators, by making Fe(II) unavail-

able, antagonize the feedback inhibition of ALA synthesis by

some iron~containing compound probably heme. A regulatory

role for protoheme has also been implied in the case of

greening barley, since protoheme appears to turn over rapidly

in the absence of net synthesis during rapid CHL accumulation

(22).

Isonicotinic Acid Hydrazide (INH)
 

Isonicotinic acid hydrazide (INH) is an antagonist of

pyridoxal phosphate-dependent enzymes such as transaminases
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and decarboxylases (114). It is widely used as a chemothera-

peutic agent in the treatment of tuberculosis in man.

It is known, for example, that INH inhibits the mitochon-

drial conversion of glycine to serine by glycine decarboxylase

hithephotorespiratory glycolate pathway of plants (59, 87).

INH also inhibits heme synthesis in both rat liver mitochon—

dria (65) and rabbit reticulocytes (17); this effect of INH is

due to its inhibition of pyridoxal phosphate-dependent ALA

synthase (14). The inhibition of pyridoxal phosphate-dependent

enzymes by INH is a consequence of hydrazone formation between

the hydrazide of INH and the aldehyde of pyridoxal phosphate

(14, 114) (Figure 3).

INH is known to be oxidized to pyridine-4-carboxyaldehyde

by the horseradish peroxidase/Mn2+/O2 system (124). In addi-

tion, INH appears to be metabolized to isonicotinic acid in

wild type and INH-resistant cell lines of tobaCCO callus (13).

The Use of Isonicotinic Acid Hydrazide in an Attempt to Deter-
 

mine the Presence of 6-Aminolevulinic Acid Synthase in
 

Greening Barley

In consideration of the question: whether or not the ALAS

pathway exists in higher plants, we attempted to resolve the

issue by using the metabolic inhibitor, INH. As an antagonist

of PALP-dependent enzymes, INH should inhibit ALA formation,

if ALAS plays an active role in the formation of ALA in

greening barley (cf 14). We have, in fact, demonstrated that

INH inhibits ALA formation; our experiments indicate however
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that the inhibition does not appear to be due to the presence

of ALAS. It is more likely due to the presence of a transa-

minase activity involved in ALA synthesis. When it was dis-

covered that INH acted on CHL synthesis beyond the point of

ALA formation, it became important to redirect our study in

clarifying the precise site and nature of this effect. Isoni-

cotinic acid hydrazide was shown to inhibit the formation of

PCHLD, at a site between PROTO and PCHLD. In light of the

significant regulatory function that these two tetrapyrroles

play in CHL biosynthesis - as feedback inhibitors of ALA syn-

thesis - it was imperative to elucidate this particular effect

by INH. If INH acted indeed as pyridoxal phosphate antagonist,

then how could we explain the effect on tetrapyrrole synthesis,

where no transamination reactions are known to be required?

We attempted to compare the effects of INH to other inhibitors,

whose modes of action were better understood. Comparison of

INH action with the actions of known chemical blockers of the

porphyrin pathway, showed that only ethionine operated like

INH. Both apparently block tetrapyrrole synthesis between

PROTO and PCHLD.

We then directed our attention towards clarifying the mech-

anism of this action of INH on tetrapyrrole synthesis. From

our experimental results and reports in the literature, it

seemed likely that INH may exert its inhibitory effect on

tetrapyrrole synthesis by affecting the pyridine nucleotide

pool, and consequently the redox balance of the plant cell.

Our observations of the antagonistic interplay of light and
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INH inhibition support such a hypothesis. This lead us to

re-investigate the nature of the INH effect on ALA synthesis;

it was discovered that the effect on ALA formation was not

primarily via pyridine nucleotides. Attempts were then made

to examine the effect of INH on the actual synthesis of ALA

from labelled glutamate. Although glutamate has been shown

to be incorporated into ALA in barley (6), preliminary attempts

proved unsuccessful. We then turned our attention to an

organism similar in metabolism to a higher plant chloroplast,

that is, the blue-green alga Anabaena variabilis, which syn- 

thesizes ALA exclusively via the C-5 pathway. In Anabaena,

INH appeared to inhibit the transamination of a—ketoglutarate

to glutamate, thereby inhibiting the synthesis of ALA from

q-KG but not from glutamate. We concluded then that ALA syn-

thesis in Anabaena involved glutamate as the immediate pre-

cursor of ALA, supporting the proposed glutamate-l-semialde-

hyde pathway. These results coupled with additional inhibitor

studies of ALA synthesis in barley suggest that INH inhibits

ALA synthesis in a manner consistent with an antagonism of

pyridoxal phosphate.

The mode of action of INH offers us some insight into the

biosynthetic requirements and regulation of the chlorophyll

pathway — in spite of its apparent lack of specificity.



 

MATERIALS AND METHODS

Growth of Seedlings 

Barley seeds, Hordeum vulgare var. Larker, purchased from

Donald Keinath, Caro, Michigan, were surfaced—disinfected for

1 minute in 1% NaOCl, and rinsed thoroughly in running tap

water. The seeds were then soaked in a MgZ+-supplemented

Hutner's nutrient medium (Appendix 1) for 3 hours, and were

sown in a flat (56cm X 26cm X 6.5cm) containing vermiculite

moistened with 2.5 liters of Hutner's medium. The seeds ger—

minated within 3 days in a dark, humidistated (80%) room at

28°C. Six- to seven-day old etiolated seedlings were used,

unless noted otherwise.

Manipulations of Plant Tissue 

The seedling tops were harvested under a dim, green safe-

light by cutting off the shoots just above the level of the

bed. Seedlings (~8 g) were trimmed to a uniform length of

8 cm by excision of the bottom section of the shoots, and

placed into 15 ml beakers containing 6 m1 of solution. The

transpiration Stream served as the means of uptake. For

experiments conducted in the dark, a small fan was placed 30

cm in front of the seedlings. For the greening experiments

conducted in light, the beakers — containing shoots and

23
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and solutions — were placed in an illumination chamber (95cm

X 65cm X 62cm). In this case, air was drawn across the shoots

by a small fan positioned in the back wall of the chamber.

Incandescent lights provided the illumination necessary for

greening. The light intensities were determined by a Kettering

Radiant Power Meter (LDC). For low light experiments, 2 bulbs

(Sylvania) @ 7% watts were used, generating a light intensity

of 3.0 x 103 ergs/cmZ/sec. For high light experiments, 4 soft

white bulbs (General Electric) @ 100 watts were employed,

4 ergs/cmZ/sec of light. Constant ambientproducing 9.0 x 10

temperature was maintained in the chamber. The shoots were

preincubated for 1 hour - unless indicated otherwise - to

ensure adequate uptake of experimental solutions into the

leaves.

Extraction and Pigment Determinations 

At the end of the treatment period, the seedlings were

removed from their solution, blotted to remove any excess

moisture, and 2.75-3.50 g portions were weighed out. The

tissue was extracted into 50 ml of ice-cold (initially -20°C)

alkaline acetone (9 volumes of acetone to 1 volume of .l M

NaZCOB) in a Waring Blender for 1 minute at the highest speed

setting; the acetone extract was suction filtered through

Whatman No. 1 paper, and the trapped residual plant material

was re-extracted with an additional 50 ml of alkaline acetone.

The filtrates were combined and an aliquot of the filtrate

was transferred to a test tube and clarified by centrifugation

at a speed setting of 6 for 5 minutes in a table top centifuge.
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The absorbances of the clear filtrate were determined with

a Gilford 240 Spectrophotometer at the following wavelengths

(in nm): 480, 539, 628, 645, and 663. The pigment concentra-

tions of PCHLD and CHL were determined according to the

equations given by Klein and Schiff (64) in mg/l: CHL = 12.2

A - 0.07 A628, and PCHLD = 28.7 A - 5.21 A
663 628 663;

carotenoids according to (A480 + .114 A663 - 0.638 A645)/

for

250,000 and PROTO according to the derived equation 46.1 A539

9.2 A628 (Gough, 36). In addition, the absorption maxima

of the pigments were confirmed using a Cary 15 recording spec-

trophotometer.

Pigment synthesis was expressed as net synthesis corrected

for the pigment content of shoots grown in the dark.

Identification, Separation, and Fluorimetric 

Quantitation of Tetrapyrroles 

The porphyrins were identified according to the methods of

Duggan and Gassman (25) as follows: the crude acetone filtrate

was extracted into anhydrous diethyl ether, the volume of

which was reduced by bubbling gaseous N2 through the ether;

the porphrins contained in the ether extract were then separ-

ated by chromatography in the dark on thin-layer plates of

silica gel (EM Laboratories, Inc.) in benezene-ethyl acetate—

ethanol (lOO:25:25, v/v) (25). The individual bands of pig—

ments were located by their red fluorescence under UV light

and their Rf values recorded. Before the chromatogram dried

out, the pigmented bands were scraped from the plates and
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eluted with acetone-methanol (4:1, v/v). The particles of

silica gel were separated from the solvent by centrifugation,

and an absorption spectrum was taken of each pigmented super-

natant with a Cary 15 recording spectrophotometer. Pigments

were identified by a comparison of their absorption maxima

and their mobilities (Rf) in this solvent system to those

previously reported in the literature (25).

A quantitated separation of the porphyrins was accomplished

by thin-layer chromatography on silica gel plates in lutidine:

H20 (100230. v/v) and NH3 vapor (from NH4OH) [a modification

of the method as described by Gough (36)] and the separated

porphyrins were measured by fluorimetry. This solvent system

permitted an easy elution of PROTO from the silica gel - much

better than from the benzene-ethyl acetate-ethanol system

(data not shown). A 200 pl aliquot of the acetone filtrate

was applied in a narrow band to a thin-layer plate; the tetra—

pyrroles were then chromatographed. The separated pigment

bands were scraped from the plates into an eluting solvent.

Acetone: methanol (4:1) served as the eluent for metallo-

porphyrins and methanol: 2 N NH4OH (4:1, v/v) for protoporphy-

rin. Small test tubes containing the pigmented silica gel and

eluent were placed in a covered, ultra—sonicator both for 30

minutes to facilitate the elution process. After centrifuga-

tion, the concentration of tetrapyrrole in the supernatants

was determined fluorimetrically with a Turner filter fluori-

meter, model No. 111. For the quantitation of PROTO, Wratten

filter No. 405 was used for excitation and No. 23A for emissions;
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for the quantitation of PCHLD, filter No. 47B was used for

excitation and No. 23A for emissions. The concentrations were

calculated from standard curves prepared for PROTO and PCHLD

from pure samples. The pure sample of PCHLD was obtained

chromatographically from an extract of ALA-fed, dark—grown

seedlings; the PCHLD was estimated spectrophotometrically.

The disodium salt of protoporphyrin IX (Sigma Chemical) was

used as the standard.

Extraction and Determination of ALA 

ALA was estimated by the method of Mauzerall and Granick

(79) as modified by Urata (109). Seedlings were incubated in

30 mM potassium levulinate, a competitive inhibitor of ALA

dehydrase, permitting the accumulation of ALA as described

by Beale (7). Shoot tissue (2.75 to 3.5 g) was extracted as

before into 100 ml of cold, 5% trichloroacetic acid (v/v)

followed by suction filtration. The crude filtrate was allowed

to stand overnight at 4°C; the extract was clarified by centri-

fugation at 10,000 x g for 15 minutes. The resulting superna-

tant was then decanted and a 1 ml aliquot of the TCA superna-

tant was adjusted to pH 4.6 with 1 m1 of 2 M Na-acetate buffer

and combined with .1 ml of 2,4—pentanedione in a test tube.

The test tube, containing the mixture, was stoppered with a

glass marble and immersed in a boiling water bath for 15

minutes to form the ALA—pyrrole. One ml of modified Ehrlich's

reagent was then added to 1 ml of the cooled solution, con—

taining the ALA-pyrrole, and the absorbance at 555 nm was
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determined 15 minutes later. The concentration of ALA-pyrrole

was calculated using E$§m = 15,600. The identity of the

pyrrole was confirmed from its absorption spectrum and the

ratio of the absorbances at 525 nm and 555 nm (ASZS/A555 =

0.69).

Radiochemical Procedures 

Measurement of Respired 14CO2 

The effect of various inhibitors on respired 14 CO2 was

measured according to the method of Beale (6). Two grams of

seedlings were exposed to 4 hours of illumination in beakers

containing water. The seedlings were then removed, blotted,

and 3 cm segments excised from the greenest, middle sections

of the shoots. The cut sections were placed tops up, main—

taining the original orientation of the seedlings, into 2 ml

solutions containing a labelled amino acid and inhibitor,

where indicated. The employed radiochemicals, purchased from

New England Nuclear: [2-14C] glycine (14.1 mCi/mmol); [1—14C]

glycine (11.58 mCi/mmol); [3,4-14C] glutamate (14.2 mCi/mmol);

and [1—14C] glutamate (48.75 mCi/mmol) were individually added

to the incubation solution giving a label concentration of

0.5 uCi/ml. The beakers containing the seedlings and label

were placed in glass jars (14.5cm x 7cm (diameter)) fitted

with lids from which 2.1 cm glass fiber filter discs wetted

with 0.1 ml of l N NaOH were suspended. At specified inter-

vals, the filter discs were replaced, and the radioactivity

14
of the C-carbonate, formed from the 14CO2 trapped on the
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discs, was measured by liquid scintillation with a Packard

Tri—carb scintillation spectrometer Model 3003; counting

efficiency for 14C was 82.0%. The filter discs were placed

in vials each containing 10 ml of Aqueous Counting Scintillant

(Amersham) and allowed to remain in the scintillation cocktail

at least 1 hour prior to counting.

Incorporation of [14C]-ALA into Tetrapyrroles 

Four grams of etiolated barley shoots were placed in beakers

containing 5 m1 of 10 mM ALA and 1.51 uCi [4-14C] ALA (51.5

mCi/mmol, New England Nuclear), and allowed to green for 8

hours under low light. The pigments were extracted, and two

200 pl aliquots of each extract were chromatographied in the

lutidine: H20 solvent system.

One chromatogram served in the pigment quantitation, as

described before. The other was used in the determination of

the specific activities of [14C]- PROTO, -PCHLD, -CHL. The

individual pigmented bands were located under UV light, and the

silica gel, containing the pigmented bands, was scraped from

the chromatogram into Vials to which was added liquid scintil-

lant. The radioactivity was measured by liquid scintillation

as before.

Colorimetric Assay for Isonicotinic

Acid Hydrazide

Since INH has a strong affinity for the Cu(II) ion (3), it

will react with the Lowry reagents used for protein determination
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(74) to give a blue color. The INH contained in 5% TAC ex-

tracts, was estimated colorimetrically by the following pro-

cedure: .2 ml of TCA extract was added to 1 ml of Lowry

reagent C [50 volumes solution A (2% NaZCO3 in 0.1 N NaOH) +

1 volume solution B (0.5% CuSO4, 1% potassium citrate in HZO)]

for 10 minutes. Then 2 ml of Folin-Ciocolteau reagent (diluted

3x) was added. After 30 minutes, the absorbance at 500 nm was

read. The concentrations of INH in the experimental samples

were determined from a standard curve.

 

Experimental Procedures for the Synthesis

of [14C]-ALA in Blue-Green Algae
 

The blue-green alga, Anabaena variabilis Kfitz (A.T.C.C.
 

29413) was grown autotrophically in an 8-fold dilution of the

nitrogen-free medium of Allen and Arnon (2) at 30°C in a Micro-

ferm Fermentor (New Brunswick Scientific) in the laboratory

of Dr. C. P. Wolk (Plant Research Lab, Michigan State Univer-

sity). The growing cultures were continuously illuminated by

cool-white fluorescent lamps (General Electric) and aerated

until a density of 0.5-1.5 ug of CHL/ml was obtained. Fila—

ments of blue-green algae were separated from the medium by

suction filtration through Whatman No. 4 filter paper. The

cells were then thoroughly washed with distilled water and

resuspended in 40 mM HEPES buffer (pH 8.0) to give a final

concentration of 200-300 ug CHL/m1. Warburg flasks were used

as the reaction vessels in these experiments. A folded piece

of paper wetted with .1 m1 of l N NaOH was placed in the center
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well to trap the respired 14C02. The following solutions -

where indicated - were placed in the outer well in m1: 1 M

levulinate, 0.1; 200 mM INH, 0.4; labelled precursor, 0.1;

1 mM cold precursor, 0.03; .2 M ATP, 0.1; cell suspension, 1;

and water to give a total volume of 2 ml. The radiolabelled

precursors used were: [14C(U)] glutamate (260 mCi/mol),

[1-14C] glycine (11.58 mCi/mmol, [2-14C] glycine (14.1 mCi/mmol),

[1,4-14C] succinate (51.3 mCi/mmol), and [14C(U)]d-ketoglutarate

(287 mCi/mmol), purchased from New England Nuclear. The stock

concentration of all radioactive precursors was 0.1 mCi/ml.

