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Abstract The discovery and the rediscovery of plasto-

quinone (PQ) are described together with the definition of its

structure as a 2,3-dimethyl 5 solanosyl benzoquinone. The

discovery, by M. Kofler, was a result of a search for Vitamin

K. Its rediscovery was made by me, when I was at The

Enzyme Institute of the University of Wisconsin, analyzing

animals and plants for the newly discovered coenzyme Q. In

green plants, I found another lipophilic quinone in addition to

coenzyme Q. Some misleading evidence suggested as if the

new quinone had coenzyme Q activity in mitochondria, but

improved methods gave negative results. When I found that

the quinone was concentrated in chloroplasts, I considered a

role for it in photosynthesis analogous to the role of coen-

zyme Q in mitochondria. After moving to the Chemistry

Department, University of Texas at Austin, I used a plain

light bulb and some spinach chloroplasts to show that PQ

could be involved in photosynthetic redox reactions. This

effect was supported by Norman Bishop’s restoration of

chloroplast electron transport after solvent extraction, with

PQ and photoreduction studies by E. R. Redfern and J. Friend

in R. A. Morton’s laboratory in Liverpool, UK. We also

found an additional analog of PQ in addition to a second

analog found in Wisconsin. We called the new analogs PQB

and PQC. Although we found some restoration effects with

PQC, the discovery by W. T. Griffiths in Morton’s labora-

tory, that PQB and PQC consisted of six forms of PQ each,

made it more likely that the new analogs were breakdown

products. Morton’s group established the structure of the

PQCs as a series of PQs, with a hydroxyl group on the prenyl

side chain, and the PQB series as having fatty acids esterified

to the hydroxyl groups of PQC. Possible functions of the

analogs are also discussed in this article.
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The discovery of the plastoquinone

Plastoquinone (PQ) was discovered by Kofler (1946) dur-

ing a search for compounds with Vitamin K activity in

alfalfa. The search led to a compound which had chro-

matographic properties of Vitamin K; it also gave a Dam–

Karrer1 color reaction with potassium ethoxide that was

also consistent with it being Vitamin K. Further determi-

nation of spectral and chemical properties indicated that it

was a tri or tetra substituted benzoquinone with a long

isoprenoid side chain. A negative Cravens2 test for an

unsubstituted site on the quinone ring indicated a tetra

substituted benzoquinone. Later examination indicated a

positive test for a tri-substituted quinone (Kofler et al.

1959; Isler et al. 1961).The structure of the prenyl side

chain remained unclear. At first, it was thought to be 10

prenyl or 50 carbon-long because solensol, which was used

as the long chain compound in the synthesis, was thought

to have 50 carbons. However, after the synthesis of coen-

zyme Q9, instead of coenzyme Q10, and when solanosol

was used as a side chain, it was discovered that PQ with a

solanosol side chain was identical with a natural PQ and,

therefore, had a 45 carbon chain made up of nine isoprene

units (Folkers et al. 1961; also see Trenner et al. 1959).

This was in agreement with Isler et al. (1961). These

studies defined Kofler’s quinone or Q254 (see below) or

PQ as 2,3 di-methyl 5 solanosyl benzoquinone (Fig. 1). In

his original work on PQ, Kofler (1946) had measured the

PQ content in leaves of six plants for which Dam–Karrer

reaction had established Vitamin K content by his biolog-

ical assay of blood clotting time in chickens. Kofler (1946)

found that PQ in leaves ranged from 150 mg/kg dry weight

for alfalfa (or oats) to 400 mg/kg for fir needles and a

maximum of 1,000 mg/kg in horse chestnut. In comparison

with the content of Vitamin K, established by the biolog-

ical assay, the PQ was 3–5 times greater in amount. When

PQ was tested in chickens for Vitamin K activity, 1 mg

Vitamin K was more effective than 500 mg PQ. (The

clotting time for Vitamin K was 2.3 min vs. 30 min for

PQ.) With the lack of Vitamin K activity, work on PQ was

stopped until the discovery of coenzyme Q.

The re-discovery of the plastoquinone

The rediscovery of PQ came about as a direct result of the

discovery of coenzyme Q (Crane et al. 1957; Morton 1959)

and the study of coenzyme Q distribution in diverse spe-

cies. We had relatively simple procedures for the analysis

of coenzyme Q. We started either with its direct extraction

with a solvent mixture or by saponification in the presence

of pyrogallol followed by extraction with hydrocarbon

solvents and chromatography on sodium aluminum silicate

(Decalso). The solvent was evaporated and the yellow oil

taken up in ethanol to run the absorption spectrum followed

by the addition of borohydride to reduce the quinone to the

hydroquinone. The shift in the absorption maximum, which

we observed, is rather characteristic for quinones (Fig. 2).

