
CHAPTER 5 

Inhibition of Photosynthesis 

N. E. Good and S. Izawa 

I. Introduction 180 
II. The Overall Mechanism of Photosynthesis 180 

III . Light-Dependent Reactions of Chloroplast Lamellae 181 
IV. Partial Reactions of Photosynthesis in Isolated Chloroplast Lamellae. . . 184 

V. Inhibitions of Electron Transport and Phosphorylation in Chloroplast 
Lamellae 185 
A. Definitions 185 
B. Examples of Electron Transport Inhibition 187 
C. Examples of Uncoupling 193 
D . Examples of Energy Transfer Inhibition 199 

VI . Inhibition of the Fixation and Reduction of Carbon Dioxide 201 
A. Cyanide 202 
B. Iodoacetic Acid and Iodoacetamide 203 
C. Nitrite 204 
D . Miscellaneous 204 

VII . Photorespiration and the Inhibition of Photosynthesis by Oxygen 204 
VII I . Indirect Inhibitions and the Physiological Control of Photosynthesis 206 

I X . Conclusion 209 
References 210 

Abbreviations 

CCCP, carbonylcyanide 3-chlorophenylhydrazone; DAD, diaminodurene 
(i.e., 2,3,5,6-tetramethylphenylenediamine) ; DCCD, dicyclohexylcar-
bodiimide; DCIP, 2,6-dichlorophenolindophenol; DCIPH2, reduced form 
of 2,6-dichlorophenolindophenol; DCMU, 3-(3,4-dichlorophenyl)-1,1-di-
methylurea (i.e., diuron); FCCP, carbonylcyanide 4-trifluoromethoxy-
phenylhydrazone; FRS, ferredoxin-reducing substance; HQNO, 2-n-
heptyl-4-hydroxyquinoline iV-oxide; NQNO, 2-n-nonyl-4-hydroxyquino-
line iV-oxide; P700, the photosystem I reaction center chlorophyll, which 
is oxidized and bleached in far-red light; PGA, 3-phosphoglyeerie acid; 
PMS, phenazine methosulfate (active component, A^-methylphenazonium 
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ion); TCIP, 2,3',6-trichlorophenolindophenol; TFTB, 4,5,6,7-tetra-
bromo-2-trifluoromethylbenzimidazole. 

I. INTRODUCTION 

This chapter is concerned almost entirely with photosynthesis in the 
restricted classical sense, the reduction of carbon dioxide by electrons 
from water. Space does not permit us to consider other interesting and 
important biological processes that use light as the major source of en
ergy, namely the reduction of nitrogen, nitrate, and sulfate with electrons 
derived from water, hydrogen sulfide, or organic materials. However, 
the reader should keep in mind that many organisms capable of true 
photosynthesis are also capable of some of these photoreductive reac
tions. Indeed the photoreductions of nitrate and sulfate probably play 
a crucial role in the metabolism of all higher plants, while the reduction 
of molecular nitrogen by blue-green algae is of major significance in 
many ecosystems. Nevertheless, the photochemical reduction of carbon 
dioxide by water is of truly overwhelming importance and we make 
no apology for thus restricting our discussion here; moreover, we have 
discussed inhibitions of bacterial photosynthesis elsewhere (1). 

An understanding of the factors that influence photosynthesis should 
be the concern of all. This is particularly true at a time when the exten
sive use of photosynthesis inhibitors such as Atrazine constitutes one 
of the most powerful tools of modern agronomy and when the adverse 
effects of the wastes of our industrial society on photosynthesis have 
yet to be evaluated. The main emphasis of this chapter, however, is 
not.on economic or ecological considerations but rather on the role that 
inhibitors have played in elucidating the physiology and biochemistry 
of photosynthetic processes. 

II. THE OVERALL MECHANISM OF PHOTOSYNTHESIS 

It is not possible to discuss inhibitions of photosynthesis without first 
considering the processes that combine to capture light and to fix and 
reduce C 02. Historically two quite different approaches have been 
utilized in the study of photosynthesis. Workers in some laboratories 
have concerned themselves with the bioenergetics of the process that 
converts light energy into the chemical energy of stable metabolic inter
mediates. In this area of research the use of inhibitors has played a 
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major role. Other workers have concerned themselves primarily with 
the "path of carbon" as elucidated by the progress of isotopically labeled 
carbon dioxide through the pools of intermediates along the route to 
the synthesis of biological materials. The latter studies have made only 
limited use of inhibitors. 

The two aspects of the mechanism of photosynthesis can be succinctly 
summarized by two equations, each of which represents a fairly complex 
series of reactions. 

light 
2 H 20 + 2 N A D P + + n A D P + nPi > 0 2 + 2 N A D P H + 2H+ + rcATP (1) 

energy 
C 0 2 + 2 N A D P H + 2H+ + m A T P - > C ( H 20 ) + 2 N A D P + + w A D P + mPi (2) 

In these equations C ( H 20 ) represents a molecule of C 0 2 reduced to 
the carbohydrate level. It is well, however, to remember that carbohy
drate is not the sole end product of photosynthesis. The end products 
also include amino acids, fats, organic acids, and indeed the full roster 
of cell substances. Therefore, the exact balance of C 0 2 fixed to NADPH 
utilized to ATP utilized can vary. When carbohydrate is formed by 
the Calvin cycle (2) about 1.5 ATP molecules are required for every 
NADPH utilized, but more ATP may be required if carbohydrate is 
formed by the C4-dicarboxylic acid cycle discussed below (3) or if sub
stances other than carbohydrate are formed. Similarly the number of 
ATP molecules produced by the reaction of Eq. (1) is a matter of con
jecture. Since the mATP required for C 0 2 reduction should depend on 
the cell's activities it would seem advantageous to the plant to have 
a variable supply of ATP (n) made available by the photoreactions. 
There is evidence that this is indeed the case (see cyclic photophos-
phorylation below). 

The reactions that make up Eq. (1) are confined to the chlorophyll-
containing lamellae of photosynthetic organisms. This makes their study 
in isolation very convenient since the lamellae of higher plants can be 
isolated with great ease. In these higher plants the reactions of Eq. 
(2) are primarily or wholly confined to the stroma, the interlamellar 
matrix of the chloroplasts. 

III. LIGHT-DEPENDENT REACTIONS 
OF CHLOROPLAST LAMELLAE 

The scheme depicted in Fig. 1 summarizes current conjectures about 
the mechanism by which NADPH and ATP are formed. At best these 
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FIG. 1. Proposed model of the mechanism of electron transport and phosphoryla
tion in illuminated chloroplast lamellae (thylakoids) : Y, unknown primary electron 
donor for photosystem I I ; Q, unknown primary electron acceptor for photosystem 
II (fluorescence quencher); PQ, plastoquinones; Cyt f, cytochrome f; PC, plasto-
cyanin; P700, reaction center chlorophyll of photosystem I ; X , unknown primary 
electron acceptor for photosystem I ; Fd, ferredoxin. See text for explanation. 

conjectures provide a reasonably accurate picture of real events, while 
at worst they serve as a useful aid in the classification of a mass of 
otherwise chaotic and unrelated observations. In the figure the two heavy 
arrows indicate the movement of electrons which constitutes the primary 
photochemical charge separation. The lighter straight solid lines repre
sent transfer of electrons by light-independent thermochemical reactions. 
The curving solid lines represent transfer of redox energy used in ATP 
synthesis through intermediates of unknown nature. Broken lines 
(arrows) represent reactions of intermediate electron carriers with un
natural electron donors or electron acceptors. The latter reactions are 
only in a limited sense biological and must be looked upon as convenient 
artifacts. 
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In this scheme, first proposed by Hill and Bendall (4), electrons are 
removed from the weak electron donor water and given to the strong 
electron donor ferredoxin, which then reduces NADP

+
 to NADPH via 

ferredoxin-NADP
+
 reductase. It is obvious that a great deal of energy 

is required to transfer electrons from the weak reductant water to the 
strong reductant ferredoxin when thermodynamics so favors the opposite 
reaction. The requisite energy is made available by two sequential photo
chemical reactions. Each of the two photochemical reactions is associated 
with a somewhat different pigment system and is probably associated 
with a different structure (5). Photosystem II is associated primarily 
with the form of chlorophyll a that absorbs shorter-wavelength (about 
670 nm) light and with the major portion of the accessory pigments 
(chlorophyll b in green plants, phycobilins in red algae and blue-green 
algae). After absorption of light by these "light-harvesting" or "an
tennae" pigments the excitation is transferred to certain chlorophyll 
a molecules (the as yet undetected "reaction center" chlorophyll) 
uniquely situated with regard to the primary electron acceptor Q. If 
this acceptor is in its accepting (oxidized) form it takes an electron 
from the excited reaction center chlorophyll. The resulting oxidized chlo
rophyll removes an electron from a donor of unknown nature Y (also 
termed Z in some literature). The oxidized Y extracts electrons from 
water, ultimately yielding the fully oxidized form of water, oxygen. [For 
theories concerning these last two steps see recent articles (6, 7) ] . In 
Fig. 1, the complex of reactions on the oxidizing side of photosystem 
II is represented as region 1 of the electron transport chain. Factors 
affecting the activities of this region and other regions (2, 3, and 4) 
will be discussed in a later section. 