The reaction vessels were stoppered and placed under illumina-

tion for 3 hours with continuous agitation provided by a

shaker. The reaction was stopped upon the addition of .4 ml

3 N perchloric acid. The reaction mix was then transferred to

a test tube, and 15 ml 1 N KOH was added to raise the pH to

~2. The filter papers, containing the 14 C-carbonate, were

also removed, placed into vials to which liquid scintillant

was added, and the radioactivity counted. The acid-killed

cells were permitted to stand overnight at 4°C. The cell mix

was then centrifuged at 10,000 x g for 15 minutes to pellet

the cell debris; the supernatant was then decanted. The ALA

contained in the supernatant was then chromatographed on Dowex

50, and purified as the ALA—pyrrole according to the procedures

of Beale (6). The radioactivity contained in the ALA-pyrrole

was measured by liquid scintillation, as described previously.

The amount of ALA was measured by chemical means as described

earlier.



RESULTS

A. Effect of Isonicotinic Acid Hydrazide on
 

6-Aminolevulinic Acid and Chlorophyll Formation
 

1. Variations in Greening Capacity 

Barley seedling of different ages showed substantial

variation in their capacity to synthesize 6—aminolevulinate

(ALA) and chlorophyll (CHL). Preliminary examination of INH

effects on chlorophyll synthesis confirmed the need for uni-

formity in the age of the plant tissue as well as the ratio

of the tissue mass to the volume of extracting solution (3 g

of tissue per 100 m1 of extracting solution proved to be ideal).

The accumulation of ALA and chlorophyll was assayed during a

20 hr illumination period (Figure 4). A significant differ—

ence between 6%- and 7%-day old leaves could be seen in total

levels of both ALA and CHL produced (cf Hendry a Stobart, 47).

After 8 hr, the older tissue contained only 55% of the ALA and

63% of the CHL that the tissue a day younger did. Six-day old

shoots were found to possess the highest synthetic capacity

(both ALA and CHL) of all ages tested, and consequently were

the seedlings of choice.

2. The Effect of INH 

Isonicotinic acid hydrazide effectively inhibited CHL

accumulation by 85% during a 19 hr greening period (Figure 5).
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Figure 4.
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Time course of 6-aminolevulinic acid and chlorophyll

formation during the greening period. Effect of

varying seedling age.

The ALA and chlorophyll content of 6%- and 7%-day

old seedling were measured after various lengths

of illumination. Seedlings used for ALA deter-

minations were incubated in 30 mM levulinate,

those used for chlorOphyll determinations were

incubated in water. The light intensity was 5600

ergs/cmZ/sec.
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Figure 5.
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Effect of isonicotinic acid hydrazide (INH) on

chlorophyll formation.

Seven-day old barley shoots were incubated in

either water or a 0.1 M solution of INH for 20

hours in a light intensity of 5600 ergS/cmz/sec.

The chlorophyll content of the tissue was assayed

after various times of illumination.
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The effect of INH was rather rapid: more than one half of

the total inhibition was attained within the first 4 hr of

greening. The potency of INH was clearly demonstrated through

its inhibition of ALA and CHL synthesis in low light (Figure 6).

Increasing the concentration of INH causes a dramatic rise

in the inhibition of both ALA and CHL synthesis. At a con—

centration of 20 mM, INH maximally inhibited CHL formation

by 78% in low light, whereas ALA was inhibited only 52%.

Since CHL synthesis was significantly more sensitive to the

 

effects of INH than ALA synthesis, it suggested - as one

possibility - a second site of inhibition for INH. The

apparent Ki's for these inhibitions differed, being ~ 3 mM

for CHL synthesis and ~ 10 mM for ALA synthesis. INH appeared,

therefore, to be a more effective inhibitorIDfCHL than of ALA

synthesis. The fact that both CHL and ALA synthesis were

significantly inhibited, however, indicates that INH may act

in part on ALA synthesis. The inhibitiory effects of INH

appear to be dependent on light intensity. The inhibitions

by INH (20 mM) of both ALA and CHL synthesis were reduced by

20—25% by increasing the light intensity from 3,000 to 90,000

ergs/cmZ/sec. From the curve (Figure 6), it was evident that

the inhibitions never reach a plateau at any concentration

of INH in high light - quite contrary to the effect observed

in low light where the inhibition curves plateau sharply.

This light effect was examined more closely: the efficacy

of 10 mM INH was monitored at several light intensities from

 



 



Figure 6.
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The effect of various concentrations of INH on

the inhibitions of chlorophyll and ALA synthesis

in low and high light.

Barley shoots were incubated in various concentra-

tions of INH for an 8 hr illumination period under

either low (L) light (3000 ergs/cmz/sec) or high

(H) light (90,000 ergs/cmZ/sec). Seedlings

destined for the chlorophyll assay were incubated

in water and/or INH; seedlings used for the ALA

assay were incubated in 30 mM LEV and/or INH.

Inhibitions of synthesis represent the percent of

CHL or ALA synthesis which was inhibited by INH as

compared to the control. The controls for ALA, L

and H in nmol/g-fresh wt. : 468 i 15, 781 i 37 and

CHL, L and H in nmol/g-fresh wt.: 44.6 i 8, 101.1

20.
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3,000 to 90,000 ergs/cmZ/secl (Figure 7). Increasing the

light intensity attenuated the inhibition by INH of ALA

synthesis. By increasing the intensity 4-fold, the inhibition

was diminished by a factor of 2 (from 44% to 23%). A 30-fold

increase in light intensity essentially eliminated the inhi-

bitory effect of INH on ALA synthesis (from 44% to 6%). These

results demonstrated an inverse relationship between the

inhibition of ALA formation and light intensity. Conceivably,

the attenuation of INH potency by light could be due to a

photodestruction of the inhibitor. Direct analysis of the

INH levels did not bear out this hypothesis: TCA-extracts

of shoots treated with INH under high and low light were

assayed for INH. Extracted INH was plotted against the INH

concentration of the incubation solution (Figure 8). The INH

content of tissue exposed to high light was slightly greater

than that of tissue exposed to low light. Shoots incubated

in 20 mM INH contained 15.9 i .2 umoles of INH/g-fresh wt.

in high light - a level 32% greater than that found in low

light. The higher levels of assayable INH in tissues treated

in high light suggest that INH was not undergoing photo-

destruction. Itshould be noted that the estimated levels of

INH represent the total INH content of the leaf, however,

and not the intracellular concentration which is the phy—

siologically active one. The reduced potency of INH under

high light could not be shown by assay to be a light-induced

breakdown of the inhibitor. In addition, both pyridine-4-

carboxyaldehyde (12) and isonicotinic acid (13) - reported
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Figure 7. The effect of increasing light intensity on the

inhibition by INH of ALA synthesis.

The inhibition of ALA synthesis in barley shoots

was determined after 8 hr incubations in 30 mM

LEV + 10 mM INH at each of the following light

intensities: 3,000, 12,000, and 90,000 ergs/cmz/

SEC.
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Figure 8.
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Accumulation of INH in barley tissue under low

and high light.

The levels of INH in barley shoots, incubated

in various concentrations of INH, were determined

after 8 hr of illumination under low (L) =3,000

ergs/cmZ/sec or high (H) = 90,000 ergs/cmz/sec

light. Isonicotinic acid hydrazide reacts with

Lowry reagents to form a blue-colored complex.

The INH contained in a 5% TCA extract of the barley

seedlings was assayed colorimetrically at 500 nm.
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degradation products of INH - did not give any Lowry-positive

color. If a breakdown of INH to pyridine-4-carboxyaldehyde

or INA had occurred in high light, than a discernible decrease

in the amount of Lowry-positive material should have been

seen. The concentration of INH in tissue incubated in 20 mM

INH was calculated to be 17.7 and 13.3 mM for high and low

light, respectively. (This calculation was based on the

assumption that barley is 90% water by mass.) The hydrazide

was freely taken up by the shoots, since the internal con—

centration of INH approached that of the incubation medium.

The uptake of INH followed a curve very similar to the curve

for chlorophyll inhibition in high light.

3. Attempts to Reverse the INH—inhibition of Chlorophyll
 

Synthesis
 

Several compounds were examined for their ability to

reverse the effects of INH on the synthesis of ALA and CHL.

Precursors of ALA as well as ALA itself were added to the

incubation solution containing INH to determine whether or

not INH directly inhibited the formation of ALA. The only

added compound which significantly reversed the INH-inhibition

of CHL synthesis was ALA (30 mM) (Table l). The tissue

treated with both ALA and INH produced 60% of the control

level of chlorophyll instead of 8% for INH alone. Precursors

of ALA via the C-5 pathway - glutamate, glutamine, a-

ketoglutarate - as well as of the classical pathway - glycine
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Table l.--Effects of various amino and organic acids on the

inhibition of chlorophyll synthesis by INH: an

attempt to reverse the inhibition.

 

O

o of control)

Added Amino/Organic Acids 20 mM INH Chlorophyll Synthesis

 

none - 100

none + 7.6 i 2

50 mM glutamate + 11.0 i .5

50 mM glutamine + 9.9 i ll

50 mM a-ketoglutarate + 9.0 i ll

50 mM glycine + 8.2 i 8

50 mM succinate + 5.4 i ll

50 mM glycine + 50 mM

succinate + 14.4 i 6

% casamino acids + 11.3 i 6

30 mM 6-aminolevulinic acid + 59.5 i 11

30 mM pyridoxine-HCl + 18.6 i l

 

Etiolated seedlings were incubated in either water or 20 mM

INH plus none or one amino acid or organic acid solution,

as indicated, for 8 hr in a light intensity of 5600 ergs/

cmZ/Sec. The control level of chlorophyll accumulation was

39.4 i 7 nmol/g-fresh wt.
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and succinate - did not Show any capacity for reversing the

inhibition by INH<xECHL synthesis.

Glycine and succinate in combination - the substrates for

ALA synthase - did not significantly reverse, nor did 1%

casamino acids. Pyridoxine, a precursor of pyridoxal phos-

phate, also did not reverse. In addition, the possibility

that INH might have acted by interferring with the pyridine

nucleotide pool was examined by using added nicotinamide.

Various concentrations of nicotinamide were added to the 20

mM INH incubation solutions, and CHL formation was deter-

mined. In both high and low light, nicotinamide did not

reverse the inhibition of CHL accumulation by INH in con-

centrations from 10 to 100 mM (data not shown). Since

nicotinamide did not counteract the effects of INH-inhibition,

this initially suggested that INH'S mode of action on CHL

synthesis was most likely not via the pyridine nucleotide

pool (in disagreement with subsequently determined results,

cf. Table 5).

Exogenous ALA supplied to seedlings Simultaneously with

INH, sharply reversed the inhibition of CHL synthesis seen

with INH alone (Figure 9). The ability to reverse the INH-

inhibition was dependent on the concentration of added ALA.

It was also shown that this reversal was not due to a chemical

”inactivation" of INH by ALA as measured by the Ehrlich's and

Lowry assays. At 10 mM ALA, 65% of the inhibition was re-

versed, whereas 20 mM (80%) of the inhibition could be

reversed. Higher concentrations of ALA did not give total



Figure 9.
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Reversal by ALA of the INH-inhibition of chlorophyll

synthesis.

Etiolated shoots were incubated in water or 20 mM

INH plus varying concentrations of ALA (from 0-20

mM). Reversal of the INH-inhibition of chlorOphyll

synthesis is defined so that a ratio of 1.0 indi-

cates that there is no inhibition at that parti-

cular concentration of ALA. The light intensity

was 3,000 ergs/cmZ/sec. The ordinate is the ratio

of net chlorOphyll formation in INH treated

seedlings over chlorophyll formation in the con-

trols (91.8 i 6 nmol/g-fresh wt.). (The stimula-

tion of chlorophyll formation by ALA without INH

has been substracted from each point.)
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reversal of the inhibition (data not shown). The apparent

concentration of ALA reversing one half of the total inhi-

bition was ~5 mM, suggesting that INH does indeed inhibit

the synthesis of ALA.

A noteworthy observation was made concerning the appear-

ance of shoots supplied with 10 mM ALA and 20 mM INH in low

light; they showed a symptomatic wilt caused by a loss of

turgidity that shoots fed ALA in high light also exhibited.

The seedlings exposed more directly to the light - positioned

closest to the sides of the beaker - appeared blanched com—

pared to the greener, Shielded tissue - closer to the inside.

This was not observed in tissue treated with either water

or ALA alone. This blanching effect is often characteristic

of photosensitization (cf. 11, 113) and might be attributed

to the accumulation of pigmented precursors of CHL. The INH-

treated tissue also bore a faint brownish color, suggesting

the accumulation of some brown pigment, presumably derived

from ALA and a site of INH action beyond ALA synthesis.

4. The Effect of INH on ALA-stimulated Tetrapyrrole Synthe-
 

To pinpoint additional, possible sites of action for

this inhibitor, we examined the effects of INH on the syn-

thesis of other intermediates of the biosynthetic pathway

leading to CHL. We conducted these experiments in the dark

- where little ALA and no CHL are formed - in the presence

of added ALA. This experimental design enabled us to investi-

gate that portion of the pathway between the formation of
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ALA and PCHLD, the Mg-tetrapyrrole which accumulates in

darkness. Spectrophotometric and chromatographic analyses

of pigmented extracts from tissue incubated in ALA in the

dark revealed the presence of only two tetrapyrrolic com-

pounds: PROTO and PCHLD - even with added INH (Figure 10).

The effect of 20 mM INH on PCHLD and PROTO formation was

examined over the course of a 24 hr dark incubation period

(Figure 11). The shoots were incubated in 10 mM ALA solu-

tions to facilitate tetrapyrrole synthesis, which is quite

low without light activation. During the first 9 hr, there

appeared to be no significant differences in either PCHLD or

PROTO synthesis between INH—treated and untreated seedlings

[cf the light experiment, where CHL synthesis was inhibited

78% (Figure 5) and 40% in the presence of 30 mM ALA within

8 hrs (Table 1)]. Between 9 and 24 hr, INH inhibited PCHLD

synthesis about 20% and seemed to slightly stimulate PROTO

synthesis. These results implied a possible site of action

between PROTO and PCHLD. In order to investigate this possi—

bility further, various concentrations of INH were tested

for their effects on ALA-stimulated tetrapyrrole synthesis

in the dark (Figure 12). A11 concentrations of INH less

than 20 mM stimulated PROTO synthesis between 17 and 31%,

whereas PCHLD was inhibited between 0 and 20% over these same

concentrations. At the higher INH concentrations (50 and

100 mM), synthesis of both tetrapyrroles from exogenous ALA

was inhibited but not to the same extent; PROTO accumulation





Figure 10.
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An absorption Spectrum of an ether extract of

barley seedlings treated with both INH and ALA.

Seedlings were fed 20 mM ALA in the presence of

20 mM INH for 21 hr in the dark. At the end of

this time, seedlings were extracted into alkaline-

acetone and filtered. The acetone filtrate was

then extracted with diethyl ether to transfer

the pigments into the ether phase. An absorption

spectrum was recorded. The absorbance between

350-450 nm is given on the 0-1 absorbance scale;

the absorbance between 450-700 nm is expressed on

an 0.1 absorbance scale.

Key to absorbance maxima (in nm):

PhotochlorOphyllide: 432, 534, 571, 624

Protoporphyrin: 403, 503, 534, 575

Chlorophyll a: 663

Carotenoids: 469
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Figure 11.
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The effect of INH on the increase in ALA-

induced protoporphyrin (PROTO) and protoch-

lorOphyllide (PCHLD) accumulation in the dark.

Seedlings were incubated in 10 mM ALA i 20 mM

INH for 24 hr in the dark. Uptake of the

solutions was facilitated by air blown across

the shoots from a small fan. At various times,

seedlings were removed and the PROTO and

PCHLD contained therein was extracted and

quantified fluorimetrically. (See materials

and methods for further details.)
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Figure 12.

56

The stimulation of ALA-dependent PROTO accumula-

tion by low concentrations of INH in the dark.

Seedlings were incubated in 10 mM ALA with/

without various concentrations of INH for 24 hr

in the dark. PROTO and PCHLD accumulation were

assayed at the end of these time periods. The

figure shows the effects of INH on tetrapyrrole

accumulation after 24 hr of incubation. Control

levels of PROTO and PCHLD were in nmol/g—fresh wt.:

66.9 t 6 and 140.9 i 16, respectively.
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was inhibited only 10-17% compared to inhibitions of 38-50%

for PCHLD. The differential inhibitory effect of INH on the

synthesis of these tetrapyrroles may suggest a site of action

somewhere between PROTO and PCHLD. Although this higher

concentration of inhibitor may be acting in a different manner.