Chromatography on silicone-coated paper was developed

by Lester and Ramasarma (1959) to identify the side chain

variation as in coenzyme Q10, Q9, Q8, or Q7, where each

number represents the number of isoprene units in the side

chain.

I found a compound, in a lipid extract from heart mito-

chondria, which had an absorption spectrum of a quinone. It

was December 3, 1956. This compound turned out to be a

coenzyme Q. The first evidence of another lipophilic qui-

none was an absorption peak at 260 nm; the compound, in an

extract from wheat germ, prepared on June 3, 1957, was

reduced by borohydride. I don’t recall if anything further

was done with this fraction. The next recorded event was the

separation of a compound, from cauliflower buds, that had a

Fig. 1 Structure of plastoquinone A (top), Vitamin K (Vitamin K1)

(middle), and a tocopherylquinone (bottom). Vitamin K functions in

photosystem I, tocopherylquinone is in chloroplasts but has no known

function

1 Dam–Karrar test In this test, alcoholic solution of quinones is

treated with 3% KOH in methanol to produce a blue color. Henrik

Dam (1895–1976; Nobel Prize in Medicine) was the discoverer of

Vitamin K. He had published on a color test, for Vitamin K, with Paul

Karrer (1889–1971; Nobel Prize in Chemistry for the chemistry of

Carotenoids and other plant pigments).
2 Craven’s test It is a color test for certain quinones (Craven 1931);

quinones with an unsubstituted position on the ring produce a blue

color when treated with ammonia and ethyl cyanoacetate (see Crane

and Dilley (1963) where this test is described in details).
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characteristic absorption spectrum of a quinone. The new

quinone had an absorbance peak at 254 nm; thus, we called

it Q254 (Fig. 2), whereas coenzyme Q was Q275 according

to its absorbance peak at 275 nm. Surprisingly, we found

more Q254 than Q275 in the cauliflower buds [0.015 mg/g

Q254 compared to 0.01 mg/g Q275 (on dry weight basis)].

This was found on November 9, 1957. It was not until the

Spring of 1958 that I discovered it in spinach leaves

(0.012 mg/g fresh weight or *0.12 mg/g dry weight); this

quantity was more than in the cauliflower buds. On April 23,

1958, we prepared Q254 by direct solvent extraction of dried

alfalfa, and on April 24 of the same year, we prepared Q254

from saponified alfalfa. We used both procedures to check

for artifacts arising during preparation. Both procedures

gave the same product. We also did a large scale direct

extraction using a commercial kitchen mixer with 10 lb of

dry alfalfa and 1.5 gallon heptane set out in the car parking

lot to stir for a few hours. We were lucky it didn’t blow up!

What is the function of plastoquinone, and where is it

located?

The discovery of a new quinone raised the question of

where it might fit into the electron transport chain or if it

had function in protonation. In a sense, both possibilities

turned out to be right as this quinone carries electrons as

well as protons. Our first tests for its function were influ-

enced by our then current study of coenzyme Q function in

the mitochondrial electron transport (Crane 1961). On

January 11, 1958, we tested Q254 for restoration of suc-

cinoxidase in isooctane-extracted mitochondria and found

that it gave partial restoration of activity (Table 1). On

April 10, 1958, we tested Q254 reduction in cauliflower

mitochondria with succinate; it was reduced as effectively

as coenzyme Q was (Table 2). During 1958, while

searching for conditions and factors required for coenzyme

Q function in solvent-extracted mitochondria, we found

that Q254 had some coenzyme Q like activity in (beef)

heart mitochondria after isooctane extraction. The Folkers’

group at Merck Company also provided short side chain

Q254 analogs which also restored some succinoxidase after

isooctane extraction. All Q254 analogs were inactive

compared to the coenzyme Q in extracted succinic dehy-

drogenase preparations. Our conclusion was that a role in

succinoxidase was unlikely. The failure to detect Q254 in

animals brought up the question of a possible role in

photosynthesis (Lester and Crane 1959). On May 4, 1958

(Experiment #F253 of the author, unpublished), we found

0.00014 mg Q275 per g fresh white potato, but no Q254.