The primary electron acceptor of photosystem II, Q, has never been 
identified. However, its oxidation-reduction level can be estimated from 
the fluorescence yield of photosystem II. If at a given instant Q is 
reduced it cannot accept electrons from the excited chlorophyll and there
fore the excited chlorophyll wastes its energy, partly as heat and partly 
as reemitted light (fluorescence). There is therefore an inverse relation
ship between the amount of Q in its accepting oxidized form and the 
fluorescence yield of the absorbed light. Oxidized Q is said to "quench" 
fluorescence and hence the designation Q for quencher (8). 

Electrons are passed from photosystem II to photosystem I via a 
number of carriers, and at least one molecule of ATP is made for every 
pair of electrons traversing this route. Plastoquinones and the two 
metal-containing proteins, cytochrome f and plastocyanin, seem to be 
involved in the transport. Most of the plastoquinones probably act near 
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the electron-donating side of photosystem II. Cytochrome f and plasto-
cyanin, a copper protein, undoubtedly act near the electron-accepting 
side of photosystem I, since long-wavelength light absorbed by photo
system I causes the oxidation of cytochrome f (9) while transport of 
electrons to NADP

+
 (from water or from artificial donors) through pho

tosystem I is inhibited by the removal of plastocyanin (10). The site 
of phosphorylation apparently lies between Q and cytochrome f since 
the presence of ADP and Pi speeds the transport of electrons from 
photosystem II to cytochrome f, which has been previously oxidized 
by photosystem I (11). 

The light used in driving photosystem I is absorbed mainly by a 
chlorophyll a that absorbs longer-wavelength (>680 nm) light and to 
a much lesser extent by chlorophyll b. Since, at 700 nm or above, the 
tail end of the absorption spectrum of chloroplasts is mostly due to 
photosystem I chlorophyll, the illumination at > 700 nm results almost 
exclusively in photosystem I activity. This differential response to long 
wavelengths is the most widely used method of experimentally distin
guishing the activities of the two photosystems. As in photosystem II, 
light absorbed by photosystem I ultimately excites certain uniquely sit
uated reaction center chlorophyll a molecules. In this instance electrons 
are transferred from the excited reaction center chlorophyll to the pri
mary electron acceptor X, which may be identical with FRS, the isolated 
ferredoxin-reducing substance (12). The resulting oxidation of the reac
tion center chlorophyll leads to a loss of chlorophyll absorption and 
a consequent difference in absorption between the illuminated and un-
illuminated chloroplasts. This difference spectrum has a peak at 700 
nm, the P700 of Kok (13). The oxidized reaction center chlorophyll, 
P700

+
, accepts electrons from reduced cytochrome f and/or reduced plas

tocyanin. Reduced X can now donate electrons either to ferredoxin (and 
therefore ultimately to NADP

+
) or to any one of a large number of 

unnatural electron acceptors. 

IV. PARTIAL REACTIONS OF PHOTOSYNTHESIS 
IN ISOLATED CHLOROPLAST LAMELLAE 

As pointed out immediately above and as shown in the dotted lines 
of Fig. 1, a number of substances can intercept electrons otherwise 
destined to reduce NADP

+
. If these artificial or unnatural acceptors 

are ionic or otherwise hydrophilic (viologens, flavins, quinone sulfonates, 
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etc.) they accept electrons from X, whereas if they are strongly oxidizing, 
lipophilic substances (quinones, quinonediimides) they seem to accept 
electrons near the Q side of photosystem II (14). It may be that hydro-
philic strong oxidants such as ferricyanide can accept electrons from 
X and at a low rate from the complex of electron carriers in the vicinity 
of P700. 

Somewhere along the pathway of electron transport from water to 
the lipophilic acceptors there is probably another site of ATP synthesis. 
This second site of phosphorylation is not indicated in Fig. 1 since its 
location remains a mystery (14). 

Various substances can donate electrons along the transport pathway 
between the two photosystems. Among these are reduced indophenols 
(DCIPH2, etc., often kept reduced by an excess of ascorbic acid), re
duced AT-methylphenazonium (PMS), reduced pyocyanine, and diamino-
durene (DAD) . When reduced indophenols donate the electrons phos
phorylation is usually feeble, but very high rates of ATP synthesis are 
associated with the transport of electrons from reduced PMS, reduced 
pyocyanine, or DAD. Since the oxidized forms of these substances accept 
electrons from X readily, these substances are capable of catalyzing 
a cyclic and therefore normally unmeasured flow of electrons. Hence, 
in the presence of PMS, pyocyanine, or DAD there can be a high rate 
of phosphorylation with no net electron transport, the well-known 
"cyclic" photophosphorylation (15, 16). It is not yet certain that this 
cyclic phosphorylation utilizes the site of ATP formation depicted in 
Fig. 1. Another site may be involved (17). 

Some reducing compounds preferentially donate electrons to Y or some 
substance between water and Y. These include ascorbate, hydroquinone, 
p-phenylenediamine (18), hydroxylamine (19), diphenylcarbazide (20), 
Mn

2+
 (21), etc. 

V. INHIBITIONS OF ELECTRON TRANSPORT AND 
PHOSPHORYLATION IN CHLOROPLAST LAMELLAE 

A. Definitions 

The light-energy-conserving reactions of chloroplast lamellae sum
marized in Eq. (1) may be inhibited in any of three ways: 

1. Substances or treatments that interfere with the absorption or uti
lization of light prevent the transfer of electrons and are therefore said 
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to inhibit electron transport. Two trivial and self-evident examples will 
serve to illustrate this type of inhibition, namely extraction of the chlo
rophyll or omission of an electron acceptor. More commonly, electron 
transport inhibition results from the removal or inactivation of one or 
more of the intermediate electron transport carriers. It is characteristic 
of electron transport inhibition that electron transport and the associated 
ATP formation are depressed to a similar extent and that electron trans
port is equally inhibited whether or not phosphorylation occurs. Figure 
2a illustrates a typical case of electron transport inhibition. 

2. Electron transport may be dissociated from ATP formation. This 
dissociation frees the electron transport in such a manner that it may 
proceed appreciably faster than when coupled to phosphorylation. Elec
tron transport rates become indifferent to the presence of ADP and 
Pi, and ATP formation ceases. This dissociation of electron transport 
from phosphorylation is known as uncoupling. Figure 2b illustrates a 
typical case of uncoupling. 

DCMU ( / t f x I O

8
) N H4C I ( / t f x I O

3
) P h l o r i z i n ( / t f x I O

3
) 

FIG. 2. Electron transport ( E T ) and phosphorylation processes in illuminated 
suspensions of chloroplasts. Electron transport was measured as ferricyanide reduc
tion. In the "complete" reaction mixture A D P , inorganic orthophosphate ( P j ) , 
and M g

2+
 were present and A T P was formed at the indicated rates, (a) The charac

teristic effect of a typical electron transport inhibitor, D C M U ; (b) the effect 
of a typical uncoupler, ammonia; (c) the effect of a typical energy transfer (phos
phorylation) inhibitor, phlorizin. (Data are from unpublished experiments by the 
authors; see also 55, 84). 



5. INHIBITION OF PHOTOSYNTHESIS 187 

3. The phosphorylation process itself may be inhibited. In effect this 
type of inhibition resembles the omission of ADP or Pi. As with un
coupling, ATP formation is inhibited but, unlike uncoupling, the extra 
phosphorylation-dependent electron transport is also inhibited. Such in
hibitions are referred to as phosphorylation inhibition, or as "energy 
transfer inhibition," since there is a blocking of the transfer to ATP 
of the energy made available by oxidoreduction reactions of electron 
transport. Figure 2c illustrates a typical case of energy transfer 
inhibition. 