The fact that 5 mM INH stimulated PROTO accumulation by

31% and had no effect on PCHLD seemed rather curious. If INH

were blocking the conversion of PROTO to PCHLD, then we would

have expected to see an inhibition of PCHLD (we will address

this inconsistency in greater detail in the discussion).

At a higher INH concentration (20 mM), however, PROTO was

stimulated by 20% and PCHLD was inhibited by 20% - which is

what we would have expected.

The effect of INH on tetrapyrrole formation in low light

was examined. When PROTO levels of ALA-fed barley shoots were

estimated after exposure to low light in increasing concen-

trations of INH, we noted a dramatic rise of 244% in the con-

tent of PROTO in the INH-treated tissues as compared to

controls (Figure 13). PCHLD synthesis remained refractory

to INH over these same concentrations of inhibitor - the same

effect observed in the dark. At higher concentrations, the

inhibitory effects of INH on the synthesis of both tetra-

pyrroles were displayed; PCHLD was inhibited maximally by

71% whereas PROTO was inhibited by only 32%. The formation

of PCHLD appeared, therefore, to have a 2-fold greater

sensitivity to INH than did PROTO, suggesting perhaps an



Figure 13.

59

The stimulation of ALA-enhanced PROTO accumula-

tion by low concentrations of INH in low light.

Seedlings were incubated in 10 mM ALA with/

without various concentrations of INH for 8 hr

in low light (3,000 ers/cmZ/sec). PROTO and

PCHLD were assayed at the end of the 8 hr

illumination period.
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inhibitory site of action somewhere between these two

tetrapyrroles. The inhibition of both PROTO and PCHLD at

higher concentrations of INH may be due, however, to other

general toxic effects.

Further investigation into the effects of INH on pigment

synthesis in shoots exposed to low light revealed that INH

has no demonstrable effect on the synthesis of carotenoids

(Table 2) - a process intimately associated with the forma-

tion of the chlorOplast membrane (92). This in addition to

other evidence argues against an explanation of INH'S differ-

ential mode of action on PROTO and PCHLD involving the

inhibition of membrane formation. In the presence of added

ALA, CHL synthesis was less sensitive to INH (50 mM) than

PCHLD, an inhibition of 40% compared to 67% for PCHLD. This

mitigates an inhibitory role for INH on membrane synthesis,

since both PCHLD and CHL are presumably synthesized on mem-

branes (102) and would have displayed similar extents of

inhibition. We also demonstrated that the syntheses of

PROTO, PCHLD, and CHL were differentially sensitive to INH

(Table 2). The inhibitor strongly stimulated PROTO synthesis

- as demonstrated earlier - between 28 and 66% for 5-20 mM

INH. PCHLD remained unaffected and CHL slightly inhibited

by 15% over these same concentrations. Increasing the INH

concentration to 50 and 100 mM, resulted in differential

inhibitions. The levels of PROTO and CHL synthesis were

reduced by similar percentages: 32 and 44% for PROTO and



62

Table 2.--Effects of INH on the synthesis of tetrapyrroles

and carotenoids in low light in the presence of

 

 

 

 

ALA.

Treatment % of Control

concefififlation PROTO PCHLD CHL CAROTBNOIDS

o 100 t 10 100 t 12 100 t 12 100 t 16

5 mM 128 i 7 124 i 2 89 t 8 98 i 5

10 mM 131 t 4 96 i 3 87 i 8 102 i 8

20 mM 166 i 30 105 i 21 85 i 14 100 i 5

50 mM 68 t 1 33 t 16 60 t 1 98 i 16

100 mM 56 i 7 15 t 2 55 t 2 81 i 3

 

Etiolated shoots were incubated in 10 mM ALA + various con—

centrations of INH (0-100 m) for 8 hr in low light (3,000

ergs/cmZ/sec). The levels of pigments were assayed at the

end of this illumination period. Control levels of net

synthesis for PROTO, PCHLD, CHL, and carotenoids in nmol/

g-fresh wt. were: 12.5 i 3, 23.0 i 3, 94.5 i 11, and 64.0 i

4, respectively.

.
—
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40 to 45% for CHL. On the other hand, the Z-fold greater

sensitivity of PCHLD synthesis to the hydrazide was again

shown by its inhibition, ranging from 67 to 85%. These

results raise the possibility that at higher concentrations

(SO—100 mM) INH may inhibit a step between PCHLD and CHL.

To clarify whether there is indeed site of action of INH

on the steps between the formation of PROTO and PCHLD, shoots

were incubated in 5 mM ALA containing [4-14C] ALA in the dark

with and without INH. The radiospecific activity (*SA) of

the ALA in the incubation solution was .17 uCi/umol (300

cpm/nmol). After 3 hr incubation, the *SA's of the PROTO

and PCHLD in the control tissue were 722 and 600 cpm/nmol

respectively, or 30% and 25% of a theoretical *SA for tetra—

l4c-ALA, of 2400pyrroles, formed solely from the exogenous

cpm/nmol (Table 4). [We are making the assumptions that all

synthesis is derived from the unadulterated exogenous ALA

(*SA= 300 cpm/nmol), and 8 molecules of ALA are used in

forming one molecule of tetrapyrrole (75).] The *SA's of

both PROTO and PCHLD were approximately one—quarter of the

theoretical estimation, suggesting the presence of an endogen—

ous pool of cold ALA or other intermediates leading to

tetrapyrroles, which diluted the labelling by 75%. A differ-

ential effect of INH on the amount of label incorporated

into PROTO and PCHLD was clearly seen; the *SA of PROTO rose

52% over the control whereas the *SA of PCHLD remained

constant - evidence supporting, the idea of a site of action



T
a
b
l
e

3
.
-
E
f
f
e
c
t
s

o
f

I
N
H

o
n

t
h
e

r
a
d
i
o
s
p
e
c
i
f
i
c

a
c
t
i
v
i
t
y

(
*
S
A
)

o
f

a
c
c
u
m
u
l
a
t
i
n
g

P
R
O
T
O

a
n
d

P
C
H
L
D

i
n

b
a
r
l
e
y

s
h
o
o
t
s

f
e
d
A
L
A

i
n

t
h
e

d
a
r
k
.

 

h
o
u
r
s

o
f

R
a
d
i
o
s
p
e
c
i
f
i
c

A
c
t
i
v
i
t
y

i
n

c
p
m
/
n
m
o
l

o
f
:

1
H
E
U
b
a
t
1
°
n

P
R
O
T
O

P
C
H
L
D

  

1
4

-
C
A
L
A

-
I
N
H

+
I
N
H

r
a
t
i
o
(
*
S
A
'
s
)

-
I
N
H

+
I
N
H

r
a
t
i
o
(
*
S
A
'
s
)

 

3
7
2
2

i
3
2

1
0
9
9

i
6
6

1
.
5
2

i
.
0
9

6
0
0

i
2
0

6
5
3

t
4
9

1
.
0
9

i
.
0
8

1
1
%
+

1
6
5
6

i
1
8

2
0
4
8

i
4
6

1
.
2
4

i
.
0
3

8
9
2

t
8
5

7
1
4

i
2
2

.
8
0

i
.
0
2

2
3

8
3
5

+
4
7

6
6
2

i
4
1

.
7
9

i
.
0
6

8
2
1

i
1
0
5

7
4
6

i
3
9

.
9
1

i
.
0
5

+
*
S
A

o
f
A
L
A

w
a
s

h
a
l
v
e
d
.

 S
h
o
o
t
s

w
e
r
e

f
e
d

5
m
M

A
L
A

w
i
t
h

a
*
S
A

o
f

3
0
0

c
p
m
/
n
m
o
l

f
o
r

1
1
%

h
r

i
n

t
h
e

d
a
r
k

w
i
t
h

a
n
d

w
i
t
h
o
u
t

2
0

m
M

I
N
H
.

A
t

1
1
%

h
r

t
h
e

*
S
A

o
f

t
h
e

A
L
A

i
n

a
l
l

i
n
c
u
b
a
t
i
o
n

s
o
l
u
t
i
o
n
s

w
a
s

h
a
l
v
e
d

t
o
l
S
O
c
p
m
/
n
m
o
l
.

A
t

i
n
c
u
b
a
t
i
o
n

t
i
m
e
s

3
,

1
1
%
,

a
n
d

2
4

h
r
,

s
h
o
o
t
s

w
e
r
e

h
a
r
v
e
s
t
e
d
,

e
x
t
r
a
c
t
e
d
,

a
n
d

e
x
t
r
a
c
t
s

c
h
r
o
m
a
t
o
g
r
a
p
h
e
d
.

T
h
e

i
n
d
i
v
i
d
u
a
l

p
i
g
m
e
n
t

b
a
n
d
s

o
f

t
h
e

c
h
r
0
-

m
a
t
o
g
r
a
m
s

w
e
r
e

e
l
u
t
e
d

a
n
d

a
s
s
a
y
e
d

f
l
u
o
r
i
m
e
t
r
i
c
a
l
l
y

f
o
r

P
R
O
T
O

a
n
d

P
C
H
L
D

o
r

t
h
e

r
a
d
i
o
-

a
c
t
i
v
i
t
y

q
u
a
n
t
i
f
i
e
d

b
y

l
i
q
u
i
d

s
c
i
n
t
i
l
l
a
t
i
o
n

c
o
u
n
t
i
n
g
.

T
h
e

c
o
l
u
m
n
s

d
e
s
i
g
n
a
t
e
d

r
a
t
i
o

(
*
S
A
'
s
)

i
n

t
h
e

t
a
b
l
e

a
b
o
v
e

r
e
p
r
e
s
e
n
t

t
h
e

r
a
t
i
o

o
f

t
h
e

*
S
A

o
f

t
h
e

I
N
H
-
t
r
e
a
t
e
d

(
+
I
N
H
)

t
o

t
h
e

(
-
I
N
H
)

c
o
n
t
r
o
l
.

A
f
t
e
r

2
3

h
r
,

t
h
e

n
e
t

s
y
n
t
h
e
s
i
s

o
f

P
R
O
T
O

a
n
d

P
C
H
L
D

w
i
t
h

a
n
d

w
i
t
h
o
u
t

I
N
H

i
n
n
m
o
l
/
g
-
f
r
e
s
h

w
t
:

3
7

t
6
,

3
4

t
3
;

8
3
.
5

i
6
,

5
1
.
2

i
5
,

r
e
s
p
e
c
t
i
v
e
l
y
.

64

 



65

for INH presumably after the step of PROTO synthesis. By

11% hr in the incubation period, the *SA of the PROTO pool

had reached a level equivalent to 70% of the theoretical

estimated value of 2400 cpm/nmol whereas the *SA of the PCHLD

pool reached a level of only 37% of the theoretical value.

The equilibration of label into all the pools of intermedi-

ates in the pathway appeared to require more than 11% hours,

but clearly the PROTO pool appeared to be more rapidly

equilibrated than the PCHLD pool. The *SA of PROTO for INH-

treated shoots was 124% of the untreated, suggesting INH

might act to facilitate the labelling of the PROTO pool, or

essentially stimulate its turnover. At the 11% hr point,

the *SA of the exogenous ALA was diluted by a factor of 2

giving a new *SA for ALA of 150 cpm/nmol. This was done to

test the effect of INH on the turnover of both tetrapyrroles

in a modified pulse-chase experiment. After 23 hr of incu-

bation, we observed that the *SA of the PROTO dropped to

835 cpm/nmol, a value less than the calculated theoretical

value of 1200 cpm/nmol but approximately one-half of the

*SA of PROTO seen before we diluted the labelled ALA. This

suggests that the pool of PROTO undergoes a rather rapid

turnover. INH appeared to enhance the loss of label from

PROTO by 72% (from 2048 to 662 cpm/nmol), essentially en—

hancing its turnover rate. On the other hand, the *SA of

the PCHLD remained relatively unaffected during this period

of 11% hr; INH had just a slight effect on the *SA of PCHLD -  
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at most an inhibition of 10%. The pool of PCHLD did not

appear to be turned over significantly; when the *SA of the

ALA was halved, a change in the *SA of PCHLD was observed

which was entirely consistent with the dilution of label by

new accumulation of PCHLD. We concluded therefore that INH

acted in a manner which appeared to stimulate the turnover

of PROTO.

A similar experiment - analogous to the proceeding one -

was performed in low light in order to see if these same

effects of INH on *SA's could be produced in the light.

14C-ALA with or without 20 mMShoots were incubated in 5 mM,

INH (Table 4). The 8 hr illumination period was divided into

two 4 hr periods so that treatments could be varied for any

two sequential 4 hr periods. This was done to investigate

the role of light (or darkness) in bringing about the in-

hibitory effects of INH. When the tissues were exposed to

4 hr of light prior to 4 hr of INH, the inhibitor had no

effect on the synthesis or *SA of the tetrapyrroles (cf

treatments 4 and 8), whereas INH treatment in light followed

by just light and no INH resulted in inhibitions of tetra-

pyrrole formation and changes in *SA'S. Light given before

INH appeared therefore to spare the effects of the inhibitor.

It was clear that INH exerted its maximum inhibitory effects

with only 4 hr of treatment (cf treatments 9 and 5, 7, 8).
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Treatment with INH also caused a significant rise in the

*SA of PROTO (treatments 5, 7, 8, and 9). This stimulation

was ~100%, and was not observed when the tissue was first ex-

posed to light followed by INH (treatment 4). In addition,

INH inhibited PCHLD synthesis by 64-77% as opposed to PROTO

and CHL inhibitions of only 22-30% and 35-46%, respectively

(treatments 5, 7-9). [Note again the 2-fold greater sensi—

tivity of PCHLD to INH.] It was disturbing to observe an

inhibition of PROTO synthesis under these conditions, since

we had previously seen INH-induced stimulations in PROTO

accumulation. Evidently, by lowering the concentration of

exogenous ALA to 5 mM (compared to 10 mM previously), we have

made tetrapyrrole synthesis more sensitive to INH effects.

Whether the effect of the hydrazide at lower ALA concentra-

tions is the same as at higher concentrations is a factor to

be considered.

Overall, these data may imply more than one site of action

for INH: one between PROTO and PCHLD, and another between

PCHLD and CHL; however, the latter site appeared to be much

less sensitive to inhibition by INH than the former. The

increased *SA's of both PROTO and PCHLD with INH-treatment

may indicate an enhanced turnover of both these tetrapyrroles.

In conclusion, light given prior to INH appeared to

attenuate the inhibitory effects of the hydrazide. The

inhibitor also appeared to have specific although differ-

ential effects on the biosyntheses of tetrapyrroles, sug-

gesting, perhaps, sites of INH action.  
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5. Nicotinamide — An Antagonist of the INH—inhibition of 

Tetrapyrrole Synthesis 

The inhibitory effects of INH on tetrapyrroles could be

greatly diminished, if barley shoots [prior to their exposure

to INH] were pre-treated with 50 mM nicotinamide - a reputed

antagonist of INH in mammalian tissues (Table 5). Seedlings,

pre-treated in nicotinamide or water for 4 hr in the dark,

were then treated with 5 mM ALA + 50 nM nicotinamide, or

5 mM ALA + 50 nM nicotinamide + 20 mM INH in low light.

The 8 hr illumination period was divided, as before, into

two 4 hr periods, where treatement could be varied from

one 4 hr period to another. The nicotinamide pre-treatment

mitigated the inhibitory effects of INH not only on the

synthesis of CHL but also on the synthesis of the tetrapy-

rroles, PROTO and PCHLD. This result was seen, if the shoots

were treated with INH in either light or dark immediately

after the nicotinamide pre—treatment in the dark (cf treat-

ments 3 and 4; 5 and 6). The inhibitions of tetrapyrrole

synthesis were effectively attenuated by nicotinamide pre-

treatment (cf treatments 5 and 6) from 66% to —3% for PCHLD

and from 31% to 6% for PROTO. The elimination of the INH-

inhibition of PCHLD (treatment 5) was not due just to an

increased accumulation of PCHLD due to the dark (cf treat-

ment 6). Of special interest, was the observation that the

*SA ratio of PROTO decreased from 1.81 with INH treatment

alone to .67 with nicotinamide pre—treatment - a stark and
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opposite effect. Nicotinamide also mitigated the inhibition

by INH of CHL synthesis (cf treatment 3 and 4); pre-treatment

with nicotinamide reduced the inhibition of CHL synthesis from

35 to 11%. As a control, nicotinamide treatment had no effect

on either the synthesis or *SA of any of the tetrapyrroles

(treatment 2). We observed once again that light given before

INH eliminates the inhibitory effects (treatment 8). These

results suggest that nicotinamide acts in a manner dramati-

cally opposite to that observed with INH - in a manner which

antagonizes the effects of INH as does light.