This raised the following questions:

1. Is Q254 preferentially associated with chloroplasts?

2. Is Q254 mostly found in green shoots compared to

roots?

Fig. 2 Absorbance spectra of plastoquinone A. Curve with a peak at

255 nm is oxidized plastoquinone. Curve with a peak at 290 nm is

plastoquinone reduced with borohydride. Plastoquinones B and C

have the same spectra

Table 1 Restoration of succinoxidase in isooctane extracted heart

mitochondrial membranes by Coenzyme Q, Vitamin K1 and quinones

Q254 from cauliflower buds

Additions Succinoxidase

(micromoles

min-1 mg-1)

Q (mg ml-1) Activity

per mg Q

None 0.07

Q275 0.66 0.05 2.3

Q275 0.70 0.1 6.3

Vitamin K1 0.06 3 0

Q254 0.18 0.025 4.4

Q254 0.12 0.05 1.0

Assay as in Crane (1959b). This type of experiment gave indication of

a role for Q254 (plastoquinone) in mitochondria. Unfortunately,

isooctane extraction can give restoration with various lipids and can

be misleading. Unpublished experiment of January 11, 1958

Table 2 Reduction of Q275 (Coenzyme Q) and Q254 (plastoqui-

none) by succinic dehydrogenase (labeled as protein) in cauliflower

mitochondria; Q275 was 0.05 mg/ml and Q254 was 0.1 mg/ml, as in

Hatefi et al. (1959)

Additions Cauliflower mitochondria OD270

Q275 0 1.08

Q275 2.7 mg protein 0.580

Additions Cauliflower mitochondria OD254

Q254 0 1.100

Q254 2.7 mg protein 0.758

Incubation time was 30 min. The reduction indicated a possible role

for Q254 in plant mitochondria. Unpublished experiment of April 10,

1958
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3. Is Q254 mostly found in the green parts of variegated

leaves?

During the early summer of 1958, I found time to study

the distribution of Q254 in different samples (Crane

1959a). In answer to the Question 1 raised, we found that in

membranes separated by differential centrifugation from a

spinach leaf homogenate, Q254 accompanied chlorophyll

and Q275 accompanied succinoxidase (Fig. 3) indicating

that Q254 could be involved in photosynthesis. In answer

to Question 2, we found that the shoots have 4.39 as much

Q254 as roots, but shoots have only 1.89 as much coen-

zyme Q as roots, indicating that Q254 is more concentrated

in green tissues. In order to answer Question 3, we used

variegated leaves of Pandanus vetchii from which alter-

nating strips of white and green tissues were cut and

assayed. The Q254 was 109 higher in the green tissue and

Q275 was only 39 higher in the green part. It is apparent

that some Q254 is in the plant tissue which does not have

chlorophyll; it may be in proplastids where it may be

involved in carotinoid synthesis (Norris et al. 1995). (The

above studies were done between May 27 and July 17,

1958.)

Further definition of a role in photosynthesis would wait

for study of PQ oxidoreduction function in chloroplasts

since our focus in David Green’s laboratory at the Enzyme

Institute in Madison, Wisconsin, was a study of energy

conversion in heart. Our first functional studies involved

testing if Q254 acted like coenzyme Q in mitochondrial

electron transport. In these extraction studies, we used

isooctane as the solvent which was a mistake since we

knew that it gave rather non-specific restoration of suc-

cinoxidase and induced a requirement for phospholipid and

neutral lipids. After all, when Donaldson et al. (1958)

reported tocopherol restoration of DPNH oxidase after

isooctane extraction, I wrote to warn him that the effect

was unspecific since beef serum albumin also worked. In

the isooctane procedure, Q254 often gave some restoration

of succinate oxidase. The complications of isooctane

extraction are illustrated in Crane (1959b, 1960). We used

isooctane because we could purchase a spectral pure grade

chemical with no impurities to interfere with the UV

spectrum. Amesz (1977) has discussed the problems

involved with solvent extraction. After switching to ace-

tone extraction in which Q254 did not replace coenzyme Q

(Ambe and Crane 1960), we concluded that Q254 did not

belong in the coenzyme Q group, contrary to our earlier

conclusion (Crane 1959b).

To our delight, David Green was very tolerant of our

further study of Q254 even after it was clear that it was not

involved in mitochondrial energy coupling. One day I had

a big separatory funnel full of spinach extract on my bench.