B. Examples of Electron Transport Inhibition 

1. INHIBITION OF WATER OXIDATION (REGION 1 OF FIG. 1) 

Two criteria are used to locate an inhibition in region 1 of the electron 
transport pathways. First, such inhibitions usually decrease the fluores
cence yield of photosystem II. Since electrons can no longer be trans
ferred to the primary acceptor, Q becomes largely oxidized and in this 
form quenches the fluorescence by stabilizing the photochemical charge 
separation. Second, electron transport is restored by artificial electron 
donors such as hydroquinone, ascorbate, p-phenylenediamine, etc. (see 
Section IV) . These electron donors are believed to supply electrons on 
the oxidizing side of photosystem II both because they restore the fluores
cence loss referred to above and because their oxidation is prevented 
by inhibition of transport of electrons through region 2 of Fig. 1, e.g., 
by DCMU. On the basis of one or both of these criteria, it is believed 
that the following inhibit the water oxidation steps of photosynthesis. 
[For details of these and other subjects related to the mechanism of 
0 2 production, see reviews (22, 23).] 

a. Manganese Deficiency. Algae grown in the absence of Mn lose 
their ability to use water as an electron donor while retaining their 
ability to use hydrogen gas (24). Reversible inactivation and reactivation 
of water oxidation by the removal and restoration of Mn has been suc
cessful only in living cells (25, 26). Moreover, light is required in vivo 
for the reactivation of the 02-producing system (26-28). Manganese 
is tightly bound to the lamellar membranes; it is not readily removed 
by such treatments of isolated chloroplasts as physical disruption, digi-
tonin treatment, dialysis against chelating agents, etc. (26). However, 
under certain conditions Mn is released from the membranes with a 
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simultaneous loss of 02-producing capacity (see Sections b, d, and e 
below). 

b. Aging of Isolated Chloroplasts. Isolated chloroplasts rapidly lose 
their ability to oxidize water while retaining their ability to use DCIPH2 
as electron donor (photosystem I activity) for a long time (29). Selective 
inactivation of water oxidation (in region 1 of Fig. 1) can be achieved 
by mild heat treatment (e.g., 2-3 minutes at 50°C; prolonged treatment 
seems to affect also region 2) (21, 30, 31). By this treatment Mn is 
largely lost from the chloroplast lamellae (30). A similar "aging" (31) 
and Mn removal (26) can be effected by exposing chloroplasts to low 
pH (e.g., 4) or high pH (8.5-9). 

c. Chloride Removal (32). Chloride ion is involved as a "cofactor" 
in the water oxidation step (33) although the salts of several other 
strong monobasic acids (Br

-
, NO

3
", etc.) can substitute (32, 34, 35). 

Isolated chloroplasts can be rendered CI" deficient, with some difficulty, 
by repeated washings in CI" free medium at alkaline pH (34, 35). A 
high degree of CI" deficiency has been achieved only when the chloro
plasts were first uncoupled by removal of the coupling factor by EDTA 
treatment (33). The inhibition is readily reversed by the addition of 
5 X 10"

3
 M CI" or Br". 

d. Hydroxylamine, Ammonia, and Methylamine. Hydroxylamine, a 
classical inhibitor of photosynthesis (36), blocks the oxidation of water 
(37). High concentrations of ammonia (cf. 29) and methylamine also 
inhibit water oxidation in isolated chloroplasts (33). The unprotonated 
amine seems to be the active form and therefore the inhibition is more 
pronounced at high pH (33, 38). At pH 8, concentrations of ammonium 
salts above 10"

2
 M and methylamine salts above 0.1 M are strongly 

inhibitory, but at lower concentrations or lower pH the uncoupling effects 
of these typical amines predominate (see Section V,C). Hydroxylamine 
is a much weaker base and probably partly for this reason is effective 
at lower pH and low concentrations, 10"

4
-10"

3
 M. In some reaction sys

tems, however, a complication may arise from the fact that hydroxyl
amine can serve as an electron donor for photosystem II (19, 33). The 
mechanism of these amine inhibitions appears complex. Short-term in
hibition by ammonia is reversible (38), but in most other cases the 
inhibition seems closely associated with the irreversible loss of Mn from 
the lamellar membranes (39, 40). With this Mn loss the capacity for 
the photooxidation of ascorbate and p-phenylenediamine also declines 
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but, unlike the decline in water oxidation, only to a certain level ( ^ 40% 
of control) (89). 

e. Tris Washing. Washing chloroplasts with tris buffer at high pH 
(e.g., pH 8.8) or at high concentrations (0.8 M at pH 8) inactivates 
the water-oxidizing ability of chloroplasts, undoubtedly by a mechanism 
related to amine inhibition, without seriously impairing the phosphoryla
tion mechanism (18). This tris inactivation has been reported to be 
largely reversed by treatment of the chloroplasts with reduced DCIP 
(41). Certainly more study is needed to reconcile this observation with 
the fact that the tris washing releases Mn from the lamella (40). 

2. INHIBITION ON THE REDUCING SIDE OF PHOTOSYSTEM II (REGION 2 OF 

FIG. 1) 

Many of the best-known and most widely used inhibitors of photo-
synthetic electron transport seem to act at this level, on the basis of 
one or more of the following criteria. First, cyclic photophosphorylation 
(e.g., with PMS as electron carrier) and the photoreduction of NADP

+ 

with certain artificial electron donors (DCIPH2, DAD, etc.) are not 
inhibited. Second, the photoreduction of cytochrome f, plastocyanin, 
and P700 is inhibited but their photooxidation is not (22). Third, the 
fluorescence yield of photosystem II is increased; this is interpreted 
as evidence that Q becomes almost totally reduced, which in turn sug
gests that it is no longer capable of passing its electrons to photosystem 
I (8, 22). The mechanism of inhibitions in this region is as totally 
unknown as is the chemical identity of the target electron carrier (s). 
The diversity of the chemical nature of effective inhibitors would seem 
to suggest the involvement of more than one inhibition mechanism 
and/or site. 

a. Phenylureas. These substances were introduced by du Pont as herbi
cides and were only later described as exceptionally potent and specific 
inhibitors of photosynthetic electron transport (42). They are highly 
effective either in vivo (higher plants or algae) or in isolated chloro
plasts. The inhibition is completely reversible. The two most widely 
used are known to biochemists by their acronyms DCMU and CMU, 
for 3- (3,4-dichlorophenyl) -1,1-dimethylurea and 3- (4-chlorophenyl) -
1,1-dimethylurea. Agronomists, on the other hand, prefer the generic 
names diuron and monuron and are incensed by the confusion introduced 
by the nonconformist biochemists. Diuron (DCMU) is so effective that, 
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under usual reaction conditions, a concentration of less than 10
-7
 M 

gives more than 50% inhibition of electron transport in isolated chloro
plasts. Evidence shows that DCMU is strongly absorbed by chloroplasts 
with a partition coefficient of >100 (43). Hence, DCMU concentration 
is better expressed as the amount of inhibitor in each chloroplast. The 
number of essential catalytic sites sensitive to DCMU is very small, 
not more than one for many hundreds of chlorophyll molecules (43). 
Much higher concentrations of DCMU ( > 1 0

-4
 M) produce a secondary 

effect, an inhibition of cyclic photophosphorylation probably through 
uncoupling (44)- Many structurally related compounds such as chloro-
phenyl carbamates (45) and acylchloroanilides (46) are also potent in
hibitors that almost certainly act at the same site as DCMU. For the 
structure-activity relations of these and other herbicidal inhibitors see 
reviews (47, 48). 

b. Symmetrical Aminotriazines. These were introduced by Geigy as 
herbicides and one of them, Atrazine, 2-chloro-4-(2-propylamino)-6-
ethylamino-s-triazine, is used very extensively, particularly in America, 
for the control of weeds in corn (Zea mays). The usefulness of these 
substances in agriculture can be attributed to the fact that corn rapidly 
detoxifies them whereas most weeds do not (47). It has not been possible 
to distinguish biochemically between the site of triazine inhibition and 
the site of phenylurea inhibition (49, 50) and there seem to be equal 
numbers of sites sensitive to these two classes of inhibitors (43). 

c. 1,10-Phenanthroline (Orthophenanthroline). This was the only re
liable inhibitor of photosynthetic electron transport (32) before the in
troduction of DCMU, and it is still useful. About 10~

5
 M orthophenan

throline gives a freely reversible 50% inhibition. The inhibition site 
has not been distinguished from the DCMU inhibition site (50). It is 
well known that this substance forms a strong complex with Fe

2+
 and 

other heavy metals, but it is not clear if metal chelation represents 
the inhibition mechanism. 

d. Miscellaneous. The 2-alkyl-4-hydroxyquinoline oxides HQNO and 
NQNO (for 2-heptyl and 2-nonyl compounds), which inhibit electron 
transport in mitochondria, also inhibit electron transport in chloroplasts 
(51), probably in region 2 (52). Antimycin, also a well-known respira
tory chain inhibitor, affects chloroplasts as do phenolic uncouplers (Sec
tion V,C) ; i.e., at higher pH the inhibition of electron flow becomes 
stronger, while at lower pH an uncoupling effect predominates (53). 
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The inhibition seems to occur in region 2 (52). The reported specific 
inhibition of "ferredoxin-cyclic" photophosphorylation (54) has been 
questioned (55). Dicoumarol, pentachlorophenol (Section V,C), and 
n-butyl-3,5-diiodo-4-hydroxybenzoic acid (56) block electron transport 
probably in region 2 (33). Uracils (57), imidazoles, benzimidazoles (58), 
and triazinones (59), many of which are herbicides, also inhibit chloro
plast electron transport. They are often compared (probably rightly) 
with phenylureas or s-triazines, but in fact the sites of their action 
have not been resolved beyond the level of the general area around 
photosystem I I . 