In an attempt to determine whether or not nicotinamide

might possibly mitigate the inhibitory effect on ALA formation

as well, we pre-treated shoots, as before, with 50 mM nicoti-

namide. The tissue was then subjected to solutions of varying

contents — 30 mM levulinate with and without 50 mM nicotina-

mide with and without 20 mM INH. In addition, we varied the

treatments during each 4 hr of the 8 hr illumination period

(Table 6A). INH treatment for 4 hr gave the full inhibition

of ALA formation (treatment 2). Nicotinamide did not reverse

the effects of INH on ALA synthesis. Pre-treatment with

nicotinamide was no different than pre—treatment with water

in the extent of INH-inhibition (cf treatments 3 and 4); the

reduction in inhibition appeared to be due to the light

treatment. Exposing the tissue to 4 hr of light prior to INH-

treatment reduced the inhibition of ALA synthesis from 53%

to 13-14% (treatments 3, 4) - an effect observed in previous
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experiments with tetrapyrrole synthesis. If, however, the

shoots were first treated with nicotinamide in the dark

followed then by INH-treatment in the light (treatment 6),

the full inhibitory effects were expressed. No difference

between pre-treatment with nicotinamide and with water was

observed (cf treatments 5 and 2); in these cases the inhi-

bition of ALA synthesis was 46 and 53%, reSpectively.

This suggests that INH does not appear to act on ALA syn—

thesis in the same way it acts on tetrapyrrole synthesis.

These results also infer that INH may have an additional mode

of action in its interference with ALA synthesis - other than,

for example, on pyridine nucleotides.

Since INH is an antagonist of pyridoxal phosphate, we

attempted to see if pre-treatments with precursors of pyri-

doxal phosphate such as pyridoxine and pyridoxal might

reverse the inhibition of ALA synthesis by INH. Preliminary

results suggest that 50 mM pyridoxine might reverse as much

as one-half of the total inhibition caused by INH, from 49%

to 25% (cf treatments 2 and 4, Table 6B). Again, exposure

to light prior to INH treatment ”protected" the synthesis of

ALA from the inhibitory effects of INH (treatment 3).

Pyridoxal proved to be quite toxic to the seedlings, causing

severe wilt. In conclusion, it appears that the inhibitory

effects of INH on ALA synthesis are different from those on

tetrapyrrole synthesis. Light and perhaps pyridoxine have a

Sparing effect on the inhibition by INH of ALA formation

whereas nicotinamide does not.
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B. Comparative Effects of Other Metabolic Inhibitors
 

on é-Aminolevulinic Acid and Tetrapyrrole Synthesis
 

1. Analogs of INH
 

In an attempt to understand the mode of action of INH,

several structural analogs of INH as well as other substituted

pyridineswere examined for their relative efficacy as inhi-

bitors of ALA and CHL synthesis. From the results, we could

divide the compounds into four categories based on the degree

to which they inhibited ALA synthesis in low light (Table 7).

The most efficacious inhibitors were shown to be picolinic

acid, quinolinic acid, isonicotinic acid (INA), and nicotinic

acid with inhibitions ranging between 85-96%. The more

moderately efficacious compounds included pyridine-Z-aldoxi-

mine, INH, and 3-acetyl pyridine, exhibiting inhibitions of

48-58%. Iproniazide and pyridine-4-carboxya1dehyde gave weak

inhibitions (24-25%), whereas nicotinamide and pyridoxine-HCI

were not inhibitory. A carboxylic acid substitution of the

pyridine ring seemed to bestow the highest inhibitory acti-

vity to a compound. Substitution of the carboxyl groups on

the pyridine ring drastically reduced the efficacy of the

compound (cf INA:INH, nicotinic acidznicotinamide). The

nicotinic acid series also displayed a strong inhibition of

CHL synthesis; in fact INA appeared to be more efficacious

than INH, at least at 100 mM. On closer examination of INA's

effect on CHL synthesis over several concentrations, we saw

that INA was not as potent on inhibitor as INH (Figure 14).
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Figure 14.

76

Effect of isonicotinic acid (INA) on chlorophyll

synthesis.

Seedlings were incubated for 8 hr in varying

concentrations of INA (0-100 mM) under 3,000

ergs/cmz/sec of light. The inhibitions of

chlorophyll synthesis in INH (low and high)

light were replotted from figure 6 for comparison.
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In fact, at a concentration of 20 mM - where INH inhibited

78% - INA inhibition was only 6%. The nature of the dose

response of INH resembled more closely that of INH in high

light. The attenuated potency of INA may be due to its

relative impermeability as compared to INH, since it is a

more polar molecule than INH.

2. Additional Inhibitors 

In order to determine if a certain degree of similarity

exists between the modes of action of various inhibitors,

we must first examine the extent of their inhibitions on a

wide range of biosyntheses, in this case, on the biosynthe-

ses of intermediates of the chlorophyll pathway.

Several inhibitors used in previous studies were screened

to determine their potential to inhibit ALA-stimulated

tetrapyrrole synthesis in a manner most similar to INH

(Table 8). Ethonine - an antagonist of methionine and

presumed inhibitor of SAM-dependent formation of Mg—PROTO ME

(24) — had an inhibitory profile most nearly akin to that of

INH. Protochlorophyllide synthesis proved to be ~2-times

more sensitive to ethionine than were either PROTO or CHL.

(In addition, ethionine inhibited ALA synthesis in a manner

similar to INH, Ki = 20 mM). Structural analogs of INH

aPP

showed little similarity to INH in their manner of action.

Isonicotinic acid inhibited all tetrapyrroles examined uni-

formly by 54-67%, whereas pyridine-4-carboxyaldehyde displayed

little effect on the synthesis of tetrapyrroles. Cobalt
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Table 8.--Effect of various inhibitors on ALA—stimulated

tetrapyrrole synthesis: possible modes of action

similar to INH.

 

Tetrapyrrole Synthesis

as % of Control 
Inhibitor (in 20 mM ALA)

 

PROTO PCHLD CHL(D)*

50 mM isonicotinic acid 58.2 i 1 54.5 i 1 66.7 i 18

20 mM cobalt chloride 46.4 i 4 21.0 i 1 7.4 i 18

50 mM ethionine 70.5 i 2 39.5 i 2 100

50 mM pyridine-4-aldehyde 84.1 i 4 92.9 i 0 100

 

* CHL(D) the photoconverted PCHLD650 measured as chlorophyll

Seedlings were incubated in a solution of 20 mM ALA plus an

inhibitor for 21.5 hr in the dark. The accumulating PROTO,

PCHLD, and CHL(D) (formed from the photoconversion of

PCHLD650 to CHL(D) under the low levels of illumination

encountered during the assay procedure) were measured. The

control values for PROTO, PCHLD, and CHL(D) were in nmol/g-

fresh wt.: 116.9 i 5, 170 i 6, and 14.0 i 1, respectively.
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exhibited a differential inhibition of PROTO and the Mg—

tetrapyrroles. Chlorophyll, was, by far, the most affected

(92%), followed by PCHLD (79%), whereas PROTO was only

moderately inhibited (54%). These results were consistent

2+ at the conversion of PROTO towith a site of action for Co

Mg-PROTO In conclusion, ethionine appears to act similarly

to INH on the synthesis of tetrapyrroles.

3. Arsenite: Effect on ALA and Chlorophyll Formation 

To clarify the site of inhibition of INH on ALA formation,

whether directly on the synthesis of ALA or else on the syn-

thesis of a precursor of ALA, we examined the effects of

arsenite (A502) on the accumulation of ALA. Arsenite is known

to inhibit lipoate—requiring enzymes, and more specifically

the TCA cycle by blocking the oxidation of o—ketoglutarate

(39). By using A50 , we hoped to regulate the flow of pre-

cursors to ALA. When ALA synthesis was estimated in the

presence of A502 at concentrations between 25 uM and 1 mM, a

sharp stimulation in ALA formation was observed with decreasing

concentrations of A505; a maximal stimulation of 87% was

obtained at 25 uM A50; (Figure 15). As the concentration of

A502 was increased, the enhancement of ALA formation decreased;

at 1.4 mM no stimulation was achieved and at 2 mM a 19%

inhibition of ALA synthesis was observed. Arsenite effectively

2,

CHL was inhibited by 85% whereas ALA was stimulated by 52%.

inhibited, on the other hand, CHL synthesis; at 500 uM A50

The apparent Ki for the CHL inhibition was 100 uM. INH





Figure 15.
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Effect of arsenite on ALA and chlorophyll

synthesis.

Seedlings were incubated for 8 hr under 3,000

ergs/cmZ/sec of light in 30 mM LEV plus various

concentrations of NaAsO2 (25 uM- 2 mM) for ALA

determinations or water plus various concentra-

tions of NaAsOZ (50 uM- 5 mM) for CHL deter-

minations. The control values of the synthesis

of ALA and CHL in nmol/g-fresh wt.: 423 i 14 and

81.2 i 2, respectively.
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completely attenuated the AsOé—induced stimulation of ALA

synthesis (Table 9). This enhancement of 82% by A502 was

eliminated with the addition of INH; in fact total ALA syn—

thesis was inhibited by 25% in the presence of both INH and

 A50; compared to 50% in the presence of just INH. The fact,

however, that AsOé-treatment was able to overcome one-half

of the inhibition caused by INH suggested that the site of

action on ALA by A502 and INH may be closely related.

Arsenite was also used to see whether or not it would

 

inhibit ALA-stimulated tetrapyrrole synthesis in the dark.

After a 20 hr incubation period, 25 uM A502 caused only a

slight inhibition of PROTO and PCHLD, to the extent of 20-21%

(Table 10). Arsenite also inhibited respiration by 25-30%

f l4CO2 from [1-14C] glycineas measured by the evolution 0

and [3,4—14C] glutamate. These results suggested that AsOi's

effect on tetrapyrrole synthesis might simply be due to the

inhibition of respiration.

C. Photorespiratory Inhibitors: Their Effects on 

ALA and Chlorophyll Formation 

Since INH is a known inhibitor of photorespiration (59),

other inhibitors of photorespiration were tested for their

ability to act on ALA and CHL synthesis in a manner similar

to that of INH. If ALA synthesis was measured in tissue

treated with the photorespiratory inhibitors a-hydroxy—Z—

pyridine-methanesulfonic acid (a-HPMS) and glycine hydoxamate,
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Table 9.--Effect of INH on arsenite-stimulated ALA formation.

 

Treatment in 30 mM LEV Percent of Control (ALA Synthesis)

 

none 100.0 i 8

25 uM A502 182.3 i 17

25 uM A502 + 20 mM INH 74.9 1 11

20 mM INH 49.7 i 2

 

Seedlings were incubated in 30 mM LEV t 25 uM A50 + 20 mM2 _

INH for 8 hr in 3,000 ergs/cmz/sec of light. The control

levels of ALA were 348 nmol/g—fresh wt. 1 29.

Table lO.--Effect of arsensite on ALA-stimulated tetrapyrrole

formation in the dark.

 

Percent of Control

 

 

Treatment (Tetrapyrrole Accumulation)

PROTO PCHLD

10 mM ALA 100 i 4 100 t 7

10 mM ALA + 25 uM A502 79.6: 1 79.0: 7

 

2

in the dark. Control levels of PROTO and PCHLD were in

Seedlings were incubated in 10 mM ALA t 25 uM A50 for 20 hr

nmol/g—fresh wt.: 29.0 i l and 123.4 i 5, respectively.
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a marked stimulation in ALA formation was noted at concentra-

tions of 10 mM, both o—HPMS and glycine hydroxamate gave

enhancements of ALA formation of 110 and 52%, respectively

(Table 11). Additions of intermediates of the photorespira-

tory pathway generated slight stimulations in ALA accumulation;

glycine, serine, or glycolate (20 mM) augmented the synthesis

of ALA by a mere 10-26%. This enhancement was most likely

due to a generalized ”carbon-seeding” of metabolic pathways.

In addition, none of the photorespiratory inhibitors affected

CHL synthesis at concentrations where ALA was stimulated.

Evidently, d-HPMS and glycine hydroxamate did not block the

flow of ALA-equivalents to CHL and consequently stimulate the

formation of ALA by blocking chlorophyll synthesis. It was

clear that the photorespiratory inhibitors tested possessed

little similarity to INH in mode of action. To determine how

INH, as a photorespiratory inhibitor, might affect ALA syn-

thesis, we examined the effects of INH on the respiratory

l4CO2 released from labelled precursors of ALA: [1-14C] gly-

cine and [3,4-14 C] glutamate (Table 12). It was apparent that

the C-1 of glycine was respired to a much greater extent

than C-3 and C-4 of glutamate. These results were consistent

with what we might expect from the photorespiratory glycolate

pathway, since the C-1 of glycine is lost in its conversion

to serine (cf 59). INH dramatically inhibited the evolution

of 14CO2 from glycine by 83% and hardly inhibited the respira-

tion of glutamate by only 18%. These results confirm INH as
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Table ll.-—Effect of various inhibitors and intermediates of

the photorespiratory glycolate pathway on the

formation of ALA and chlorophyll.

 

Percent of Control

 

 

Treatments

ALA CHL

none 100 14 100 i 4

10 mM glycine hydroxamate 210 7 101.3 i 18

20 mM glycine hydroxamate 191 2 104.1 i 8

10 mM glycine 113 ll -

20 mM glycine 126 1 -

10 mM a-HPMS 152 2 102.4 1 5

20 mM o—HPMS 135 4 -

10 mM a-HPMS + 20 mM glycine — 108.0 1 2

20 mM glycolate 120 9 -

20 mM serine 110 2 -

 

Various photorespiratory inhibitors and intermediates were

added to 30 mM levulinate for experiments involving ALA

determinations or to H20 for experiments involving chloro—

phyll determinations.

3,000 ergs/cmZ/sec of light.

methanesulfonic acid)

(d-HPMS

The incubation time was 8 hr under

d-hydroxy-Z-pyridine-
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an inhibitor of photorespiration. The photorespiratory

inhibitors which had stimulated ALA synthesis were also

examined for their effect on the respiration of [1-14C]

glycine (Table 13). At 20 mM, a-HPMS inhibited this respira-

tion by 34%, whereas 10 mM glycine hydroxamate effectively

inhibited the respiration by 64%. Since both INH and glycine

hydroxamate inhibited the evolution of 14CO2 to similar

extents, it suggested that they might act on the same site

of the photorespiratory pathway (59).

D. The Effect of INH on the Synthesis of 6-Aminolevulinic 

in Anabaena variabilis 

The blue-green alga, Anabaena variabilis Kfitz, appears to 

synthesize ALA via the C-5 pathway (unpublished results,

Avissar). Anabaena contains, therefore, a biosynthetic system

for ALA formation similar to that of higher plant chloroplasts

(103). Since INH has been shown to inhibit the in vivo syn-

thesis of ALA in barley, we attempted to determine whether or

l4C—1abe11ednot INH would inhibit the synthesis of ALA from

precursors in Anabaena. Isonicotinic acid hydrazide was not

only ineffectual in inhibiting the synthesis of ALA from

[14C(U)] glutamate, but appeared on the other hand to stimu-

late the incorporation of the labelled amino acid into ALA

as determined by the method of Beale et a1. (6) (Table 14).

In the presence of 40 mM INH, the incorporation of labelled

glutamate into ALA was stimulated by 30%. It was also apparent
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Table 13.--Effect of A505, o-HPMS, and glycine hydroxamate

on 14COZ-evolution.

 

 

Treatment Respired l4C02(cpm/gm-FW) % Inhibition

1-14C-g1ycine 26,073 0

1-14C-glycine

+ 25 uM A505 18,090 30.6

+ 20 mM a-HPMS 17,078 34.5

+ 10 mM glycine 9,300 64.3

hydroxamate

3,4-14C-g1utamate 10,226 0

+ 25 uM A502 7,632 25.4

 

Two g of seedlings were illuminated at a light intensity of

3,000 ergs/cmZ/sec for 4 hr in beakers containing water. At

the end of 4 hr, the seedlings were removed and the greenest

3 cm section of the seedling was excised and placed into 2 ml

14C-
solutions containing .5 uCi/ml of l4C—glycine or 3,4-

glutamate : inhibitor. The beakers and seedlings were placed

into jars fitted with lids from which discs wetted with .1 M

NaOH were suspended. The jars were returned to the light for

14
4 additional hours of illumination. The CO2 trapped on the

discs were then measured by liquid scintillation counting.