David came in and said ‘Oh! Cytochrome oxidase’. When I

said ‘no it is spinach lipids’, he turned and stomped out. I

think he was quite happy when Q254 fitted into the general

concept of quinones in energy coupling.

Fortunately, studies of solvent extraction of chloroplasts

were done with heptane or petroleum ether, and the re-

addition was mostly done by the evaporation technique.

Lynch and French (1957) had earlier used this procedure to

extract carotene which restored dye photoreduction when

added back. Bishop (1958) took up this extraction approach

and found that the extract restored activity but purified

carotene was inactive. Instead, he found that Vitamins K3

and K5 were effective. Later examination of the extract

showed that no Vitamin K was present even though bio-

logical assay showed as if Vitamin K was present. Instead

of Vitamin K, Bishop (1959) found Q254 and showed that

it restored activity. Later, Okayama and Butler (1972)

showed, using hexane extraction, partial restoration by PQ

and partial restoration by carotene. We found 50% resto-

ration of ferricyanide and NADPH reduction with reduced

PQ and less restoration with oxidized PQ (Wood and Crane

1965; Wood et al. 1966). Bishop’s results (1959) with

Vitamin K extraction and recovery are similar to Kofler’s

original search of trying to find Vitamin K1 and instead

finding a quinone that he referred to as ‘ein pflanzliches

chinon’ (Q254). Later Vitamin K1 was shown to be con-

centrated in the green parts of plants (Lichtenthaler 1962)

and it was recovered from spinach chloroplasts in amounts

sufficient to function in photosynthesis (Kegel and Crane

1962). In later studies, Lichtenthaler (1969) showed that

Vitamin K1 is specifically bound to photosystem 1

Fig. 3 Separation of membranes in a spinach leaf homogenate. Open
circles (top curve)—chlorophyll absorption at 655 nm/mg dry weight;

solid circles (top curve)—plastoquinone (labeled as Q254), mg/g dry

weight; solid circles (bottom curve)—coenzyme Q (labeled as Q275),

10 mg/g dry weight. Open circles (bottom curve)—succinic dehy-

drogenase (S.D.) mmole 9 100/min 9 mg dry weight. This experi-

ment indicated that Q254 could function in photosynthesis. (After

Crane 1959a)
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particles of chloroplasts suggesting a function in electron

transport catalyzed by photosystem 1. Biggins and Mathis

(1988) showed its function in Photosystem I. Even the

desmethyl Vitamin K, which we found while searching

through chloroplast lipids (McKenna et al. 1964) turned out

to be significant as a precursor to Vitamin K (Lohmann

et al. 2006).

The nomenclature and my becoming aware of the work

of Kofler

When Folkers came to Madison (Wisconsin) in 1957 to

discuss collaboration in the study of Q275, he suggested that

it should have a proper name. He favored calling it coen-

zyme Q since at that time there was no Vitamin Q and he was

convinced that a compound with such an essential role in

energy conversion would be found to be deficient in some

condition and therefore be a Vitamin Q. Following his

suggestion, we accepted the name coenzyme Q based on its

function as a cofactor for succinoxidase (Green and Crane

1958). Since we did not know much about any function for

Q254, we kept on referring to it by number until after Jan-

uary 1959. I had submitted a paper to Plant Physiology at

that time, where I had compared the restoration of succin-

oxidase in isooctane extracted beef heart mitochondria by

coenzyme Q from cauliflower with Q254, also from cauli-

flower. The reviewers approved the paper but Martin Gibbs,

the editor of the journal, wrote that he didn’t approve the

designation of compounds by number so ‘‘Why don’t you

give it a name.’’ Since we knew it was concentrated in

plastids, I changed all the Q254 in the article to plastoqui-

none (Crane 1959b). In late 1958, before my submission of

this article, someone had told me about the article by Kofler

(1946) on a plant quinone, published in a Festschrift for Emil

Christoph Barell, which had turned out to be identical to

Q254. Fortunately, the Chemistry Library, at the University

of Wisconsin, had a copy of the book. In the first papers by

Kofler, the quinone was only referred to as eines pflanzlichen

quinone. At the Ciba meeting, Isler et al. (1961) referred to it

as koflerquinone. The only prior mention of this quinone I

have found is on page 141 in a book on Naturally Occurring

Quinones (Thomson 1957).