3. INHIBITION ON THE OXIDIZING SIDE OF PHOTOSYSTEM I (REGION 3 OF 
FIG. 1) 

This is a very hazy area. The best criteria for inhibition at this level 
should be (a) inhibition of electron transport when substances such as 
DAD or DCIPH2 serve as donors, (b) inhibition associated with the 
removal or inactivation of cytochrome f or plastocyanin, and c) preferen
tial inhibition of electron transport when the acceptors are hydrophilic 
rather than lipophilic (see Section IV) . As yet there are few completely 
unambiguous cases of such inhibitions although there is some very sug
gestive preliminary evidence. 

a. Plastocyanin Removal. Chloroplasts can be fragmented either with 
digitonin (a nonionic detergent) or by sonic means without destroying 
the photochemical apparatus. However, plastocyanin then leaks out and 
with its loss the ability of chloroplast fragments to reduce NADP

+
 either 

with water or with DCIPH2 as electron donor is also lost. Restoration 
of the plastocyanin restores these activities. Ferricyanide reduction in 
these particles is resistant to the loss of plastocyanin (60, 61) (see, 
however, Section c below). Recently an antibody to purified plastocyanin 
has been prepared and shown to inhibit cyclic photophosphorylation 
in small chloroplast fragments (62). 

b. Inactivation of Cytochrome f. This cytochrome cannot be removed 
from chloroplasts without totally demolishing them. There is some evi
dence, however, that chloroplasts deficient in functional cytochrome f 
can be formed in mutant strains of Chlamydomonas (63). We find it 
somewhat surprising that chloroplasts from such mutants are still 
capable of cyclic photophosphorylation since this raises serious questions 
about the pathway of cyclic electron transport. 
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c. Cyanide. Cyanide, a powerful inhibitor of photosynthetic C 0 2 fixa
tion (see Section VI ) , has no immediate effect on the electron transport 
system even at 1 0

-2
 M. However, when chloroplasts are incubated for 

1 hour with 1 0
2
 M cyanide (plus a trace of ferricyanide) they lose 

the ability to reduce ferricyanide (64, 65) or methyl viologen (65) with
out a corresponding loss of ability to reduce lipophilic electron acceptors 
such as p-quinonediimide (65). This strongly suggests that high concen
trations of cyanide block electron transport in region 3 (Fig. 1 ) . Since 
isolated plastocyanin reacts with 1 0

-2
 M cyanide at a rate that could 

reasonably account for the incubation requirement for chloroplast inhibi
tion, it is suspected that plastocyanin inactivation may be the cause 
of inhibition (65). Salicylaldoxime, a chelating agent for Cu

2 +
, has been 

shown to react with plastocyanin too slowly to explain the inhibitory 
effect observed at high concentrations (66). 

4. INHIBITION ON THE REDUCING SIDE OF PHOTOSYSTEM I (REGION 4 OF 

FIG. 1 ) 

Inhibition of the reduction of N A D P
+
 by ferredoxin can be determined 

unambiguously since this reaction can be studied in isolation. Moreover, 
the flavoprotein enzyme that catalyzes the reaction (67, 68) is capable 
of other reactions that can be followed easily (69-71). Inhibition of 
the reduction of ferredoxin and artificial electron acceptors by photosys
tem I is not as readily characterized, and reliable criteria for this site 
of inhibition are few. Since the hydrophilic strong oxidant ferricyanide 
seems to accept electrons, in part at least, from the cytochrome f-plas-
tocyanin-P700 region of the electron transport chain, it follows that 
inhibitions in region 4 should be less effective in inhibiting the reduction 
of ferricyanide than in inhibiting the reduction of N A D P

+
, flavins, or 

viologens. 

a. Removal of a Ferredoxin-Reducing Substance (FRS). Extreme 
fragmentation of chloroplasts releases not only plastocyanin (see above) 
but also a smaller protein that is essential for the reduction of ferredoxin 
or methyl viologen but not for the reduction of ferricyanide. This sub
stance can be reduced and then used subsequently to reduce ferredoxin 
in vitro (12). It is thus a good candidate for the role of X in Fig. 1. 

b. Antibodies to the Ferredoxin-R educing Substance. Rabbits can be 
induced to produce antibodies to chloroplasts and chloroplast fractions. 
The action of some of these antibodies is most easily interpreted in 
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terms of an inhibition of the activity of the ferredoxin-reducing substance 
(FRS) since inhibition by the antibodies fits the criteria of inhibition 
at this level (72). Moreover, the inhibition is abolished by excess isolated 
FRS (12). 

c. Disalicylidenepropanediamine-l,2-disulfonic Acid. At 10~
3
 M this 

substance does not inhibit the reduction of ferricyanide or p-benzo-
quinone but it does inhibit the reduction of NADP

+
. Reduction of 

NADP
+
 by reduced ferredoxin is not inhibited, however. It has been 

suggested, therefore, that the inhibitor blocks electron transfer from X 
to ferredoxin (73). 

d. Ferredoxin-NADP
+
 Reductase Antibodies. An antibody from rab

bits injected with purified ferredoxin-NADP
+
 reductase inhibits the 

photoreduction of NADP
+
 by isolated chloroplast lamellae, and it also 

inactivates and precipitates the reductase in vitro (74, 75). 

5. INHIBITION AT AN UNKNOWN LOCUS 

Exhaustive removal of C 0 2 inhibits electron transport in isolated chlo
roplasts (76, 77). The inhibition is reversible. There is little or no effect 
on the quantum efficiency, and therefore the C 0 2 removal must affect 
a rate-limiting dark reaction (78, 79). The site of inhibition has never 
been identified. 

C. Examples of Uncoupling 

It is very difficult to discuss intelligently the processes involved in 
the uncoupling of electron transport from phosphorylation without some 
understanding of the coupled reaction. Yet it is a sad fact that bio
chemists have little understanding of either oxidative phosphorylation 
or photophosphorylation. It is clear, however, that these activities of 
mitochondria and chloroplasts are basically very similar. It is also clear 
that membranes are involved and that the energy conservation step 
can be associated with movements of ions that result in the formation 
of ion gradients across the membranes. This chapter cannot attempt 
a critical evaluation of the diverse interpretations of the role of these 
ion gradients in phosphorylation. The topic has been extensively reviewed 
(80-83). For present purposes it is sufficient to point out that some 
or all of the redox energy conserved in the phosphorylation reaction 
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can be used, reversibly, in creating transmembrane electrochemical po
tential gradients. Therefore, anything that causes membranes to become 
"leaky" to ions may provide a wasteful energy sink, thus permitting 
electron transport to continue without any measurable phosphorylation. 
It is often possible to interpret the action of uncouplers and uncoupling 
conditions in terms of induced permeability of the membranes to one 
or more kinds of ion, although a full explanation of uncoupling in these 
terms has not yet been provided. In Fig. 1 we have used a wavy line 
to represent uncoupling as the dissipation of some form of conserved 
energy designated as ~ . This dissipation could represent loss of an essen
tial electrochemical potential gradient through ion leaks or it could repre
sent catalysis of the breakdown of some chemical intermediate. 

Most of the following uncouplers and inhibitors of photophosphoryla
tion have been reviewed rather extensively elsewhere (84). A more recent 
review also covers the effect of these compounds on bacterial photosyn
thesis (1). 

1. AMMONIA AND SIMPLE ALIPHATIC AMINES 

These uncouple electron transport from phosphorylation in isolated 
chloroplasts but not in mitochondria or bacterial chromatophores (38, 
85, 86). The amount of uncoupling is approximately proportional to 
the amount of unprotonated ammonia or amine. Presumably the un
charged form penetrates the lamellar membranes freely, and uncoupling 
therefore increases with increasing pH (38, 86). Amine-uncoupled elec
tron transport is usually associated with uptake of the amine (87) to
gether with other cations (88) and available anions (89). Consequently, 
the thylakoids swell (90). However, the relation of these ion movements 
to uncoupling is obscure. With high concentrations of salts such as NaCl, 
the swelling is very great but uncoupling is much diminished. On the 
other hand, with very low concentrations of ambient ions ammonia does 
not seem to be taken up and there is no swelling. Nevertheless, the 
latter conditions are the condition of maximum uncoupling. Valinomycin, 
which makes the membranes highly permeable to K

+
 and somewhat 

permeable to other monovalent cations including NH
4
" (91), enhances 

ammonia uncoupling both in chloroplasts (92) and in subchloroplast 
particles (93). In the absence of valinomycin, fragmented chloroplasts 
are highly resistant to ammonia uncoupling (93). We have elaborated 
the complexities of this situation, not to confuse the reader, but rather 
to caution him against facile and simplistic interpretations of the role 
of ion movements in phosphorylation and phosphorylation uncoupling. 
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2. COMPLEX AMINES: ATEBRIN (94), CHLORPROMAZINE (94), BRUCINE 

(95), AND CHLOROQUINE (35) 

Atebrin and chlorpromazine are known to be uncouplers of oxidative 
phosphorylation. They are also uncouplers of chloroplast phosphoryla
tion. All of these substances are complex molecules of considerable size 
but they have in common a simple amine group, usually on a side chain. 
Chloroplasts uncoupled by any of these complex amines shrink markedly 
during electron transport (90) and there is an extrusion of salts (96). 