T
a
b
l
e

1
4
.
-
E
f
f
e
c
t

o
f

I
N
H

o
n

t
h
e

b
i
o
s
y
n
t
h
e
s
i
s

o
f

A
L
A

f
r
o
m

1
4
C
-
p
r
e
c
u
r
s
o
r
s

i
n

A
n
a
b
a
e
n
a

v
a
r
i
a
b
i
l
i
s
.

 

*
S
A

o
f

A
L
A
~
p
y
r
r
o
l
e

1
4
C
0
2

r
e
s
p
i
r
e
d

(
c
p
m
)

T
o
t
a
l

c
p
m

i
n

A
L
A
-
p
y
r
r
o
l
e

1
n

c
p
m
/
n
m
o
l

L
a
b
e
l
l
e
d

p
r
e
c
u
r
s
o
r

a
d
d
e
d

5
0

m
M

L
E
V

4
0

m
M

I
N
H

 
.
.
.

”
C
(
U
J
-
g
l
u
t
a
m
a
t
e

-
-

5
5
5
2

7
7
9

-
0

+
+

-
7
5
6
5

s
8
7

1
0
9
,
4
3
3

2
8
7
3
3

1
5
,
3
9
0

2
1
2
3
7

+
-

+
3
8
2
4

1
7
,
9
8
2

-
0
‘

+
+

+
4
7
6
6

2
3
9

1
4
2
,
1
5
4

1
1
9
8
8

2
1
,
4
3
7

t
2
1
7

1
-
1
4
C
-
g
l
y
c
i
n
e

—
-

1
7
,
4
2
1

9
7
8

~
0

+
+

-
2
5
,
9
9
0

1
4
9
4

7
1

2
-
1
4
C
-
g
1
y
c
i
n
e

-
-

2
9
8
7

1
1
7
3

~
0

+
+

-
3
8
9
3

1
2
8
3

2
2

 

90

+
-

+
1
0
3
6

1
2
7
7

~
0

 

+
+

+
3
3
0
8

t
1
1
8
2

1
3
1
4

|\

41

N

N

I’\

Q

+1

1
,
4
-
1
4
C
~
s
u
c
c
i
n
a
t
e

-
-

4
9
7
1

1
2
2

~
0

+
+

-
4
9
9
2

2
9
6

3
4

1
4
C
(
U
)
a
-
k
e
t
o
g
1
u
t
a
r
a
t
e

-
-

3
6
6
5

3
9
8

-
0

 

+
+

-
2
5
2
9

t
7
1

1
7
,
3
5
4

i
9
5
8

2
1
7
4

i
1
2
3

 

+
+

+
3
1
5
9

t
2
5

2
3
2
4

3
2
6

+
2
0

 ~
0
+
z

s
i
n
c
e

t
h
e

l
e
v
e
l

o
f

c
h
e
m
i
c
a
l
l
y

d
e
t
e
c
t
a
b
l
e

A
L
A

w
a
s

b
e
l
o
w

t
h
e

s
e
n
s
i
t
i
v
i
t
y

o
f

t
h
e

a
s
s
a
y
,

t
h
e

*
S
A

i
s

e
x
p
r
e
s
s
e
d

a
s

~
0
.

A
1

m
l

c
e
l
l

s
u
s
p
e
n
s
i
o
n

o
f

A
n
a
b
a
e
n
a

w
a
s

i
n
c
u
b
a
t
e
d

i
n

a
W
a
r
b
u
r
g

f
l
a
s
k

i
n

a
s
o
l
u
t
i
o
n

(
t
o
t
a
l

v
o
l
u
m
e
=
2

m
l
)

c
o
n
t
a
i
n
i
n
g

5
0

m
M

L
E
V
,

1
0

m
M

A
T
P
,

1
5

u
M

c
o
l
d

p
r
e
c
u
r
s
o
r
,

5
u
C
i
/
m
l

o
f

l
a
b
e
l
l
e
d

p
r
e
c
u
r
s
o
r

1
4
0

m
M

I
N
H

f
o
r

3
h
r

u
n
d
e
r

i
l
l
u
n
i
n
a
t
i
o
n
.

A
f
t
e
r

3
h
r
,

t
h
e

r
e
a
c
t
i
o
n

w
a
s

s
t
o
p
p
e
d

w
i
t
h

3
N

P
C
A
.

T
h
e

f
o
l
d
e
d

f
i
l
t
e
r

p
a
p
e
f

w
e
t
t
e
d

w
i
t
h

N
a
O
H

w
a
s

r
e
m
o
v
e
d

f
r
o
m

t
h
e

c
e
n
t
e
r

w
e
l
l

o
f

t
h
e

W
a
r
b
u
r
g

a
n
d

p
l
a
c
e
d

i
n

a
l
i
q
u
i
d

s
c
i
n
t
i
l
l
a
t
i
o
n

v
i
a
l
.

T
h
e

r
e
s
p
i
r
e
d

4
C
O
;

w
a
s

d
e
t
e
r
m
i
n
e
d

r
a
d
i
o
s
p
e
c
t
r
o
m
e
t
r
i
c
a
l
l
y
.

T
h
e

1
4
C
-
A
L
A

w
a
s

.

p
u
r
i
f
i
e
d

a
s

t
h
e

A
L
A
-
p
y
r
r
o
l
e
,

q
u
a
n
t
i
f
i
e
d
,

a
n
d

t
h
e

r
a
d
i
o
a
c
t
i
v
i
t
y

m
e
a
s
u
r
e
d

a
s

b
e
f
o
r
e
.

 
 



91

that, of all precursors tested, glutamate was preferentially

converted to ALA - at least 6-times better than [14C(U)] a-

ketoglutarate- the second best precursor, confirming the

presence of the C-5 pathway for ALA synthesis in Anabaena.

Neither [l- or 2—14C] glycine nor [1,4-14C] succinate were

incorporated to any significant extents into ALA. Anabaena,

therefore, did not appear to possess ALA synthase activity,

suggesting that ALA was formed exclusively via the C—5 pathway

from C-5 precursors. Although INH did not inhibit label

incorporation from glutamate into ALA, it did have a dramatic

effect on the incorporation of label from o-ketoglutarate into

ALA. The hydrazide inhibited the conversion of d-KG to ALA

by 89%. In addition, INH stimulated the respiratory release

14
of CO2 from [14C(U)] a-ketoglutarate by 25% whereas it had

the opposite effect on the release of 14 CO2 from [;4C(U)]

glutamate, inhibiting the evolution by 37%. These results are

not only consistent with a site of inhibitory action for INH

between a-KG and glutamate, but also suggest that INH may act

on ALA synthesis as an antagonist of the pyridoxal phosphate-

dependent transamination of a—KG to glutamate.



 

DISCUSSION

The effects of INH on the biosynthetic pathway of chloro-

phyll in greening barley shoots were examined. This study

was undertaken to investigate the biosynthesis of ALA in higher

plants. Isonicotinic acid hydrazide, a metabolic inhibitor

reportedly an antagonist of pyridoxal phosphate (114), was

intended to serve as a chemical probe for the presence of the

pyridoxal phosphate requiring ALAS pathway for ALA formation

in barley (cf 14). The existence of the C-5 pathway for ALA

synthesis is well documented in a variety of greening organisms

(5). The presence of the ALAS pathway in higher plants has

also been reported, although less well documented than the C-5

pathway (85). The hydrazide of isonicotinic acid was chosen

as a potential inhibitor of ALA formation primarily due to its

antagonism of pyridoxal phosphate-dependent enzymes and,

therefore, of ALAS (65, 14). However, during the course of

these investigations, it became clear that INH had several

sites of action in the biosynthetic pathway leading to chloro-

phyll, some of which could not be related to an antagonism of

pyridoxal phosphate-dependent enzymes.

In order to eliminate any possible confusion concerning

these multiple effects of INH, 1 will organize this discussion

along the following lines: I. the effects of INH on tetrapyrrole

92

 

 

 



93

biosynthesis, II. the reversal of the INH-inhibition of

tetrapyrrole biosynthesis by light, ALA, and nicotinamide,

III. INH: mechanism of action against the biosynthesis of

tetrapyrroles and ALA, and IV. additional modes of INH action.

I. The Effects of INH on Tetrapyrrole Biosynthesis 

in Greening Barley Shoots 

INH appeared to exert at least two inhibitory effects on

the greening process in barley: one on the synthesis of ALA,

and another on the synthesis of chlorophyll. This was demon-

strated by the different extents to which INH inhibited the

syntheses of ALA and chlorophyll. The apparent inhibition

constants for these inhibitions were 10 and 3 mM, respectively.

The greater sensitivity of CHL to the inhibitor suggests that

INH may act not only on the synthesis of ALA but also on a

step in CHL biosynthesis subsequent to the formation of ALA.

Had CHL synthesis been inhibited to the same extent as that

of ALA, we could have ascribed both inhibitions to the action

of INH on ALA synthesis. INH also appears to photosensitize

tissue which has been fed ALA under low light — an effect not

observed in tissue incubated in water or ALA alone. These

observations suggested to us a site of action for INH on

tetrapyrrole synthesis rather than on ALA formation alone.

The accumulation of pigmented intermediates of the biosynthe-

tic pathway leading to CHL are known to photosensitize plant

tissue (11, 113). When barley was incubated in the dark in
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ALA, to by—pass the effect of INH on ALA synthesis and, to

examine the effect of INH on just that portion of the pathway

from ALA to PCHLD, we saw a stimulation in the accumulation

of PROTO and an inhibition of the accumulation of PCHLD

(Figure 12). The stimulation of PROTO accumulation by INH was

shown also to occur in the light and was consistent with the

visual observation that the tissue appeared to have a slightly

brownish color. The accumulated PROTO could account for the

photosensitization of the INH-treated seedlings in low light

(cf 113). It appears therefore that INH may act at a site

between PROTO and PCHLD (Figure 16). If an inhibition is to

occur between two points in the pathway of chlorophyll bio-

synthesis, then we should expect to see an accumulation of

that tetrapyrrole just before the blockage by INH. This is

what we see when PROTO accumulates in the presence of INH.

However, we should also see a decrease in the accumulation of

the tetrapyrrole subsequent to the blockage - which we do not

see. The formation of protochlorophyllide does not appear

to inhibited at those concentrations of INH which stimulate the

accumulation of PROTO. This inconsistency is puzzling. If,

however, the formation of PCHLD is saturated due to the excess

availability of ALA, then an INH block subsequent to PROTO

synthesis may not necessarily result in an inhibition of PCHLD

accumulation. This implies that the kinetic limitations on

the synthesis of PROTO and PCHLD may not be the same. The

synthesis of PROTO, for example, is a stromal process whereas

 

 





Figure 16.
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Pr0posed sites of action of INH on the

biosynthetic pathway leading to chlorophyll.

Site 1. ALA synthesis

Site 2. Between protoporphyrin and protoch-

lorophyllide



69

4
4
5

1

G
a
1
0
8
1
1
.

i
 

\
’
\
/
I
‘
l

I
Z
_

m

G
e
o
g
1

.
1
1
/
.
1
9
.
.
.
.

 

1
.
1

1
1
.
5
)

a
I
O

:
4
5



97

the synthesis of PCHLD is a membrane-associated process.

Since there is a physical separation in the two syntheses,

PCHLD formation may not necessarily be inhibitied, when INH,

at low concentrations, causes a stimulation in PROTO accumula-

tion. There may be ample PROTO passing along the pathway

to PCHLD so that INH does not inhibit the accumulation of

PCHLD. Unfortunately, very little is known about the actual

pool sizes of PROTO and PCHLD and the kinetic limitations of

their syntheses. A t higher concentrations of INH, PCHLD is

inhibited Z—times more than PROTO, inferring that PCHLD syn-

thesis is more susceptible to the inhibition by INH. Appar—

ently, at higher INH concentrations, the hydrazide is most

effective in inhibiting PCHLD accumulation. The question

which then arises - is the mode of action of INH on tetrapy—

rrole synthesis the same for low and high concentrations of

the hydrazide? First, we observe a stimulation in PROTO

accmulation with low concentrations of INH but no inhibition

of PCHLD formation. Second, with high hydrazide concentra-

tions, both PCHLD and PROTO are inhibited. The inhibition of

PCHLD is two times larger, however, than that of PROTO. Are

these effects different in terms of site of action?

Ethionine, for example, is known to inhibit the SAM-dependent

methylation of Mg PROTO (69), a step between the biosyntheses

of PROTO and PCHLD. PCHLD formation proved to be 2-time5 more

sensitive to ethionine than PROTO or CHL(D) but PROTO was

indeed inhibited. This suggests a strong similarity in the
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mode of action of ethionine and INH at high concentrations on

tetrapyrrole formation (cf Demain, 24). We might also con-

clude that both effects of the hydrazide, whether at high or

low concentration, are due to INH's inhibitory action at a

site subsequent to the synthesis of PROTO.

We have also noted that both CHL and PROTO are equally

sensitive to the inhibitory effects of INH at higher concen-

trations. At first this seems puzzling, since PCHLD is a pre-

cursor of CHL, and is inhibited to a 2-fold greater extent by

INH than is CHL. If we consider the kinetic limitations of

the conversion of PCHLD to CHL, however, this does not appear

too unreasonable. Under low light, CHL synthesis is limited

only by the formation of transformable PCHLD which in turn is

dependent on the available binding sites on the holochrome.

In the presence of exogenous ALA, free PCHLD accumulates in

excess of the level needed for saturating the holochrome (38).

In these PCHLD-saturating conditions, the rate of CHL synthe-

sis is dependent of the rate of photoconversion of PCHLD 650 —

bound to the holochrome - to CHL. An inhibition of the syn-

thesis of this large, unbound pool of PCHLD 628 by INH will

not necessarily mean that the accumulation of CHL will be

inhibited to the same extent. Our data shows that only about

one-half of the inhibition of PCHLD is manifested in an inhi-

bition of CHL synthesis.

A site of INH action between PROTO and PCHLD was partly

14
supported by using C—ALA as a precursor of tetrapyrrole
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formation. The hydrazide effected both an increase in the

*SA of PROTO and a slight decrease in the *SA of PCHLD,

suggesting that INH inhibits the formation of PCHLD from PROTO.

Somewhat unsettling, however, was the observation, that

PROTO accumulation was not stimulated significantly under the

conditions of this experiment. One explanation for these

results is that we used a lower concentration of exogenous ALA

(5 mM cf 10 mM) to increase the *SA of the external ALA solu-

tion. Lowering the amount of ALA available for tetrapyrrole

synthesis, resulted in an enhanced sensitivity of PROTO and

PCHLD to INH. We therefore saw no stimulation hiPROTO accumu-

lation. This may be essentially the same effect which we see

at higher INH concentrations when PROTO formation is slightly

inhibited. As explained before, it appears that these two

apparently different effects may be on the same site in the

pathway, however.

INH causes a large rise in the *SA of PROTO in the light.

On closer examination of this facilitated labelling of PROTO

using a pulse—chase experiment in the dark, we discovered that

INH appears to stimulate the turnover of PROTO with little

effect on PCHLD. This rapid turnover of PROTO may be indica—

tive of its presumptive role in the regulation of the bio-

synthetic pathway of chlorophyll. There is evidence to suggest

that PROTO acts as a feedback regulator of ALA formation

(36, 113, 76, see Figure 2). In turning over a feedback

inhibitor, such as PROTO, we can imagine a mechanism — present
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in plants - for controlling the levels of PROTO which might

accumulate (cf 36). In fact, PCHLD has been suggested to

feedback regulate the conversion of PROTO to MgPROTO (112); a

consequence thereof would be an accumulation of PROTO. If the

levels of PROTO rise significantly, then this porphyrin may

act to feedback inhibit the entire pathway by inhibiting ALA

formation. This would reduce the overall flux through the

pathway and thus prevent the wasteful and even detrimental

accumulation of labile intermediates, such as PROTO, which

cannot be converted to CHL in the dark and which can photo-

sensitize tissue in the light. In fact, in the dark very low

levels of ALA and PCHLD as well as barely detectable levels of

PROTO are found (36).