At the Ciba Symposium On Quinones in Electron

Transport (Wolstenholme and O’Connor 1961), the ques-

tion of names came up which led the IUPAC–IUB (Inter-

national Union of Pure and Applied Chemistry–

International Union of Biochemistry) to appoint a com-

mittee to approve suitable names (see IUPAC–IUB Com-

mission on Biochemical Nomenclature 1965); among the

names used, the committee chose ubiquinone with a sec-

ondary choice of coenzyme Q. They selected plastoquinone

over koflerquinone.

Advances in equipment and techniques were important

factors in our discovery of coenzyme Q and the rediscovery

of PQ. In 1956, David Green’s laboratory acquired a

recording absorption spectrophotometer which made it

possible to record the absorption spectrum from chroma-

tography samples, just in minutes instead of the hours, as

was done earlier when we were plotting the data point by

point, obtained from a hand-operated machine. Chro-

matographic identification of the compounds was greatly

improved by the development of greasy paper chroma-

tography for separation of coenzyme Q analogs (Lester and

Ramasarma 1959). An original chromatogram is seen in

Fig. 4 (left panel). Even better resolution was achieved

with thin layer chromatography on silica gel coated plates

(Fig. 4, right panel; see Crane et al. 1966; Griffiths et al.

1966).

Role of plastoquinone in photosynthesis

The study of PQ function by solvent extraction and resto-

ration has the disadvantage that the solvent may modify

membranes or create artificial alternative electron transport

systems. We measured the effect of light on the redox state

of PQ in chloroplasts. We exposed chloroplasts to various

intensity of tungsten light and extracted chloroplasts with

acidified isooctane to decrease quinol reoxidation. Expo-

sure to low light (600 foot-candles) caused as much as 80%

reduction of the endogenous quinones when measured at

255 nm (Table 3). As a further assay, we measured

reductant in the extract by the reduction of ferric ions

(ferric chloride-dipyridyl). Clearly, PQ was available to

electrons from illuminated chloroplasts (Crane et al. 1960).

Redfearn and Friend (1961a, b) and Friend and Redfearn

(1963) conducted a more extensive study in which they

obtained only 15% reduction in light, compared to as much

as 80% reduction in our study. The variation in the extent

of reduction is not surprising in view of the fact that PQ

functions between the two light reactions; it is reduced by

Photosystem II (PS II) and oxidized by Photosystem I, PS I

(see, e.g., Rabinowitch and Govindjee 1969, available free

on the internet). Further, in mature leaves, part of the PQ

can be in storage and, thus, not available for reduction.

Friend and Redfearn (1963) showed that DCMU (3-(3,4-

dichloro-phenyl)-1,1 dimethyl urea) and o-phenanthroline

inhibited the reduction of PQ by Photosystem II (PS II) and

that ammonia, which uncouples photophosphorylation,

increases oxidation of PQ. Further, Friend and Redfearn

(1963) proposed two functional sites for PQ, consistent

with the conclusions of Trebst (1963) and Stiehl and Witt

(1969; also see Witt 1971), where the primary site was for

the transfer of electrons from PS II to PS I, and a secondary

site was on PS I. Trebst (1963) showed that partial
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extraction of PQ inhibited ferricyanide reduction (PS II)

which was restored by PQ, whereas NADP reduction (PS I)

was inhibited only after more complete extraction, which

was restored by PQ addition. In a study of the specificity of

the restoration by quinones, Trebst and Eck (1963) found

that restoration of NADP reduction was specific for 2,3 di-

methyl benzoquinone(s), with an isoprenoid side chain,

whereas ferricyanide reduction was restored by many di-

and tri-methyl o-benzoquinones (Trebst and Eck 1963). We

note that the heptane extraction, used in these studies to

remove PQs, did not damage the membranes since photo-

phosphorylation, which needs intact membranes, was

restored by PQ after extraction of lyophilized chloroplasts

(Krogmann 1961).

More convincing analysis of a role for PQ in photo-

synthesis came from spectrophotometric measurement of

light effects in intact cells or chloroplasts. In a study of

photoinduced UV spectral changes in the blue green alga (a

cyanobacterium) Anacystis, Amesz (1964) obtained spec-

tral changes consistent with its role as an electron carrier

between PS II and PS I. A similar conclusion was reached

later by Stiehl and Witt (1969) who used spinach chloro-

plasts and the green alga Chlorella. These results agree

with the extraction–restoration work, discussed above.