3. CARBONYLCYANIDE PHENYLHYDRAZONES : C C C P AND F C C P 

These substances, better described as ketomalononitrile 3-chloro- and 
4-trifluoromethoxyphenylhydrazones, are powerful inhibitors of both ox
idative phosphorylation and photophosphorylation (97). Uncoupling in 
chloroplasts can be relieved by removal of the uncoupler or by addition 
of cysteine (97). In chloroplasts the effective concentrations are 1 0

_ 7
- 1 0 ~

6 

M for F C C P and 1 0 -
6
- 1 0 -

5
 M for C C C P . Higher concentrations inhibit 

electron transport. These phenylhydrazones are weak acids that make 
artificial phospholipid membranes (and hence presumably chloroplast 
lamellae) permeable to hydrogen ions (98, 99). They also inhibit the 
transport of other ions across lamellar membranes (87) and abolish 
chloroplast volume changes that are dependent on electron transport 
(90). 

4. PHENOLS: DINITROPHENOLS, DICOUMAROL, AND PENTACHLOROPHENOL 

These are classical uncouplers of oxidative phosphorylation. However, 
2,4-dinitrophenol (pKa 4 . 1 ) even at 1 0

-3
 M has little effect on chloro

plasts under optimal phosphorylation conditions (pH 8 ) , while un
coupling slightly at pH 6.0 (100). More lipophilic alkylated dinitro
phenols such as 6-(1,2-dimethylbutyl)-2,4-dinitrophenol (pK& 4 .5 ) and 
6-(1-methylpentyl)-2,4-dinitrophenol (pK& 4 .6 ) act as typical un
couplers at pH 7 .6 -8 .0 (effective concentrations, 1 0

_ 6
- 1 0 -

5
 M), but they 

are potent inhibitors at higher pH (101). The better-known 4-isooctyl-
2,6-dinitrophenol is similarly potent as an uncoupler but seems to be 
more inhibitory (102). Dicoumarol and pentachlorophenol are rather 
strong electron transport inhibitors (effective concentration above 1 0

-5 

M) but at pH 6.0 they can also act as uncouplers (103). 
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5. DESASPIDIN 

This phlorobutyrophenone derivative is a potent uncoupler of oxidative 
phosphorylation. The cyclic photophosphorylation in chloroplasts medi
ated by PMS plus ascorbate is severely inhibited by the compound 
at 1 0

7
 M, while noncyclic photophosphorylation is unaffected until the 

uncoupler exceeds 10~
6
 M (104, 105). Originally this difference in sensi

tivity to desaspidin was interpreted as a difference in the sensitivities 
of two different phosphorylation sites. However, there is strong evidence 
that the apparent difference is due to the fact that desaspidin is rapidly 
photooxidized and disappears from the noncyclic systems (106, 107). 

6. PHOSPHATE ANALOGS: ARSENATE AND THIOPHOSPHATE 

Arsenate uncouples chloroplasts only in the presence of ADP (108). 
Arsenate alone does not stimulate the basal electron transport in chloro
plasts. Arsenate and thiophosphate are competitive with phosphate in 
inhibiting photophosphorylation (56, 108). However, arsenate competes 
rather poorly with phosphate. In the ferricyanide-reducing system the 
Ki for arsenate is 8.3 X 1 0

-4
 M, while the Km for phosphate is 5.4 X 10"

4 

M (56). Thus, with arsenate and phosphate in equal concentrations 
the inhibition of phosphorylation is only 3 0 - 4 0 % . Thiophosphate com
petes somewhat more favorably with phosphate but is slowly oxidized 
by ferricyanide (56). The formation of the predicted ADP-arsenate and 
ADP-thiophosphate has not been detected; if these high-energy com
pounds are formed they must break down rapidly and this probably 
explains the uncoupling. 

7. REMOVAL OF "COUPLING FACTOR" 

When chloroplast lamellae are washed with a low-salt medium con
taining EDTA (5 X 1 0 '

4
 Mt pH 7 .8) they become uncoupled (109). 

This uncoupling results from the removal of a proteinaceous coupling 
factor (110), which is a latent, Ca

2+
-dependent ATPase (111). The 

ATPase activity can be activated by trypsin or dithiothreitol. Simple 
salts (NaCl 5 X 1 0

2
 M or MgCL 10"

3
 M) prevent EDTA uncoupling. 

The uncoupled chloroplasts can be partially restored to their original 
coupled condition when incubated with concentrated coupling factor in 
the presence of Mg

2+
 (110). 
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8. POLY-L-LYSINE 

This polyamine uncouples chloroplast electron transport but has little 
effect on the electron-transport-associated pH rise of the medium {112). 
Most other uncouplers do abolish this pH rise. Higher molecular weight 
polymers show stronger uncoupling action. Amounts of polylysine 
equivalent to between 1 0

-5
 and 1 0

-4
 M lysine uncouple, but the monomer 

lysine at these concentrations has little uncoupling effect. 

9. SALICYLANILIDE 

5-Chloro-3- (3-chlorophenyl) -2',4',5'-trichlorosalicylanilide uncouples 
chloroplasts at concentrations between 1 0

-7
 and 10"

6
 M {US). Like poly

lysine, such anilides affect the pH rise of the medium only weakly. 

10. INDOPHENOLS 

2,6-Dichlorophenolindophenol (DCIP) and 2,3',6-trichlorophenolindo-
phenol (TCIP) are useful as electron acceptors for isolated chloroplasts. 
However, in their oxidized forms they are uncouplers (114)- The trans
port of electrons to DCIP is very rapid and independent of phosphoryla
tion when the concentration of this acceptor is greater than 5 X 10~

5 

Mj but at lower concentrations the transport is partially coupled {115). 
It is probable that indophenols have a dual role, functioning both as 
electron acceptors and as uncouplers, since they inhibit the small amount 
of ATP formation that occurs in preilluminated chloroplasts after the 
electron transport has ceased {116). Uncoupling by indophenols occurs 
mostly at low pH where a considerable portion of these substances is 
in the red, lipid-soluble, protonated form (14)- It therefore seems prob
able that these acids share with many other weak acids the ability 
to uncouple (see CCCP, phenols, etc.). 

11. SONICATION, DETERGENT TREATMENT, AND OTHER DISRUPTIVE 

TREATMENTS 

Disruption or damaging of lamellar membranes by physical or chemi
cal methods results in partial to complete uncoupling (117, 118). It 
has been suggested that these methods can cause "site-specific" un
coupling in spinach chloroplasts (n-heptane treatment) (119) and in 
Anabaena particles (sonication) (120). 



198 N. E. GOOD AND S. IZAWA 

12. TRANSPORT-INDUCING ANTIBIOTICS ("IONOPHORES") 

These antibiotics deserve special consideration because of their well-
characterized function as ion carriers and their consequent importance 
as tools for studying the role of ion transport in uncoupling. They can 
be classified as belonging to two major types [121-123). Ionophores 
of the valinomycin type carry K

+
 or other monovalent cations in a 

charged lipophilic complex; with the exception of gramicidin D they 
do not carry H

+
. They stimulate K

+
 uptake in mitochondria. Examples 

are valinomycin, gramicidin D, nonactin, and monactin. Substances of 
the nigericin type carry K

+
 or other monovalent cations in a zwitterionic 

lipophilic complex; they also carry H
+
. They inhibit K

+
 uptake in mito

chondria. Examples are nigericin, dianemycin, and monensin. Only those 
ionophores capable of carrying H

+
 (nigericin type of compounds and 

gramicidin D) act as strong uncouplers of chloroplasts (124-126). The 
nigericin uncoupling is strictly dependent on the presence of K

+
 (124) • 

Valinomycin has little uncoupling effect but it has some tendency to 
act on chloroplasts as an energy transfer inhibitor (93, 126). In the 
presence of K

+
, a combination of valinomycin (which induces K

+
 per

meability but not H
+
 permeability) and dinitrophenol (which induces 

H
+
 permeability) can produce uncoupling of chloroplasts that are rela

tively insensitive to the same concentrations of these substances when 
used singly (125). The same combination suppresses the pH rise of the 
medium associated with electron transport. A similar synergistic un
coupling effect has been observed with a combination of nigericin and 
valinomycin (126). Valinomycin also enhances ammonia uncoupling but 
not methylamine uncoupling in the amine-insensitive subchloroplast par
ticles (93) (see Section V,C,1) . A review article covering the effects 
of ionophores on chloroplasts is available (126a). 