Additional evidence for a feedback mechanism is obtained

from the genetic analysis of mutants. The xan-f mutants of

barley - blocked at the conversion of PROTO to MgPROTO - do

not accumulate PROTO unless supplied with ALA in the light

(36). This suggests that there is a mechanism which limits

the levels of PROTO which may normally accumulate. Further-

more, the enzymes responsible for the rate-limiting step(s)

of ALA formation are believed to undergo rapid turnover (30,

81). This implies that those steps essential in regulating

the rate and flux of ALA-equivalents through the pathway to

CHL are, themselves, subject to control. For example, PCHLD

regulates its own synthesis and consequently the flux into the

Mg-tetrapyrrole branch of the pathway (112). The effects of
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INH on tetrapyrrole synthesis bear out a regulatory mechanism

on the levels of tetrapyrroles which are allowed to accumu-

late. In the presence of INH, the conversion of PROTO to

PCHLD maybe partially blocked, resulting in the accumulation

of PROTO (Figure 13). In addition, the *SA of the PROTO

doubles, suggesting an increased turnover of the PROTO pool

or perhaps a decreased dilution of labelled ALA from endogen-

ous synthesis. If the block were to result in only an expan-

sion in the size of the PROTO pool, then the *SA of the PROTO

should not be altered significantly since the *SA of the

labelled precursors of PROTO should remain unaltered; this is

not what we observe. If, on the other hand, the PROTO pool

undergoes turnover, then an increase in the *SA should indi-

cate an increased labelling of the pool by precursors with a

higher *SA than PROTO as we have observed. It is not clear

whether this INH-induced turnover, is a consequence of INH—

stimulated metabolism of PROTO or whether the INH—induced

accumulation of PROTO itself effects an enhanced turnover in

much the same way PCHLD accumulation shuts itself off (cf 112).

It is clear, however, that INH stimulates the normal rate at

which PROTO is metabolized.

In the Chlamydomonas mutant brs-l, which accumulates PROTO

in the dark without added ALA, there appears to be a rapid

photodestruction of the porphyrin upon being transferred to

the light. Within 8 hr after illumination, 50% of the dark

accumulated PROTO is lost. This suggests that in light there

is a mechanism for reducing the levels of PROTO which could
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accumulate. In experiments with ALA-fed tissue, kept in the

dark for 4 hr followed by 4 hr of INH-treatment in the light

(Table 4), we observe a doubling in the *SA of PROTO. With

regards to our observations on PROTO turnover in the dark and

the reported lability of accumulating PROTO in light, it seems

certain that the change in *SA of the PROTO, observed in the

light, is associated with an enhanced turnover of that por-

phyrin. It is interesting to note that Castelfranco and Jones

(22) found a stimulated turnover of protoheme in rapidly

greening barley. Since heme is formed from PROTO, it is con-

ceivable that there is a connection between the rapid turnover

of both these regulatory tetrapyrroles.

PROTO appears to play a crucial role in the regulation of

the chlorophyll pathway, whether directly (113, 110, 35), or

indirectly through its conversion to heme (25, 22). The brC

mutant of Chlamydomonas - bearing a mutation in one of the

four structural genes involved in the conversion of PROTO to

MgPROTO - accumulates PROTO which appears to inhibit the over-

all rate of CHL synthesis (113). This feedback inhibition is

born out by barley mutants with blocked PCHLD synthesis; these

structural gene mutants do not accumulate porphyrins in the

absence of exogenous ALA. They do pile up large amounts of

porphyrins and trace acmounts of PCHLD when their leaves are

supplied with ALA. In one such mutant, xan-flo, which appears

2+

to lack a protein necessary for the insertion of Mg into

PROTO IX, the induction of ALA synthesis does not occur upon
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illumination, suggesting a feedback role for PROTO on the

rate-limiting step as effective as that for PCHLD.

Since ALA formation is inhibited by INH in greening barley

(Figure 6) (12) - although less severely than tetrapyrrole

synthesis - it is conceivable that part of this observed

inhibition may be attributable to feedback inhibition by PROTO.

Several mutant strains of Chlamydomonas and varieties of barley

also support such a regulatory mechanism. For example, the

brS-l mutant of Chlamydomonas, which produces 75% of its

tetrapyrroles as PROTO, possesses only 1.9% of the ALA syn-

thetic capacity of wild type cells. In the double mutant

brs-l, r—l, where the r—l allele makes ALA synthesis insensi—

tive to PROTO, the levels of ALA synthesis are 112% of the r—l

control (41% of wild type). This strongly suggests that PROTO

feedback regulates ALA synthesis in wild type cells. In

addition, an analogous mutant of barley, xan-flo, tig-034,

which is blocked in the formation of MgPROTO and possesses

deregulated ALA synthesis, constitutively accumulates porphyrins

in the absence of ALA (110). Gough and Granick reported that

the ALA—synthesizing enzyme is derepressed in these tigrina

mutants of barley (unpublished results, cited in 110). This

evidence clearly indicates a direct regulatory role for PROTO

on the synthesis of ALA. If INH chemically blocks tetra-

pyrrole synthesis in a manner analogous to the genetic muta—

tions which block MgPROTO synthesis, then why don't we observe

PROTO accumulation in the presence of INH without exogenous
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ALA? Gough showed that barley mutants blocked at various steps

in the pathway prior to PCHLD will not accumulate detectable

amounts of porphyrin intermediates unless fed ALA or are com-

bined with regulatory mutants (36). It seems likely that INH,

which appears to block between PROTO and PCHLD, will not cause

a PROTO accretion without added ALA due to the strict regula-

tion of ALA synthesis by PROTO. If an intermediate such as

PROTO accumulates beyond a certain threshold, it inhibits its

own synthesis simply by inhibiting the synthesis of ALA. In

INH-treated barley leaves under conditions of PROTO accumula-

tion, ALA synthesis is inhibited by only 50% at most. This

limited - as opposed to complete - reduction in ALA synthesis

may imply that: l) INH causes an incomplete block between

PROTO and PCHLD, 2) INH acts on ALA synthesis other than or

in addition to PROTO feedback inhibition (see section IIB),

3) the levulinate technique (used in measuring ALA) deregulates

ALA synthesis, masking the true extent of any possible INH-

induced feedback of ALA synthesis. All three alternatives are

valid possibilities; however, since the interactions of 1) and

2) are pertinent to another discussion, we will limit ourselves

to alternative 3). We have observed that the levulinate (LEV)

method (7) for ALA measurement results in an apparent deregula-

tion of ALA formation in barley seedlings; this effect was

also noted in maize leaves (78). The assay is based on ALA

formation after treatment with LEV, a competitive inhibitor

of ALA dehydrase. LEV blocks the conversion of ALA to
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porphobilinogen (see Figure 2), resulting in the accumulation

of ALA which we can chemically assay. Tissue treated with

30 mM levulinate, a concentration maximizing ALA accumulation,

show an inhibition of CHL synthesis of 25-30%. If the ALA,

detected by assay, is compared to the ALA-equivalents calculated

from the amount of CHL inhibited by LEV-treatment, we find an

overproduction of ALA of 30-40%. This suggests that LEV-

treatment brings about a partial deregulation of ALA synthe—

sis, perhaps by reducing the levels of PROTO or PCHLD which

act to "restrain” the flow of ALA down the pathway to CHL.

With increasing dose, INH inhibits linearly this overproduction

phenomenon (data not shown). INH (20 mM) effectively elimi-

nates this excess ALA accumulation — the same concentration

which gives maximal inhibition of both ALA and CHL formation,

and causes maximal stimulation of PROTO accumulation. It is

relevant to note that the apparent Ki‘s for both PROTO accumu-

lation and ALA inhibition are 10 mM. In overview, it is not

certain, however, whether this effect can be attributed to

a direct inhibition of the synthesis of ALA by PROTO accumula-

tion, but it remains a distinct possibility.

It was rather surprising to discover that PCHLD does not

appear to undergo any significant turnover, considering how

rapidly PROTO is turned over. Th pulse—labelling experiment

(Table 3) showed that the *SA of PCHLD decreased to a level

which was predictable by calculation. This relatively stable

PCHLD628 pool contrasts to the ca. 4 hr half-life calculated

for PCHLD650 reported in 8-day old barley (46). PCHLD is also
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suggested to be a regulator of CHL biosynthesis (110) (see

Figure 2). Unexpectedly, even at PCHLD levels well above those

which occur naturally (cf 136 nmol/gm-FW and 7nmol/gm-FW), no

appreciable turnover could be detected (cf 30). Mattheis and

Rebeiz (77) report in their cucumber system that no detectable

photodestruction of PCHLD occurs. It seems that the feedback

mechanisms controlling ALA and MgPROTO formation are suffi-

cient to control the level of PCHLD which would normally

accumulate in a plant. Conceivably, turnover of PCHLD is less

likely to occur due to its prominent association with the newly

developing membranes of the etiochloroplast (cf 102, 42). In

contrast, PROTO appears to be synthesized in the stroma (102).

In addition, light plays an important role in controlling the

levels of PCHLD by photoconversion to CHLD. This photocontrol

as well as the feedback mechanisms stemming from PCHLD may be

sufficient to regulate PCHLD accumulation. INH has a slight

effect on the *SA of PCHLD in the dark, producing a decrease

in *SA of 20% after 11% hr. This drop in *SA is probably

attributable to INH blocking the formation of PCHLD and can

be explained by a decrease in flow from the more radioacti—

vity labelled precursors of PCHLD. We have observed previously

that INH has little effect on PROTO or PCHLD accumulation in

the dark until after 8 hr (Figure 11). The decrease in *SA

of PCHLD which we noted at 11% hr (Table 3) - may then corre-

spond to the "onset" of the inhibition by INH of PCHLD. The

decrease is directionally opposite to the stimulation, we
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observe, in the *SA of PROTO (+24%). Even INH does not stimu—

late the loss of label from PCHLD during the pulse-chase

experiment. This is a clear indication that INH does not have

any significant effect on the turnover of PCHLD or even on

bringing about a detectable turnover of this unbound pool of

PCHLD628.

It was clear during this investigation that INH was not

acting on tetrapyrrole synthesis through an inhibition of

plastidic lamellae formation, although INH does have the

potential to antagonize amino acid transaminases. An inhibi—

tion of membranes could have been expressed in a general

inhibition of pigment synthesis and given the results we

observed. There are several lines of evidence, however,

opposing such an argument: 1) the inhibition of CHL synthesis

by INH was reduced under high light. If INH had affected

membrane formation, then membrane—associated CHL should have

been rapidly photodestroyed with higher light intensities.

2) We should not have seen differential inhibitions of tetra-

pyrrole synthesis, if membranes were being affected. 3) The

*SA of CHL remained constant regardless of whether or not INH

was present. If membrane synthesis was inhibited, then the

incorporation of CHL into the membranes should have also been

affected, resulting in some fluctuation in the *SA of CHL.

If CHL was undergoing turnover, then a notable decrease in the

*SA of CHL should have been observed as a consequence of the

significantly lower *SA of its precursor, PCHLD. 4)-Addition
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of casamino acids had no effect on reversing CHL inhibition.

If INH was acting on transaminases and consequently on protein

and membrane formation, then an ample supply of amino acids

should have alleviated a portion of the inhibition and 5) caro-

tenoid synthesis is unaffected by INH (Table 2), suggesting

the etiochloroplast remains intact (cf 92).

II. The Reversal of the INH-inhibition of 

Tetrapyrrole Biosynthesis by Light, ALA, 

and Nicotinamide

A. Reversal by Light 

Light appears to antagonize the inhibitory effects of INH.

It was clear that under high light conditions the inhibitions

of both ALA and CHL formation were significantly reduced

compared to inhibitions observed under low light (Figure 6).

The extent of INH-inhibition of ALA synthesis appeared to

decrease logarithmically with increasing light intensity

(Figure 7). This decrease in inhibition could not be explained

by a photodestruction of the INH by higher light intensities

(Figure 8). In addition, when ALA-fed shoots were illuminated

prior to INH treatment there was a complete mitigation of the

inhibitions and changes in *SA of the tetrapyrroles which we

ascribe to the effect of INH (Table 5). If light and INH were

supplied simultaneously, then the full inhibitory effects were

expressed. If the ALA-fed tissue were placed in darkness,

followed by INH in light or were in INH in dark, followed by

light, the effects were the same: INH inhibited tetrapyrrole
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synthesis and caused a significant rise in the *SA of both

PROTO and PCHLD. In summary: exposure of seedlings to light

prior to INH treatment prevented the manifestation of INH's

effects (the mechanism for this action will be discussed in

section IIIA).

The doubling of the PROTO *SA could indicate a rapid turn-

over, as was observed before in the dark, and correlates well

with the protoheme turnover observed in greening barley (22).

The change in the *SA of PCHLD could indicate an effect of INH

between PCHLD and CHL. In addition, we should probably address

the fact that a significant portion of the ALA available for

tetrapyrrole synthesis - in these ALA—fed shoots - is derived

from ALA synthesis. The decrease in PROTO *SA, seen when ALA-

fed shoots exposed to 4 hr of light were placed into darkness

for 4 hr, could conceivably indicate an increase in the pro-

portion of PROTO derived from cold ALA. We have noted that

the total levels of tetrapyrroles following dark incubation

are significantly lower than following the corresponding light

incubation (cf 81 nmol/gm and 259 nmol/gm), suggesting that

ALA uptake may be lower in the dark. This is consistent with

Sundqvist's findings that there is a transient permeability

of etiochloroplasts to exogenous ALA depending on whether in

the light or dark (105). A decreased uptake of labelled ALA,

after the seedlings have been transferred to darkness, could

be responsible for the observed dilution. However, in a

light-dark transition we should observe a decrease in endo-

genous ALA, since the ALA synthesizing enzymes turnover
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rather rapidly in the dark (30). The contradiction between

this fact and our observation remains unexplained.

B. Reversal by ALA 

The INH-inhibition of chlorophyll was chemically reversible

only by ALA. Feeding potential precursors of ALA to seedlings

did not reverse the INH-inhibition, neither did pyridoxine, a

precursor of pyridoxal phosphate, nor nicotinamide, an antago-

nist of INH in mammalian tissues; nor did amino acid mixtures,

products of transaminase action (Table 1). The reversal by

ALA of the INH-inhibition of CHL synthesis was demonstrated

to be concentration dependent (Figure 9). This ALA concentra-

tion effect saturates at ~5 mM ALA, with only 80% of the CHL

inhibition being reversible. This suggests that a portion of

the total inhibition of CHL formation - which we observe -

is caused by an inhibition of ALA synthesis. This inhibition

of ALA might be the consequence of: 1) either an inhibition of

the synthesis of ALA itself or one of its precursors and/or

2) the feedback regulation of ALA formation via INH-induced

PROTO accumulation (see Figure 16). The remaining 20% of the

total inhibition of CHL synthesis may perhaps be due to an

INH-block between PROTO and PCHLD. Consistent with this

explanation is the observation that none of the precursors of

ALA or other chemicals, which we used, would reverse the INH-

inhibition of CHL. These compounds were simply unable to

overcome the multiple inhibitory effects of INH, resulting from

its several sites of action.
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C. Reversal by Nicotinamide 

If barley shoots were fed ALA to by-pass the effects of INH

on ALA formation, we could attempt a chemical reversal of those

particular effects of INH directed against sites in tetrapyrrole

formation. The reversal by light of the INH—inhibition as

well as various reports of INH acting antagonistically against

the NAD pool (121, 122, 120, 88) prompted us to explore the

possibility that INH acts on tetrapyrrole formation via the

pyridine nucleotides.

In mammalian cells, INH is known to enzymatically exchange

for the nicotinamide moiety of NAD (121, see Figure 3).

Nicotinamide also antagonizes this exchange by NADase in cer-

tain mammalian tissues (122). In addition, NADase has been

found in plants and is competitively inhibited by nicotina-

mide [Ki= 28 mM] (44). We believed that if INH was acting via

the pyridine nucleotides on tetrapyrrole synthesis, and if

this action was manifested through NADase, then pre-treatment

of shoots with NAmD should, presumably, inhibit the NADase

and prevent the INH effects. When barley shoots were pre-

incubated in 50 mM nicotinamide and then fed ALA — with and

without INH - we observed a significant decrease in the inhi-

bitions by INH of all tetrapyrrole accumulation as well as a

directional change, that is rise or drop, in their *SA's when

compared to the INH controls (Table 5). Not only did the

nicotinamide appear to reduce the INH—inhibition of tetra-

pyrrole formation, particularly PCHLD (from 82% to -3%), but

also eliminated the large rise in the *SA attributed to an
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INH-stimulated turnover of PROTO (from a ratio of 1.81 to .63).

Moreover, a change in *SA, opposite in direction to that

observed in INH controls, implies that nicotinamide mitigates

the effects of INH. These results suggest that INH may act on

tetrapyrrole synthesis via the pyridine nucleotide pool.