Light of 638 nm led to a decrease in absorbance at 254 nm

and light at 720 nm increased absorbance at 254 nm,

consistent with a redox role for PQ between the two

photosystems (Rumberg et al. 1965). Later Bohme and

Cramer (1972) measured spectral changes at 254 nm and

related their measurements to the formation of ATP during

electron transport between PS II and PS I. A site for PQ

action between the photosystems was also indicated by the

Fig. 4 Left panel An original chromatogram is shown here for

historical reasons; for further information, write to the author. Right
panel Chromatographic separation of lipophilic quinones on paraffin

impregnated paper showing separation of plastoquinones A, B, and C.

Plastoquinone D is now considered as one of the plastoquinone C

group. Other quinones shown are Q10 (coenzyme Q10). K1 (Vitamin

K1), PQA20 (Plastoquinone homolog with 20 carbon prenyl side

chain), a, b, and c TQ (Tocopherylquinones). Developed in

water:NN-dimethylformamide (2.5/97.5); detection of oxidized qui-

nones was by leucomethylene blue. (After Crane et al. 1966)

Table 3 Changes in redox state of plastoquinone in chloroplasts

Time (min) Illumination Mg oxidized PQ Microequivalent reductant#

0 Dark 0.042 0.0419

15 Light (2000fc) 0.0412

15 Dark 0.0327

15 Light (600fc)* 0.011 0.0676

Increased reductant 0.031 0.026

Redox changes in light (at 600 fc) gave further support to a role of plastoquinone in photosynthesis. The absence of effect at 2000 fc was not

explained at that time. Extraction was with acidified isooctane as described in Crane et al. (1960); fc Foot candles; *Unpublished experiment of

December 30, 1959; #Ferric chloride-dipyridyl was used to titrate total reductants in the lipid extract
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destruction of PQ by UV irradiation at 254 nm (Trebst and

Pistorious 1965). The UV inhibition of the Hill reaction

was then shown by Lichtenthaler and Tevini (1969) to be

best correlated with the loss of plastohydroquinone. Later

studies indicated that the first reduction of a PQ is by one

electron transfer with the primary formation of a quinone

radical (Van Gorkom 1974). Photoreduction of PQ to the

semiquinone at -40�C indicated that it can act as the

primary electron acceptor for PS II (Pulles et al. 1974).

The interpretation of PQ function was then further

complicated by the discovery of a variety of PQ analogs.

Some analogs had shorter isoprenoid chains as in the

coenzyme Q group, whereas others have modification of

the side chain. The coenzyme Q quinones are found with

isoprene side chains, which vary in length from 5 to 10

isoprene units (Lester and Crane 1959). On the other hand,

only two examples of modified isoprenoid chain length

have been reported for PQ: these are 3 isoprene and 4

isoprene units. PQ3 was isolated from spinach chloroplasts

by Misiti et al. (1965), whereas PQ4, as well as dimers of

PQ4 and PQ9, from horse chestnut leaves, were isolated by

Eck and Trebst (1963). No further study of PQ3 has been

reported. Barr et al. (1967a, b) found PQ4 only in Horse

Chestnut chloroplasts at one tenth the amount of PQ9. In

contrast to PQ9, no PQ4 was in osmiophilic globules.

The sites for PQ function in PSII have been established

primarily by crystallography. The extensive literature on

this study will not be reviewed here. Basically, two binding

sites for some form of PQ have been identified near the

cytoplasmic surface of the chloroplast. Electrons are

transferred from a chlorophyll–pheophytin complex suc-

cessively through the bound PQ which is released from its

binding site when it is reduced and protonated to become

PQH2 in the membrane. On the luminal side, the reduced

PQ (PQH2) is then oxidized by a cytochrome b6f complex;

electrons are transferred for NADP reduction through PS1,

and protons are released that builds up a proton gradient

that is used to drive ATP synthesis (see, e.g., Barber and

Andersson 1994). Thus, PQ is essential for linking PS I and

PS II and for ATP synthesis.

Different plastoquinones including the story

of the Christmas tree

A different structural modification appeared in the PQs as

compared to the coenzyme Q group. We discovered several

new quinones which eluted in different fractions than

plastoquinone A (PQA). We tested for quinones by mea-

suring the change in absorbance produced by borohydride

addition. One new benzoquinone eluted near PQ and

another came off much later. We gave the original PQ the

name PQA, the one near it plastoquinone B (PQB), and the

more polar one the name plastoquinone C (PQC) (Kegel

et al. 1962). Even in 1958, we had evidence from coated

paper chromatography for the presence of PQB (Fig. 4).