13. MISCELLANEOUS 

Long-chain fatty acids such as linolenic acid are strongly uncoupling 
as well as inhibitory (127). Many common anions such as citrate, phos
phate, or sulfate can uncouple weakly or strongly, depending on other 
ions present and on prior treatment of the chloroplast preparation (128). 
This is an insidious effect that must be guarded against by careful atten
tion to media used and methods of chloroplast preparation. Octylguani-
dine and gramicidin S (which does not carry alkali metal ions) also 
uncouple chloroplasts (56). The uncoupling potencies of 2-alkyl-
benzimidazoles depend critically on the length of the alkyl side chain; 
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compounds with C8 to Ci4 side chains uncouple most strongly (129). 
Finally, it should be reemphasized that whenever amino compounds are 
tested they are usually found to be uncouplers. The major exceptions 
are aromatic amines (which are always very weak bases) and highly 
polar amines such as amino acids and amines with many hydroxyl groups 
(38, 86). 

D. Examples of Energy Transfer Inhibition 

1. Dio-9 

This antibiotic is known to inhibit oxidative phosphorylation. It also 
inhibits phosphorylation and phosphorylation-associated electron trans
port in chloroplasts (130). The inhibition of electron transport is over
come by uncouplers. The Mg

2+
-dependent and the Ca

2+
-dependent 

ATPases and the ATP-Pi exchange reaction of chloroplasts in the dark 
are also inhibited (131). 

2. PHLORIZIN 

This phloretin 2'-/?-glucoside is a well-known inhibitor of the transport 
of glucose across animal cell membranes. It also reversibly inhibits 
photophosphorylation in chloroplasts (132). Uncoupled electron trans
port is unaffected while the phosphorylation-associated electron transport 
is inhibited. The synthetic analogs of phlorizin, 4'-deoxyphlorizin and 
4'-deoxyphloretin 2'-galactoside are equally specific inhibitors of phos
phorylation but are almost 10 times more potent than phlorizin (133). 
The aghicone, phloretin, is a rather unspecific inhibitor of all kinds 
of electron transport. Since the effect of adding phlorizin is similar to 
the effect of omitting phosphate and the inhibition is stronger when 
phosphate concentrations are suboptimal, it seems probable that phlorizin 
is directly involved in the utilization of phosphate (55). 

3. SYNTHALIN (DECAMETHYLENEDIGUANIDINE) 

This substance shares most of its inhibition characteristics with the 
above two compounds except for an indication that cyclic photophos
phorylation may be somewhat resistant (134) • 

4. MERCURIALS 

p-Chloromercuribenzoate (PCMB) at concentrations between 1 0
-5
 and 

1 0
-4
 M acts as a typical energy transfer inhibitor (135). Other mercurials 
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such as p-mercuribenzene sulfonate and phenylmercuric acetate exhibit 
similar inhibition characteristics but sometimes show uncoupling activity. 
The inhibition by PCMB is relieved by cysteine. None of these inhibitors 
can be used in NADP

+
-reducing systems or any other systems involving 

ferredoxin since the iron protein is destroyed by mercurials (136). 

5. A^iV'-DlCYCLOHEXYLCARBODIIMIDE (DCCD) 

This compound inhibits oxidative phosphorylation in mitochondria 
much as does oligomycin, but unlike oligomycin it also inhibits photo
phosphorylation and phosphorylating electron transport in chloroplasts. 
The inhibition of electron transport is only partially relieved by un
couplers, which suggests that the inhibitor may have secondary effects 
on the electron transport chain. In chloroplasts partially uncoupled by 
EDTA, low concentrations of DCCD can stimulate residual phos
phorylation and largely restore the electron-transport-associated pH rise 
in the medium. These observations have been taken to indicate that 
low concentrations of DCCD prevent the breakdown of high-energy 
intermediates while higher concentrations inhibit ATP formation (137). 

6. ANTIBODY AGAINST COUPLING FACTOR 

An antibody against chloroplast coupling factor has been prepared 
from mice immunized against the isolated protein. The serum and the 
purified antibody inhibit the ATPases, the ATP-Pi exchange reaction, 
photophosphorylation, and "acid-bath" phosphorylation in chloroplasts 
(131, 138) but do not inhibit the electron-transport-associated pH change 
in the medium. 

7. MISCELLANEOUS 

It has been reported that at very low concentrations (10
-7
 M) 

tri-n-butyltin chloride inhibits phosphorylating electron transport and the 
basal, nonphosphorylating electron transport but not amine-uncoupled 
electron transport in chloroplasts. The ATPases are said to be unaffected 
(139). Further clarification of the role of this inhibitor is needed. Our 
observations suggest that inhibitions by butyltin chloride in spinach 
chloroplasts are rather unspecific. 4,5,6,7-Tetrabromo-2-trifluoromethyl-
benzimidazole (TFTB) inhibits transport of electrons from water 
whether or not the transport is coupled to phosphorylation. The transport 
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of electrons from reduced indophenols (DCIPH2) to NADP
+
 is not in

hibited but the concurrent phosphorylation is abolished (HO). Phenol, 
o-cresol (HI), salicylaldoxime (11$), and certain chloroacylanilides (44) 
show similar effects. These compounds (TFTB, etc.) may represent a 
special type of energy transfer inhibitor acting very close to the level 
of electron transport. Alternatively they may represent examples of nu
merous deleterious compounds simultaneously affecting two major weak 
points of the lamella-bound photosynthetic apparatus—photosystem II 
and the coupling mechanism (44) • 

VI. INHIBITION OF THE FIXATION AND 
REDUCTION OF CARBON DIOXIDE 

As we have already pointed out, inhibitors have been used relatively 
little in the .study of the processes directly involved in the fixation and 
reduction of C 0 2 (see Eq. (2), Section I I ) . The considerable knowledge 
of such processes is due primarily to the use of radioactive C 0 2 as 
a tracer. Inasmuch as information on inhibitors of C 0 2 reduction is 
scanty our treatment of the subject will be cursory. 

Many biological reactions leading to the production of C 0 2 are theo
retically reversible and therefore, in theory, any of these might be used 
for the primary C 0 2 fixation step in photosynthesis. In fact, however, 
only two C 0 2 fixation reactions seem to have evolved a sufficiently effi
cient coupling to the utilization of NADPH and ATP to account for 
the observed high rates. These two C 0 2 fixation reactions are the car-
boxylation of ribulose diphosphate to form two molecules of phospho-
glyceric acid (PGA) and the carboxylation of phosphoenolpyruvic acid 
to form oxaloacetic acid. Phosphoglyceric acid is reduced to triose phos
phate, then incorporated into sugar phosphates and finally into the cell 
carbohydrates. On the other hand, the oxaloacetic acid can be reduced 
to malic acid and ultimately converted to other acids such as citric 
acid. In some succulent plants, these carboxylation products can be ac
cumulated in large amounts. Ultimately, however, the carboxylation 
products must be reduced and it seems that the C02-derived carboxyl 
of oxaloacetic acid, after its sojourn in oxaloacetic, malic, or citric acid, 
is also donated to ribulose diphosphate. Thus, the PGA reduction path
way seems to be the primary pathway for C 0 2 reduction in any event 
(2). The complex of reactions (Calvin cycle) whereby PGA is reduced 
to carbohydrate, and ribulose diphosphate is regenerated, has been often 
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reviewed (2, 3, 143) and the substance of these reviews need not be 
repeated here. 

In this section we are concerned with inhibitors that block the car
boxylation reaction, the subsequent reduction of the carboxylation prod
uct, and the resynthesis of C 0 2 acceptor. Clearly the inhibition of pho
tosynthesis at any level ultimately results in an inhibition of the fixation 
and reduction of C 0 2 and therefore there is need for criteria distinguish
ing direct from indirect inhibitions of C 0 2 reduction. Direct inhibitions 
occur in spite of the availability of adequate supplies of NADPH and 
ATP, but it is not always easy to decide with in vivo experiments if 
NADPH and ATP are adequate. For obvious reasons direct inhibitions 
of reactions leading to C 0 2 reduction are stronger when C 0 2 concentra
tion limits the rate of photosynthesis. For similar reasons inhibitions 
are sometimes less severe or almost disappear when light is limiting 
(see Section VI,A). Another, more reliable criterion is the absence of 
inhibition of either NADP

+
 reduction or ATP formation in isolated 

chloroplasts. It should be borne in mind, however, that in the naked 
lamellar system (usually employed for the study of electron transport 
and phosphorylation) various sensitive components of the membranes are 
directly exposed to the reaction medium, so that a side effect of a poten
tially useful carbon cycle inhibitor can be exaggerated to an extent that 
might lead the investigator to a misinterpretation of in vivo experiments. 
It is also true that the level of understanding of photosynthetic electron 
transport, phosphorylation, and their interactions with the carbon me
tabolism is not sufficient to preclude unexpected behavior of established 
inhibitors of electron transport and phosphorylation when these are ap
plied in photosynthesis experiments in vivo. 