III. The Mechanisms of INH Action on the

Biosynthesis of Tetrapyrroles and
 

ALA: A Hypothesis 

Our results, suggesting an INH involvement with pyridine

nucleotides, is consistent with a mechanism of INH action

described in other organisms (120). INH is clinically used as

a tuberculostatic agent against Mycobacterium tuberculosis the
 

bacterium responsible for tuberculosis. Since there is a

direct correlation between INH's lethality and NAD content,

the primary mode of action of INH against Mycobacterium appears

to be on the pyridine nucleotide pool. INH not only inhibits

the synthesis of NAD, but also stimulates the degradation of

NAD, lowering the NAD content of the cell and affecting

numerous metabolic processes of the organism. In the brain

tissue of pigs, INH is readily exchanged with the nicotina-

mide moiety of NAD by NADase (55, 122). The NADase from

lupines (44) and from certain mammalian tissue (51) is inhi-

bited by nicotinamide; the lupine NADase has an apparent Ki =

28 mM. The inhibition of mammalian NADases by nicotinamide is

uncompetitive whereas that of the lupine NADase is competitive

(51). The NADase from pig brain promotes the formation of
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the corresponding pyridine analog of NAD from both INH and 3

-acety1pyridine; these analogs in turn stimulate the activity

of NADase. Although there is an apparent difference in the

kinetic properties of the NADases from the tissues of lupine

and pig brain, we can attempt a correlation of the effects of

various pyridine analogs on the activity of NADase in pig

brain with their effects on chlorophyll synthesis in barley.

For example, nicotinamide, under specified experimental con—

ditions, inhibits pig brain NADase by 50%. Under these same

conditions, nicotinic acid inhibits the NADase by only 2%,

whereas INH stimulates the activity of the enzyme by 3% (55).

In barley, nicotinamide has little effect on CHL synthesis over

a range of concentrations, inhibiting at best 17% (Table 7).

Nicotinic acid, on the other hand, is a potent inhibitor of

CHL synthesis, inhibiting by 60% compared to 78% for INH. It

seems, therefore, that pyridine analogs, which inhibit NADase,

have little effect on the synthesis of CHL, whereas those

analogs which do not inhibit NADase (e.g., NA), or stimulate

NADase (e.g., INH) are respectively more effective inhibitors

of CHL synthesis. This lends support to the notion that INH

may act through its effect on NADase. A stimulation in NADase

could result in not only a net reduction in the pool of NAD

present but also an increase in the amount of the pyridine

nucleotide analog, INH-NAD. It also seems possible that the

INH-NAD analog might be the "active” compound responsible for

the inhibitory effects of INH on tetrapyrrole synthesis, which
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we observe (cf 121). Pyridine analogs are known to inhibit

dehydrogenases such as lactate dehydrogenase (114), for

example. A direct consequence of decreased dehydrogenase

activity as well as a decreased pool of physiologically active

NAD may be an alteration of the redox potential of the cell

(114). 3-Acetylpyridine, for example, which like INH, stimu-

lates NADase in pig brain, very effectively inhibits glucose—

6—phosphate dehydrogenase (Ki= 30 uM). The inhibitory effects

of the analogs of NAD on dehydrogenases are most probably due

to the stereospecific nature of these enzymes and their re-

quired coenzyme. The NAD-linked dehydrogenases require C-4

hydrogens of NAD to be in A or B configuration. An analog of

NAD, substituted in C—4 of the pyridine moiety as in the case

of INH, could be expected to interfere with the normal function

of a NAD‘linked dehydrogenase (114). We might therefore

speculate on a mode of action for INH involving anabolic

reactions requiring pyridine nucleotides.

A. Mechanism of INH Action on the Biosynthesis of Tetrapyrroles 

INH action on tetrapyrrole biosynthesis via the pyridine

nucleotide pool is a reasonable possibility. It is known, for

example, in Rhodopseudomonas spheroides that bacteriochloro- 

phyll synthesis is regulated by the ratio of reduced/oxidized

pyridine nucleotide (101). Redox also appears to be important

for ALA synthase activity. In addition, there may be several

sites in the Mg-branch of the porphyrin pathway from PROTO to

CHL in higher plants which appear to require pyridine



115

nucleotide (see Figure 17): l) the conversion of MgPROTO ME

to PCHLD appears to follow a series of B-type oxidation

reactions (27, 28, 29) which by analogy to fatty acid oxida—

tion involves NAD-linked dehydrogenase and therefore contains

a potential site for INH(-NAD) action. If INH inhibits at a

point between MgPROTO ME and PCHLD then in the presence of

ALA and INH, we should expect however an accumulation of

MgPROTO, MgPROTO MB, or some other intermediate, which has not

yet been observed in any of our experiments. 2) The attachment

of PCHLD to the holochrome requires NADPH (19) to form a

PCHLD—holochrome-NADPH complex. Apparently, NADPH is necessary

for the conversion of the photoinactive PCHLD628 species -

which accumulates in the presence of exogenous ALA — to the

phototransformable PCHLD650 species. This could be a major

site of INH action, preventing the conversion of PCHLD628 to

PCHLD650. This also tenders a possible explanation for PCHLD

being more sensitive to INH than other tetrapyrroles. In fact,

it has been suggested that a possible site for the regulation

of CHL synthesis may be the PCHLDézg/PCHLD650 conversion which

is controlled by the NADPHzNADP ratio (42). 3) Pyridine

nucleotide may also be involved in the phytylation of CHLD to

CHL. The geranylgeraniol adduct of CHLD is reduced through

a dihydro- and tetrahydro-intermediate to phytol, presumably

by pyridine nucleotide (98). A site of action.forINH beyond

PCHLD formation is also suggested by the effects of INH on

PCHLD and CHL in our [14C]—ALA labelling experiments. Inhi—

bitors of phytol synthesis are good inhibitors of CHL
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Potential sites for INH action on the bio-

synthetic pathway between protoporhyrin and

chlorophyll.

Site

Site

Site

Site

The B-oxidation of Mg PROTO ME to PCHLD

The attachment of PCHLD to the

628

holochrome

The stepwise reduction of CHL-ger-

anylgeraniol to CHL-phytyl

The Mg-chelation of PROTO
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synthesis. SAN 6706, an inhibitor of carotenoid synthesis

(92) and amitrol, which causes the accumulation of inter—

mediates between CHLD and CHL, inhibit both phyt01 accretion

and CHL synthesis (94). It is therefore, possible that INH

could inhibit CHL synthesis by interfering in the stepwise

reduction of geranylgeraniol to phytol. 4) Another possi-

bility for INH action via the pyridine nucleotide pool, ex-

plaining the fact that we never see any tetrapyrrolic inter-

mediates accumulate other than PROTO and PCHLD, is that INH

inhibits MgPROTO formation from PROTO. Indeed, the addition

of pyridine nucleotide to isolated chloroplasts stimulates the

formation of MgPROTO from L-glutamate (116). Intermediates

of the tricarboxylic acid cycle stimulate the formation of

MgPROTO in Rhodopseudomonas (34) and in cucumber chloroplasts

(Castelfranco, personal communication). This stimulation of

MgPROTO synthesis by TCA intermediates appears to be an effect

on pyridine nucleotides. If, indeed, pyridine nucleotide is

required for the insertion of the Mg2+ ion into the tetra-

pyrrolic ring of PROTO, then an INH site of action at this

step in the CHL pathway is conceivable.

In summary: there appear to be at least four sites in the

Mg-branch of the tetrapyrrole pathway between PROTO and CHL

formation, requiring pyridine nucleotide. These sites may be

susceptible to INH, if the action of the hydrazide is via an

antagonism of the pyridine nucleotide pool.

The INH analog of NAD may have an additional mode of action

on metabolism other than on pyridine nucleotides. At an optimal
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concentration of 500 uM, the INH-NAD analog catalyzes photo-

phosphorylation in illuminated chloroplasts from spinach

(15). At higher concentrations, the INH-NAD analog has been

suggested to act an an uncoupler (15). Conceivably, the

effects of INH an tetrapyrrole synthesis are manifested in an

inhibition of ATP synthesis. There is an essential requirement

for ATP not only in the synthesis of MgPROTO (21, 34) in the

insertion of the Mg2+ but also in the photoconversion of PCHLD

to CHLD (49). It is possible to envision a mechanism for INH

action via an uncoupling of ATP synthesis which, in turn,

affects the synthesis of these tetrapyrroles. In this regard,

we may also see differential inhibitions of synthesis of ALA,

PROTO, PCHLD, and CHL, if the Km's for ATP of each of these

synthetic steps are different. If the primary mechanism for

INH action is through its effect on ATP synthesis, then the

inhibitions by INH of the intermediates of CHL biosynthesis

should be expressed as a general inhibition of all anabolic

processes through a reduction in the available energy supply.

We would, therefore, expect an inhibition of ATP synthesis to

be much more detrimental than an interference of the pyridine

nucleotide, since ATP is more crucial for metabolism.

A Possible Mechanism of Action for INH: The Interaction of 

the INH—NAD Analog and the Pyridine Nucleotide Pool and Its 

Relation to Light.--The antagonism of the INH-inhibition of 

tetrapyrrole synthesis by light might be explained in terms

of an alteration of the concentration of the INH—NAD analog in
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barley tissue. It is known, for example, that the 3-acety1

pyridine and INH analogs of INH can be photoreduced by chloro-

plasts (15). Only the oxidized, as opposed to reduced, form

of the INH—NAD appears to be active in chloroplasts, catalyzing

photophosphylation; the reduced form is inactive (15). If

we could speculate that by altering the ratio of reduced to

oxidized pyridine nucleotide in a shoot, then we might be able

to reduce the inhibitory effects of INH, which we observe.

NADase will only attack the oxidized forms of NAD(P), that is,

catalyze the exchange between INH and oxidized NAD (120, 122).

In the dark, only 25% of the total chloroplastic NADP(H2) and

2-5% of the NAD(HZ) are in the reduced form (45). This is the

ideal redox state for the full expression of INH's inhibitory

effects. INH inhibits maximally under dark conditions which

is precisely the effect we observe in our experiments with

light/dark transitions (cf Table 4). In the dark, NADase may

readily promote the formation of INH-NAD from the highly

oxidized pyridine nucleotide pool. An increased concentration

of INH-NAD may then in turn inhibit tetrapyrrole synthesis

upon illumination. Admittedly, in light the INH-NAD analog

should undergo reduction. It is not known, however, whether

the reduced form of INH-NAD is as efficacious an inhibitor

against dehydrogenases as its oxidized counterpart - this

would seem likely - or whether the rate of analog reduction

is slower than the rate of native NAD reduction. Both alter—

natives offer plausible explanations for our observations

that there is no reduction in INH efficacy when INH and light

 



 

121

are given to seedlings simultaneously. If seedlings are

illuminated prior to INH treatment, we see an attenuation of

the inhibitory effects of INH. Upon exposure to light, up

to 60% of total chloroplastic NAD(P)H2 is reduced, this

represents, however, a transient state. Within minutes after

light exposure, the reduced state becomes oxidized (45).

A reducing environment would represent a redox condition un-

favorable for the expression of INH's inhibitory effects.

Since NADase catalyzes the formation of INH-NAD only from NAD -

not from NADH - there would be a significant drop in available

substrate for the NADase. Presumably, a reduction in the

concentration of INH-NAD bespeaks a reduction in the expressed

inhibitory effects of INH on tetrapyrrole synthesis. However,

this presumed reducing environment in achloroplast lasts for

only a few minutes and could not adequately explain why ex-

posure to light prior to INH treatment will attenuate the

effects of INH. We have also not determined the minimum

duration of light exposure necessary for mitigating the

inhibitory effects of the hydrazide. It would seem that a

requirement for just a brief exposure (minutes) would support

a hypothesis involving pyridine nucleotides; longer exposures

(hours) might suggest another mechanism. Unfortunately, we

do not know enough about the redox status of an illuminated

chloroplast for long term (4 hrs in our experiments) to

justify or disqualify a hypothesis involving light and a

mechanism of INH action involving the pyridine nucleotide

pool.
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As noted earlier, nicotinamide elicits a strong inhibition

of NADases (51, 122) and at 50 mM (Table 5) appears to reverse

the inhibitory effects of INH on tetrapyrrole synthesis in

barley shoots. When seedlings are pre-incubated in nicotina—

mide in the dark, to inactivate the NADase, and followed then

by simultaneous exposure to light and INH treatment, we see a

dramatic reduction in the effects of INH compared to those

observed without nicotinamide treatment (Table 5). Although

the redox status of the cells in the dark is oxidized, the

presence of the nicotinamide presumably causes an inactivation

of NADase (cf 114) and thereby prevents the conversion of NAD

to its potent analog, INH-NAD upon the addition of INH in the

light.

The seedlings require a period of nicotinamide feeding prior

to INH treatment, before reduced inhibitory effects are seen.

Nicotinamide has little effect in reversing the inhibition by

INH if both chemicals are supplied at the same time. This

suggested a slow uptake of NAmD and/or a lag in the inactiva-

tion of the NADase. In conclusion, we can speculate that

INH may have its effect on tetrapyrrole synthesis via a

perturbation of the pyridine nucleotide pool.

B. Mechanism of INH Action on the Biosynthesis of 6-Amino- 

levulinic Acid

ALA formation is inhibited by INH to a lesser degree (50%)

than is CHL formation (78%) (Figure 6). Previously, we could

attribute only a portion of this total inhibition of ALA
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formation to a feedback inhibition of its synthesis (section

I). It, therefore, seems likely that INH is inhibiting either

the synthesis of one of ALA's precursors or the actual bio-

synthetic reaction(s) of ALA itself.

By using various structural derivatives of pyridine, we

could demonstrate that the inhibitors can be divided into

several classes based on the extent to which they inhibit ALA

formation (Table 7). In order to determine whether or not

the inhibition of ALA synthesis is via an effect on pyridine

nucleotides - as that of chlorophyll may be - we attempted to

show a relationship between the effects of these analogs on

NADase (from pig brain) and the extent of their inhibition of

ALA formation. 3-Acetylpyridine, pyridine-4-carboxyaldehyde,

and INH stimulate NADase by 75, 24, % respectively, whereas

nicotinic acid and nicotinamide inhibit by 2 and 50% (55);

the corresponding percent-inhibitions of ALA formation for

these analogs are: 48, 24, 50, 85, -3% (Table 7). There is

consequently no obvious relationship between the effect of

the analogs on NADase and their inhibition of ALA synthesis

unlike the relationship we could draw in the case of chloro-

phyll synthesis. This suggests that the mode of action of

INH on ALA synthesis may be different from the mode of action

which we have proposed for INH on the formation of tetrapy—

rroles derived from ALA. In agreement is the observation that

nicotinamide pre—treatment had little effect on the inhibition

of ALA formation by INH (Table 6A). Since nicotinamide would

 



124

not reverse the INH effect, we may assume that the direct

action of INH on ALA synthesis is not primarily due to an

interference with the pyridine nucleotides. If it is not a

NAD effect, then what is the mechanism of action of INH on

ALA formation?

A pre-treatment of light will mitigate more than half of

the total INH-inhibition of ALA synthesis (Table 6A). This

light reversible portion of the total inhibition of ALA may

be attributable to one of two possibilities: I) the effect is

the direct manifestation of INH-induced PROTO feedback inhi-

bition, and light will reverse this effect, or 2) NAD is,

indeed, involved in the INH action on ALA synthesis, consis-

tent with light reversibility but less probable in view of our

earlier arguments. In consideration of the second possibi-

lity, NADPH is required in the synthesis of ALA, regardless

of which ”variation" of the C-5 pathway we are discussing.

In the glutamate-l-semialdehyde aminotransferase pathway

(Figure l), NADPH serves as the reductant for the dehydrogenase

responsible for the synthesis of glutamate-l-semialdehyde

(54). In the DOVA transaminase pathway, a NADPH-dependent

dehydrogenase converts a—KG to DOVA (43, 73). Since pyridine

nucleotide is involved in all presently proposed hypotheses

for ALA formation, it seems possible that a portion of the

INH-inhibiiton of ALA synthesis may be a reflection of some

perturbation of the pyridine nucleotide pool. If, indeed,

this is the case then the contradiction that nicotinamide does

not reverse a portion of the observed inhibition is not fully
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understood - unless there is an additional site for INH on

pathway for ALA synthesis, which is not a NAD effect. INH

may therefore have two sites of action on ALA synthesis and

one of which is not nicotinamide reversible.

That portion of the inhibition of ALA which is not light-

reversible may be due to an inhibition of pyridoxal phosphate.