When I moved to The University of Texas at Austin, I

started to look for a good source of PQB in the middle of

winter, the most green I could see was my Canadian

Christmas tree (Abies, Balsam Fir). Actually, I may have

known that Kofler (1946) in his survey had found that fir

needles to be the best supply for PQA. The Balsam fir

turned out to be a good supply of both PQA and PQB.

When I reported that at the CIBA Symposium, Folkers, in

his concluding remarks, congratulated me on my dedica-

tion to research since I cut up my Christmas tree to carry on

my goals (Fig. 5).

In order to guard against artifacts, we used two extrac-

tion procedures: one was the direct extraction of spinach

chloroplasts with propanol-heptane and the other was

saponification. Both the procedures gave PQB and PQC,

but the yield of PQB was greatly reduced in the saponifi-

cation extract which is consistent with an ester in PQB. The

discovery of three more PQ look alikes started us on

studies of distribution and possible function in photosyn-

thesis (Table 4; see Henninger and Crane 1963). The PQ

story became more complex when thin layer chromatog-

raphy was introduced (Dilley 1964). Further fractionation

separated PQC into two fractions with identical spectra.

We designated the slower one on thin layer silica gel plates

as PQD (Fig. 4; see Henninger and Crane 1964). The

presence of PQA, PQB, PQC, PQD, a-Tocopherolquinone

(a-TQ) and Vitamin K1 was generally supported by others

(Griffiths 1965; Das et al. 1967; Williams 1968) although

PQD was difficult to find in some cases (Egger and Kleinig

Fig. 5 The Crane kids opening presents under the fir Christmas tree

in Texas which was cut up to make PQA and PQB the next day, using

chloroform/isooctane 80/20. Photo, December 25, 1959
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1967). Booth (1962) used two-dimensional paper chroma-

tography to show the presence of seven quinones in an

extract of leaf lipids, three of which had PQ type spectra.

The PQ story became more complex when thin layer

chromatography was introduced. This technique was

especially powerful when used in two dimensions. Using

this procedure, Griffiths et al. (1966) separated PQB and

PQC into six components each. They suggested that PQD

was actually three units of PQC. They designated the new

series as PQB1, PQB2, PQB3, PQB4, PQB5, PQB6 and

PQC1, PQC2, PQC3, PQC4, PQC5, and PQC6. The ori-

ginal PQC was found to contain PQC1 through PQC4 and

the original PQD was PQC5 and PQC6 (see Barr et al.

1967a, b; Fig. 6).

Extensive study of the distribution of the 12 new

isoprene analogs with modified side chains (Fig. 7) was

done to see if any of them were available in amounts

sufficient to play any role in photosynthesis. Lichtent-

haler and Calvin (1964) found PQA in what was called

‘‘quantosomes’’ [this term has now been abandoned—

Editor] in the same ratio to chlorophyll as in whole

chloroplasts which indicated they were available in the

photosynthetic unit. In a personal communication, Calvin

informed me that they found no coenzyme Q in chlo-

roplasts. In 17 species, Rita Barr and I (see Barr and

Crane 1967) found that PQA and PQC1–C4 were regu-

larly present in significant amounts (over 0.004 M PQ/

mg chlorophyll), whereas PQB and PQC5–PQC6 were

often missing. The same pattern was found by Sun et al.

(1968) in 21 species, ranging from cyanobacteria to red

algae: PQA and PQC1–PQC4 were always present

(except in a white strain of Euglena). Several studies

have shown that PQA and PQC1–PQC5 increase as

plants age (Lichtenthaler 1969). Likewise, an increase of

PQA and PQC1–PQC4 occurs during greening of etio-

lated plants (Barr and Crane 1970). PQB did not appear

even after 72 h of light and only in maize did PQC5–

PQC6 appear with short exposure to light (Barr and

Crane 1970). The quinones that appear in the light are

the most likely to be involved in photosynthesis; these

include PQA, PQC1–PQC4, Vitamin K1, and a-TQ. In a

few plants, e.g., alfalfa, PQC is missing in winter (Bucke

and Hallaway 1966). As pointed out by Amesz (1973),

this precludes PQC from the main pathway of photo-

synthesis but does not eliminate it from its function in

side reactions. The assay of PQC and a-TQ is difficult

because of incomplete extraction even with acetone

which in contrast to PQA indicates tight bonding to some

protein (Henninger and Crane 1963). Another problem

with assay for PQC is that 10–30% may be in the

reduced form (Kruk and Strzalka 1998).