The location of an inhibition site in the carbon reduction cycle some
times can be deduced from the study of the distribution of

 1 4
C-labeled 

intermediates. If the label accumulates in one of the intermediates and 
decreases in the next intermediate, one is inclined to postulate an inhibi
tion of the interconversion of these two intermediates. If an inhibition 
is suspected to be at the level of an enzyme, final proof comes, of 
course, only when it has also been demonstrated that the isolated enzyme 
reaction is indeed inhibited. 

A. Cyanide 

Cyanide is the classical inhibitor of the carbon dioxide reduction reac
tions of photosynthesis. Since it is also a classical inhibitor of respiration, 
it might be argued that the effect on photosynthesis is indirect, that 
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inhibition of respiration has deleterious effects on the maintenance of 
the photosynthetic machinery. This seems very improbable. In many 
organisms photosynthesis is much more sensitive to cyanide than is 
respiration and, indeed, many algae and higher plants have respiratory 
systems that are insensitive to cyanide (144)- Moreover, in Chlorella, 
cyanide does not totally abolish photosynthesis. It simply reduces photo
synthesis to the compensation point {145). Thus, the addition of cyanide 
to Chlorella suspensions has no effect on the uptake of 0 2 or the release 
of C 0 2 in the dark, but when the light is turned on, C 0 2 production 
and net 0 2 consumption both stop. However, the cessation of net 0 2 
uptake does not mean that respiratory 0 2 uptake has ceased. On the 
contrary, experiments with isotopically labeled 0 2 have shown that 0 2 
uptake is unaffected in the light, but when cyanide is present the respira
tory uptake is precisely balanced by photosynthetic 0 2 production {146). 
This undoubtedly means that the photosynthetic reduction of C 0 2 is 
blocked but the photosynthetic reduction of partially oxidized products 
of respiration (organic acids, etc.) is not blocked. Such an interpretation 
suggests that the site of cyanide inhibition is very close to the primary 
carboxylation reaction. Consistent with this is the observation that 
cyanide causes an accumulation of the C 0 2 acceptor ribulose diphosphate 
and a decrease in the production of PGA (147). For these reasons it 
seems very probable that cyanide inhibits C 0 2 uptake primarily by 
inhibiting ribulose diphosphate carboxylase (carboxydismutase). 

As we pointed out in Section V,B,3,c, cyanide can also inhibit electron 
transport in isolated chloroplast lamellae, probably by reacting with 
plastocyanin (65). However, this inhibition is slow to develop and re
quires high concentrations of cyanide. The concentrations of cyanide 
usually employed to inhibit photosynthesis ( < 1 0

-3
 M) have little effect 

on either electron transport or photophosphorylation in chloroplasts. 

B. lodoacetic Acid and lodoacetamide 

These are rather unspecific inhibitors since they are general alkylating 
agents that react with the sulfhydryl groups of many enzymes. Respira
tion is inhibited in large part because of the great sensitivity of triose 
phosphate dehydrogenase. Photosynthesis is also inhibited and at lower 
concentrations than is respiration. The site of inhibitions of photosyn
thesis is probably not triose phosphate dehydrogenase but is rather in 
the pathway of formation of the C 0 2 acceptor (148, 149) or in the 
carboxylation itself (150). 
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C. Nitrite 

Nitrite, in the form of nitrous acid, inhibits C 0 2 reduction and to 
a lesser extent 0 2 production in Chlorella. Since the 0 2 production is 
less severely inhibited it would seem that nitrite effectively competes 
with C 0 2 for the photochemically formed reductant, NADPH. This com
petition may be favored by the fact that the C 0 2 reduction cycle is 
blocked at the level of the interconversions of the mono- and diphos
phates of fructose and sedoheptulose (151). 

D. Miscellaneous 

Ammonium ion (152), fatty acids (153), malonate (154), azaserine 
(155), and arsenite (156) have been used to inhibit or modify C 0 2 
reduction processes. However, it has not been shown that the primary 
effects of these substances are on the C 0 2 reduction cycle. Many of 
the effects are almost certainly the indirect result of a radically altered 
metabolism. Other of the effects may represent inhibitions at the level 
of electron transport or phosphorylation. 

VII. PHOTORESPIRATION AND THE INHIBITION 
OF PHOTOSYNTHESIS BY OXYGEN 

For more than 50 years it has been known that 0 2 inhibits photosyn
thetic C 0 2 assimilation (145), a phenomenon known as the "Warburg 
effect" after its discoverer. Despite the obvious analogy in terminology, 
however, it would be a mistake to conclude that this effect is in any 
way analogous to the "Pasteur effect." Pasteur's inhibition of glycolytic 
C 0 2 production by 0 2 is probably quite simply explained, since much 
less oxidative C 0 2 release than glycolytic C 0 2 release is needed to satisfy 
the cell's requirement for ATP. No similar single explanation of the 
Warburg effect has yet been proposed. 

Inhibition of photosynthesis by 0 2 is most pronounced when C 0 2 con
centration is low and light intensity is high, conditions routinely experi
enced by plants at midday. It has been shown that there is a marked 
increase in respiration associated with the same conditions. Probably 
this increase in respiration, now widely known as photorespiration, is 
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in large part responsible for the Warburg effect. At the time of writing 
it would appear that 0 2 alters the C 0 2 reduction pathways in the chloro
plast in favor of the more oxidized product glycolate (157, 158). Gly-
colate then diffuses out of the chloroplast and into the peroxisome, where 
it undergoes further oxidation (159). In algae, however, this last step 
seems to be lacking. In these organisms glycolate oxidation follows a 
different pathway and is somewhat restricted so that glycolate often 
accumulates or is excreted into the medium (160). Whether a shift to
ward glycolate metabolism is the full explanation of the Warburg effect 
is not entirely clear. In isolated chloroplasts the 02-induced shift of 
reduction products is accompanied by a decrease in the total C 0 2 reduced 
(161). Furthermore, preilluminated algae fix less C 0 2 in the dark if 
0 2 is present (162). Consequently, we cannot yet rule out the possibility 
that 0 2 has some direct effect on photosynthesis, either by modifying 
the activity of enzymes in the carbon reduction pathway or by oxidizing 
reductants otherwise destined for use in photosynthesis. 

Photorespiration and the related Warburg effect are widely encoun
tered among higher plants and algae. The phenomena are responsible 
for a greatly decreased efficiency of photosynthesis at high light intensi
ties, especially under field conditions of high 0 2 and low C 0 2. Photo-
respiration is also responsible for a marked rise in the C 0 2 compensation 
point, that concentration of C 0 2 at which photosynthesis and respiration 
balance. Plants exhibiting photorespiration are thus at a disadvantage 
both in terms of photosynthetic rates and in terms of competition for 
C 02. It is not surprising, therefore, that some specialized land plants 
(notably grasses of tropical origin but also many genera and species 
from other families) have evolved mechanisms that prevent photorespira
tion. As a result 02-resistant plants such as corn (Zea mays) are often 
much more efficient and productive under field conditions than are plants 
with photorespiration. The practical and theoretical implications of the 
distinction between plants with and without photorespiration have ex
cited agronomists, ecologists, and biochemists alike. Consequently, these 
distinctions are currently the subject of intensive research and many 
comprehensive reviews of the topic have been written recently (3, 160, 
163). 

Photorespiration-resistant plants exhibit several striking biochemical 
and anatomical modifications. The C02-fixing reaction may be primarily 
the carboxylation of phosphoenolpyruvate instead of the carboxylation 
of ribulose diphosphate (164). Since the "first products" of photosynthe
sis are therefore four-carbon compounds instead of the three-carbon 
phosphoglyceric acid, these photorespiration-resistant plants have come 
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to be called " C 4 plants" in contrast to the photorespiring " C 3 plants." 
Unlike C3 plants, C4 plants have heavy concentrations of chloroplasts 
in the sheaths about the vascular bundles in their leaves. These bundle-
sheath chloroplasts differ from the mesophyll chloroplasts in having few 
if any grana. They also differ in that they seem unable to transfer 
electrons from water to NADP

+
 (165), perhaps because of a failure 

of the electron transport between photosystem II and photosystem I 
(166). It seems probable that the mesophyll cells and the bundle-sheath 
cells of C4 plants somehow collaborate, each carrying out different parts 
of the photosynthetic processes (167, 168). How this proposed division 
of labor can be employed in such a way as to enable the plant to avoid 
photorespiration remains to be explained. 