Preliminary results suggest that pre-treatment with pyridoxine

- a presumptive precursor of pyridoxal phosphate - may facili-

tate a partial reversal of the INH~inhibition of ALA synthe-

sis (Table 6B); pyridoxine appears to reverse ca. one-half

of the total inhibition. By itself, this piece of data is

merely suggestive, however, it is consistent with: 1) an

inferred role for pyridoxal phosphate in the transamination

of either DOVA or glutamate-l-semialdehyde to ALA, and 2) a

clear requirements of pyridoxal phosphate for the synthesis

of ALA in Euglena chloroplasts (96) and in cell-free prepara-

tions from maize (43). Additionally, Kanangara et a1. (53)

have shown that the biosynthesis of ALA from L-glutamate-

U-14C involves a transamination step. The transamination

inhibitors aminooxyacetate and cycloserine effectively inhibit

glutamate-l-semialdehyde aminotransferase in a soluble pro-

tein fraction from greening barley plastids (54). These

results suggest that INH may act on ALA synthesis through an

antagonism of not only pyridoxal phosphate but also of NAD.

We had hoped to show the effect of INH on the incorpora-

tion of [1-14C] glutamate into ALA in order to clarify the
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site of action of INH on ALA formation in barley. Although

this procedure has been previously done in barley shoots

(6), we had much difficulty in incorporating significant

amounts of label into the ALA and unfortunately, the experi-

ment could not be done.

It has recently been shown, however, that ALA is synthe-

sized in the blue-green alga, Anabaena variabilis exclusively 

via the C-5 pathway (Avissar, unpublished results). In

addition, it is a well accepted fact that blue-green algae

are the progenitors of higher plant chloroplasts and have an

identical carbon metabolism to that of chloroplasts (67); for

example, both possess the Calvin cycle and pentose phosphate

shunt (103). Therefore, due to these apparent metabolic

similarities between chloroplasts and blue—green algae, and

the algae's "propensity" for making ALA, we examined the

effects of INH on the incorporation of various precursors of

ALA into ALA in Anabaena. Much to our surprise, we found

that INH (40 mM) stimulated by 30% the incorporation of the

best precursor, [14C(U)] glutamate, into ALA (Table 14),

However, when we examined the effects of INH on the incorpora—

tion of [14C(U)]q-ketoglutarate into ALA, we found that it

inhibited the incorporation by 89%. These results infer a

14
site of action for INH between d-KG and glutamate. The CO

2

evolution data support this hypothesis. The hydrazide stimu—

lated the respiration of labelled o-KG and inhibited the

respiration of labelled glutamate by 25 and 37%, respectively.

It has been suggested that the synthesis of ALA involves the
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transamination of q-KG to glutamate (54). The presence of

such transaminases is known in both blue-green algae and

higher plant chloroplasts (58): these enzymes require pyri~

doxal phosphate. An equally plausible alternative for the

synthesis of glutamate from q-KG is glutamate synthase (GOGAT),

which reductively aminates q-KG from glutamine. Glutamate

synthase is found exclusively in the cloroplasts of higher

plants and vegetative cells of blue-green algae; it too is

inhibited by the transaminase inhibitor aminooxyacetate (72,

114, cf 54). Glutamine, a substate for GOGAT, is synthesized

by the enzyme glutamine synthetase (GS) in the cytoplasm

(cf 57), and appears to be the major product of 14C-glutamate

metabolism in leaves of V1313 faba (80). In barley, we have

noted that methionine sulfoximine - a specific inhibitor of

GS ~ maximally inhibits CHL synthesis by 50% (data not shown),

the same extent to which we can inhibit ALA synthesis with

INH. This suggests that glutamate for ALA synthesis might be

derived from GS-GOGAT.

Since INH also inhibits the conversion of a-KG to gluta-

mate in blue-green algae, it appears likely that this mode

of action is an antagonism of pyridoxal phosphate as is amino-

oxyacetate's mode of action on GOGAT. Our data on the effect

of arsenite on ALA formation support such a claim for a site

of action for INH between q-KG and glutamate in barley.

Arsenite (A502), known to inhibit lipoate acid-requiring

enzymes, blocks the oxidation of o-KG to succinyl CoA in the

TCA cycle, resulting in the accumulation of d-KG (cf 115).



128

When barley shoots are treated with 25 uM A502 (Table 9), we

observe a stimulation of ALA formation by 87%, presumably

due to an increased conversion of accumulating o-KG to ALA.

When A505 and INH are supplied together, INH eliminates the

stimulation, we observed earlier. However, 50% of the inhi-

bition of ALA synthesis - seen with INH alone - was reversed.

2

sites of action, as shown in the scheme (Figure 18). Arsenite

This suggests that INH and A50 may have closely related

treatment causes an increased flux of q-KG into the biosyn-

thetic pathway for ALA. The hydrazide, as a transaminase

inhibitor, inhibits the conversion of a significant portion

of the accumulating a-KG, induced by AsO', to glutamate in

tissue treated with both INH and A505. Since A50; causes a

partial reversal of the INH-inhibition of ALA synthesis, it

may infer that the primary site of INH-action on ALA synthe-

sis is the transamination of o-KG to glutamate (cf 53).

Our data may also suggest that the pathway using glutamate-

l—semialdehyde is the main pathway for ALA synthesis in

Anabaena and barley (cf 54, 53). If DOVA is the immediate

precursor of ALA, then we should see an inhibition of ALA

synthesis from [14C(U)]-glutamate, since the transaminase con-

verting glutamate to q-KG would be inhibited, such is not the

case (Table 14).

We may speculate that the effects of INH on ALA formation

may be caused by two very different mechanisms of actions:

1) a pyridoxal phosphate antagonism inhibiting the transaminase

 





Figure 18.
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Potential sites for INH action on 6—aminolevul-

inic acid biosynthesis in greening barley.

Site

Site

Site

Site

The pyridoxal phosphate-dependent trans-

amintion of a-KG to glutamate

The NADPH-dependent dehydrogenation of

glutamate-l-phosphate to glutamate-l-

semialdehyde

The pyridoxal phosphate-dependent

transamination of glutamate-l-

semialdehyde to ALA

The feedback inhibition by PROTO on

ALA synthesis
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responsible for glutamate synthesis and/or the glutamate—l—

semialdehyde transaminase, and 2) a light-reversible antagonism

of pyridine nucleotides inhibiting, perhaps, the dehydrogenase

responsible for glutamate-l-semialdehyde formation.

6-Aminolevulinic Acid Synthase (ALSA): Does It Exist In 

Greening Barley Shoots?-—Could any of the INH effects on ALA 

synthesis be attributed to the presence of ALAS? In con-

sideration of the evidence in the barley system that ALA is

formed via the glutamate—l-semialdehyde pathway, it seems

somewhat remote. The apparent pyridoxal phosphate-effect of

INH involved in ALA synthesis seems to be due to either a

direct interference of INH with the semi-aldehyde transaminase

or the glutamate-forming transaminase and not with ALAS. It

is clear from our labelling data in Anabaena that the *SA of

the ALA formed from l4C-Z-glycine was .14% that from 14C(U)-

glutamate (cf 22 cpm/nmol and 15,390 cpm/nmol). There is

essentially no contribution of ALAS to ALA synthesis in blue-

green algae. Whether this is equally true for barley shoots

is not certain. Our experiments with A502 and INH (Table 9)

may suggest that the C-5 pathway is the main pathway for ALA

formation. We would expect the A505, an inhibitor of suc-

cinate formation, would severely inhibit ALA synthase were it

responsible for ALA formation in barley since succinate is

a substrate for this enzyme (cf 70). We see, on the other

hand, a stimulation in ALA synthesis with arsenite.
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Stobart and Hendry (104) suggest that the small amount of

label incorporated into ALA from [14C]—glycine is due to the

levulinate method for ALA determination. At 30 mM levulinate,

for example, the levels of glycine are elevated by 66% com-

pared to controls, this suggests that any labelling by glycine

of ALA could be diluted due to an increased glycine pool and

therefore explain the low levels of label incorporation into

ALA. The intracellular pools of glutamate and glycine in

barley have been reported to be 670 and 140 nmol/g—fresh wt.

(22). If the glycine pool is increased by 66%, there should

relatively little effect on the *SA of glycine as compared to

glutamate - since the amount of labelled precursor supplied

in these comparative labelling experiments is the same for

both amino acids. (In addition, the glycine level which they

claim is l4-fold larger than that reported by Castelfranco

and Jones, 22). Furthermore, levulinate treatment has no

effect on the label incorporated into ALA from [14CI-glycine

in Anabaena; controls without LEV incorporate the same amount

of radioactivity as the LEV-treated (Table 14).

Stobart and Hendry (47) suggest, moreover, that the ALAS

pathway is operative in dark-grown leaves while the C-5 path-

way is of quantitative importance in the light. They claim

the incorporation of [14CI-glycine into ALA in the dark;

however, they show neither their data nor an analysis of the

labelling pattern determining the position of the radioacti-

vity in the ALA carbon skeleton. In order to eliminate the

possiblity that ALA is labelled non-specifically, it is
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necessary to demonstrate that the label from [2-14C] glycine

appears in C—5 of ALA, consistent with a labelling pattern

that ALAS would give.

If however the ALAS pathway does exist in dark—grown

barley, it seems that it would have little significance for

the plastids, since the levels of ALA are barely detectable

in the dark. The light-inducible system for ALA formation

and therefore chlorophyll synthesis appears to be the gluta-

mate pathway. The presence of ALAS in barley remains equi-

vocal, although the possibility exists that the incorporation

of 14
C-glycine into the minute quantity of ALA observed in

the dark is attributable to the synthesis of ALA used in hemo-

protein formation in the mitochondria (cf 5). [It should be

noted however that heme synthesis in rapidly greening barley

has been suggested to be via the C-5 pathway (22).]

IV. Additional Modes of Isonicotinic Acid 

Hydrazide Action

A. INH as a Metal Chelator 

INH demonstrates a very strong affinity for heavy metals

(1). INH, for example, chelates Cu2+ as in the Lowry assay

(unpublished observation) and forms, when mixed with an equal

molar solution of Cu2+, an INH-Cu2+ complex (3). In light of

the fact, that chelators of iron - such as q,a'~dipyridy1 and

8-hydroxyquinoline - induce the synthesis of Mg-porphyrins

in etiolated beans and barley (95, 25, 40), it seems rather

 



134

important to consider the effects of INH on tetrapyrroles as

a consequence of metal chelation. The most notable effect on

tissue treated with iron chelators is the large accumulation

of MgPROTO ME (25, 95). INH-treated barley seedlings do not

appear to accumulate MgPROTO ME. Moreover, dipyridyl stimu—

lates both the biosynthesis of Mg—porphyrins, in the absence

of ALA, and the biosynthesis of ALA itself in beans; we

observe neither effect in barley. These chelators act to

inhibit heme synthesis, thereby removing a reputed feedback

inhibition by heme on the rate-limiting step(s) of tetra—

pyrrole formation (25), thus deregulating the synthesis of

ALA and Mg~tetrapyrroles. We observe, however, the opposite

effects with INH: inhibitions of both ALA and PCHLD. If INH

were acting as an iron Chelator, then we should not observe

the reversals of INH effects with light or nicotinamide

treatments. Other porphyrinogenic compounds like pyridine-

Z-aldoximine, pyridine-Z—aldehyde, and picolinic acid do not

display the inhibitory profile of INH. This suggests that

the modes of action of INH, which we see, are not due to any

intrinsic potential to chelate metals.

B. INH as a Photorespiratory Inhibitor of the Glycolate 

Pathway

INH inhibits the photorespiratory conversion of glycine

to serine in Chlorella and in leaves of higher plants (87,

59, 99). This conversion is catalyzed by the combined action

of glycine decarboxylase and serine hydroxymethyltransferase
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in the mitochondrion (59). Apparently, INH affects the

pyridoxal phosphate-dependent decarboxylation reaction

responsible for the photorespiratory evolution of CO2 in

higher plants (59). In order to determine whether the effects

of INH which we see were due to an inhibitory effect on photo-

respiration, we screened several chemical inhibitors - known

to block the glycolate pathway - for their ability to inhibit

ALA and chlorophyll synthesis. The two inhibitors (10 m):

glycine hydoxamate, a glycine analog which presumably blocks

the conversion of glycine to serine, and a-HPMS, an inhibitor

of glycolate oxidase, stimulate ALA synthesis by llOand 52%,

respectively (Table 11). This is quite inconsistent with the

effect we obtain with INH. Additional pieces of data do not

support a role of INH‘s action on ALA and CHL as a consequence

of its effect on the photorespiratory pathway: 1) glycine,

which accumulates in the presence of INH (87, 99), stimulates

ALA formation by 26% at 20 mM (Table 11), 2) INH is slightly

inhibitory of the glutamate-glyoxylate aminotransferase (87),

which, according to Zelitch (123, 71), causes an accumulation

of glutamate. Glutamate should, at least, stimulate ALA

formation, and 3) unlike INH, both glycine hydroxamate and

q-HPMS* do not inhibit CHL formation (Table 11). From these

 

*Hendry and Stobart (48) have found, to the contrary,

that 10 mM q—HPMS inhibits CHL synthesis by 39%. Their

illumination period was 22 hr compared to 8 hr for our ex—

periments. q—HPMS is known to be unstable after exposures of

light longer than several minutes (Tolbert, personal communi-

cation). It is possible that their effects are a consequence

of the relase of the sulfonic acid group upon light-stimulated

degradation of d-HPMS).



 

136

observations, it seems apparent that INH does not act on ALA

and CHL formation in the same manner as any of the inhibitors

of the glycolate pathway. The apparent stimulations of ALA

synthesis by glycine hydroxamate and a-HPMS may be due to an

inhibition of carbon flow through the glycolate pathway, which

may compete indirectly with the biosynthetic pathway of CHL.

Blocking glycolate oxidation with a-HPMS, for example, inhi-

bits photorespiration in leaf discs from tobacco and increases

net photosynthesis by 50% (84). Perhaps, this accounts for

the increased ALA formation. Glycine hydroxamide may stimu—

late glutamate accumulation, since an inhibition of the gly-

cine to serine conversion results in the accumulation of

glyoxylate and glutamate (cf 84). In addition, we have shown

that INH is fully capable of acting as an inhibitor of the

mitochondrial conversion of [l-14C]-glycine to serine, in-

hibiting by 83% (Table 12). Although INH clearly inhibits

the photorespiratory glycolate pathway, its effects on ALA

and tetrapyrrole synthesis do not appear to be a manifestation

of this particular site of action.

V. Summary

In overview, we have seen that INH does not act with one

specific mode of action on the pathway of chlorophyll bio-

synthesis. Isonicotinic acid hydrazide proved therefore to

be a non-specific inhibitor, and not just the pyridoxal-

phosphate antagonist for which it was originally intended.
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The hydrazide appears to have several inhibitory sites in

the tetrapyrole pathway. There seems to be a site of action

on ALA synthesis and a site on tetrapyrrole synthesis, pre—

sumably between the synthesis of PROTO and PCHLD. The

partial reversal of chlorophyll synthesis by ALA supports a

direct effect of INH on ALA synthesis. The accumulation of

PROTO and large increase in the *SA of this porphyrin With INH

treatment in [14C]ALA-fed tissue support a site for INH action

after PROTO formation. Both light and nicotinamide pre-

treatment mitigate the inhibitory effects of INH on tetra-

pyrroles. We have offered a hypothesis for the INH effects

on tetrapyrroles formation involving a perturtation of the

pyridine nucleotide pool. In contrast, the hydrazide appears

to act differently on ALA synthesis. In this case, INH may

act like a pyridoxal phosphate antagonist.

In conclusion, INH has offered a means to examine the

sensitivity of the chlorophyll biosynthetic pathway to an

inhibitor with several modes of action. Its apparent involve-

ment in antagonizing both pyridoxal phosphate - requiring

reactions and the pyridine nucleotide pool has given us some

insight on the regulation of the biosynthesis of tetrapyrroles

in greening barley. Since INH appears to be rather non-

specific due its various modes of action, the hydrazide is not

an ideal inhibitor for in vivo experimentation.
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APPENDIX

Hutner's Nutrient Medium 

Hutner's stock (—Mg2+): 59 X normal strength

Solution A: in ~400 ml glass distilled water, chemical

in grams  
Ca(NO - 35.4

3)2

EDTA(free acid)* - 50.0

KZHPO4 - 40.0

KOH (85% pellets) 24-26

NH4NO3 — 20.0

* EDTA not very soluble unless under alkaline conditions

Solution B: in ~300 ml glass distilled water  ZnSO4'7H20 - 6.59

H3B03 - 1.42

NaZMO4-2HZO- 2.52

CuSO °5H O - 0.394
2 2

+ l N HCl until cloudiness disappears

Solution C: ~100 ml of water

FeSO °7H O - 2.49
4 2

Add solution A and B, adjust pH with l N HCl, then add

solution C and bring up to correct volume.

Mg:+Stock: 25 gm MgSO4-7HZO/liter of glass distilled

wa er

Hutner's Nutrient Solution: 25 ml of Hutner's stock +

25 ml MgZ+ stock and bring volume up to 2% liter with

water.
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