VIII. INDIRECT INHIBITIONS AND THE PHYSIOLOGICAL 
CONTROL OF PHOTOSYNTHESIS 

No treatment of photosynthesis inhibition would be complete without 
some consideration of the factors involved in the regulation of photosyn
thesis under the condition of the plant's normal environment. Unfortu
nately, few of these factors are understood. Therefore, this section of 
discussion is more deductive than factual. Nevertheless, we feel that 
the concepts elaborated below are essential for the investigator who 
attempts to interpret prolonged inhibitions of photosynthesis observed 
in vivo in terms of the biochemical mechanisms described in the preced
ing sections. 

The dry weight of any autotrophic plant is an expression of its lifetime 
net photosynthesis, and anything that results in reduced plant size is, 
quite literally, an inhibition of photosynthesis. But this does not mean 
that the photosynthesis of a small plant has been inhibited in a manner 
analogous to any of the inhibitions described in the preceding sections. 
Indeed most of the chemicals used to inhibit directly the photosynthetic 
process, such as diuron and Atrazine, produce dead plants, not smaller 
plants. On the other hand, genetically dwarfed plants or plants dwarfed 
by appropriate rootstocks may be better nourished than their normal 
counterparts. Thus, although plant growth is necessarily a measure of 
the actual activity of the photosynthetic machinery, it is usually a poor 
measure of the potential capacity of the machinery. 

We must now ask why there is often such a discrepancy between 
the capacity of the mechanism and the performance. To answer the 
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question we must consider some general design principles (169). Multi
purpose machines cannot function properly unless there is an excess 
of power or material at the common input. It follows that the control 
of each function must reside at the level of that particular function 
and not at the level of the common supply. For instance, it is not per
missible to regulate the horn of an automobile by controlling the output 
of the battery; if one did so the light would operate only when the 
horn was blowing. The same self-evident but sometimes overlooked prin
ciple applies in considerations of bioenergetics. Respiratory 0 2 uptake 
and the respiratory utilization of substrates are controlled by the rate 
of utilization of ATP in the various energy-consuming activities of the 
cell. If respiration were controlled at the 0 2 uptake level or at the sub
strate mobilization level, some vital function would fail with the first 
application of stress. It would be strange indeed if this same principle 
did not extend to the regulation of the photosynthetic process. In other 
words, we should expect to find that photosynthetic process rates depend 
on the demands of the plant for the products of photosynthesis. Such 
demands are set by the growth potential of the organism and by the 
efficiency with which the products of photosynthesis are utilized. These 
in turn are, within limits, genetically controlled. 

All of this is simply to say that we should expect to and do find 
that long-term net photosynthesis is regulated by the availability of 
"sinks" for the products of photosynthesis (170). Therefore we repeat, 
treatments that prevent the development of shoots, roots, tubers, or 
fruits—in short, inhibitions of growth—must be considered inhibitions 
of photosynthesis. Consequently, agronomists and ecologists concerned 
with photosynthesis as an increase in the biomass of populations of 
plants must be cautious of incursions into the biochemistry of the photo
synthetic process. The "inhibitions" they encounter are all too likely 
to reside elsewhere. 

The nature of the regulation of photosynthesis by internal factors—the 
control of photosynthesis by the demand for photosynthate—is not un
derstood at all. We do not know if some essential photosynthetic process 
is inhibited by its accumulated products. Perhaps some carrier (ADP?) 
is in limited supply and becomes available only as it is unloaded. Or 
there may be more complex feedback loops involving activations and 
inactivations of enzymes. In this connection it is interesting to note 
that several steps of photosynthesis are "regulated" in the sense that 
they are activated by the process itself. The enzyme system responsible 
for the final step in the photophosphorylation of ADP is activated by 
the very electron transport that provides the energy for the phosphoryla-
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tion reaction. This activation by electron transport has been studied 
as "light-triggered ATPase" (171). Several of the enzymes of the C 0 2 
reduction cycle also seem to be activated by the C 0 2 reduction they 
catalyze. Kinetic studies carried out in vivo with the aid of isotopically 
labeled C 0 2 have shown that the reactions which convert fructose 1,6-di-
phosphate to fructose 6-phosphate, sedoheptulose 1,7-diphosphate to 
sedoheptulose 7-phosphate, and ribulose 5-phosphate to ribulose 1,5-di-
phosphate are all activated during photosynthesis. So is the carboxyla
tion of ribulose diphosphate to yield PGA (172, 173). Since these pro
cesses are essential for photosynthesis and are subject to regulation, 
any or all might be involved in the inhibition of photosynthesis in 
satiated plants. However, the only evidence we have to date involves 
the "turning on" of photosynthesis and there is as yet no evidence regard
ing this "turning off" kind of regulation. 

In stressing the role of internal controls in limiting photosynthesis 
under natural conditions, we do not wish to give the impression that 
these are all-important. In fact such controls may be of secondary im
portance when light, water, or C 0 2 is a serious limiting factor. Anyone 
who has read the history of land-clearing in the annual rings of trees 
is aware of the importance of light in long-term growth. And anyone 
who has seen the effects of a severe draught on plant growth cannot 
doubt the importance of water supply as an external control of 
photosynthesis. 

The roles of water and C 0 2 in determining plant growth are inter
related in a very complex manner. The overriding problem that has 
faced land plants throughout their history has been the problem of ob
taining C 0 2 from the atmosphere while at the same time husbanding 
water. This problem is difficult since photosynthesis necessarily takes 
place in the aqueous environment of the plant cell. Therefore, C 0 2 must 
be taken up from a very dilute (and often very dry) source and delivered 
to a very humid sink. As a consequence any pathway capable of modest 
C 0 2 uptake is all too likely to become a channel for massive water 
vapor loss. To minimize the loss plants have evolved a system of regu
lated access to the atmosphere, the stomatal apparatus. When the turgor 
of the guard cells increases, probably through an uptake of potassium 
salts (174, 175), the stomates open and when the turgor decreases the 
stomates close. It has been shown that stomates can open and close 
very rapidly in response to the C 0 2 level in the leaves (176, 177). They 
therefore seem to open only as much, and to be open only as long, 
as is necessary to obtain the C 0 2 required for photosynthesis. This rapid 
response of stomates to C 0 2 levels, which occurs in minutes or less, 
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is only the first and perhaps most subtle line of defense against undue 
water loss. Stomates also close and therefore inhibit photosynthesis in 
response to water deficits. It seems probable that the response to water 
deficits involves the action of abscissic acid. Certainly wilted plants 
contain a greatly increased level of the acid (178), and abscissic acid 
has been shown to cause stomates to close (179) with a rapidity that 
is not quite equal to the rapidity of the C 0 2 control (180). Clearly 
any substance or condition that causes stomatal closing (other than 
excess C 0 2) causes an indirect inhibition of photosynthesis. Thus, it 
seems probable that to all of the other hormonal effects of abscissic 
acid must be added the role of photosynthesis "inhibitor." Several other 
substances, mercury compounds in particular, have also been shown to 
cause stomatal closing [181) and they have been used in attempts to 
conserve water in forests (182). Of course, extreme deficits of water 
reduce the turgor of guard cells directly, and along with the general 
wilting of the leaf there is thus a closing of the stomates and a consequent 
inhibition of photosynthesis. Under these extreme conditions photosyn
thesis is probably also inhibited by the associated temperature rise in 
the leaf and by general tissue dessication. 

Carbon dioxide deficiencies are certainly the direct cause of an inhibi
tion of photosynthesis in the field at certain times of day and under 
certain conditions. In many plants C 0 2 deficiencies undoubtedly play 
an indirect role in inhibiting net photosynthesis by increasing photo
respiration (see Section VII) . Carbon dioxide level must play an even 
more direct role by controlling stomatal aperture and consequently water 
loss. 

IX. CONCLUSION 

In this survey of photosynthesis inhibitions we have avoided or passed 
lightly over many controversial areas and we have been guilty of con
siderable oversimplification in other areas. In general we have organized 
our discussion around mechanisms that at least have the sanction of 
wide acceptance, but we have sometimes modified the already hypotheti
cal mechanisms to fit our own prejudices. Space has not permitted us 
to weigh the evidence for competing hypotheses and it may well be 
that some of the interpretations we advanced will fail the test of time. 
Nevertheless, we felt that a subject of such complexity had to be sys
tematized by reference to a comprehensive model of the photosynthetic 
process. To the extent that the model is defective our interpretation 
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of inhibitor action may also be defective. However, we hope that the 
interested reader will be able to assess the evidence for himself after 
reading the pertinent publications listed below. 
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