Table 4 Quinones in spinach chloroplasts

Quinone Content

Micromoles of quinones/

micromole Chlorophyll

Ratio

Chlorophyll

to Quinone

PQA 0.10 10

PQB 0.005 200

PQC 0.025 40

PQD 0.009 100

Vitamin K1 0.010 100

a-Tocopherylquinone 0.010 100

Data from Crane and Henninger (1966) listing quinones in chloro-

plasts which are present in sufficient amount to be considered for a

role in photosynthesis

Fig. 6 Top Two-dimensional thin layer separation of six Plastoqui-

none C subunits, from tomato, in diisopropyl ether-benzene (15:85) in

both directions. Bottom Cochromatography of tomato PQC with

spinach PQC 2 and 3 in the same solvent. PQC2 and PQC3 are the

major PQCs in spinach and they move with tomato PQC 2 and 3.

(After Barr et al. 1967a, b)
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The research group of Morton in Liverpool worked

out the structure of PQB and PQC

The structure of the PQB and PQC groups appears to

depend on epoxidation of the isoprene side chain. Oxida-

tion of the double bonds in the side chain by H2O2 would

produce the epoxide which would isomerize to a hydroxyl

group. The first double bond is not attacked but hydrox-

ylation at subsequent double bonds would produce hydro-

xyl groups along the isoprenoid chain accounting for the

formation of the 1 through 6 series of PQC which are more

hydrophilic than the original PQA (Fig. 7). PQB is formed

by esterification of the hydroxyl groups corresponding to 1

through 6 PQB. Further epoxidation would produce mul-

tiple hydroxyl or esterified prenyl units which have been

referred to as PQZs (Das et al. 1967; Wallwork and Pen-

nock 1968). Dunphy (1971) proposed that the hydroxyl

group is produced by photooxidation. The presence of an

ester group in PQB is consistent with the loss of PQB when

saponification is used during extraction For example, only

3% of PQB is recovered compared to 58% of PQA when

saponification is used during extraction of PQs from

spinach leaves (Kegel et al. 1962). This is in agreement

with removal of a fatty acid from the hydroxyl group on

PQC.

While Morton’s group (see Morton 1959) in Liverpool

(Wallwork and Pennock 1968) and Goodwins group in

Aberystwyth (Threlfal et al. 1965) were working out the

structure and biosynthesis of all the new PQs, we started to

try and see which ones had a role in photosynthesis. In

view of Bishop’ s success (see Bishop 1959) with petro-

leum ether extraction and restoration with PQA, we tried

heptane extraction to test for restoration by the new PQs

(Henninger and Crane 1966). Heptane extraction removes,

with increasing extraction time, both PQA and PQC with

more extraction of PQA first. After 4 h of extraction, 90%

of PQA is removed and 75% of PQC, with a 66% loss of

indophenol photoreduction activity. Both PQA and PQC

restore some activity and the combined quinones restore

further activity. After heptane extraction of dry spinach

chloroplasts, we obtained a slight restoration of indophenol

and NADP reduction by PQA and PQC separately but

almost complete restoration by the combination of the two

quinones. The optimum amount of PQC was found to be

one tenth of the amount of PQA (Henninger and Crane

1967). PQC has also been shown to restore oxygen pro-

duction in petroleum ether extracted tobacco chloroplasts

with the same efficiency as PQA. The response to DCMU

is different for the two quinones. PQC shows a biphasic

inhibition with a sudden transition to 50% inhibition at

Fig. 7 Structure of

plastoquinone A (top),

plastoquinone C1 (middle), and

plastoquinone B1 (bottom).

Epoxidation of the double bond

in the second prenyl group from

the ring produces a hydroxyl

group on the side chain to make

PQC1. Successive oxidation of

other prenyl groups makes PQC

2, 3, 4, 5, and 6. The PQB1, 2, 3,

4, 5, and 6 groups are produced

by esterification of a fatty acid

to the hydroxyl groups of the

PQCs. The hydroxyl group

makes the PQC more

hydrophilic and could change its

location in the membrane

(Wallwork and Pennock 1968)
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0.25 M. With PQA, there is a steady slow decline without

the sharp transition to 50% inhibition at 0.20 M (Kruk et al.

1998).

Further research provided new insights into the role

of plastoquinones

Trebst et al. (1963) used differential extraction with

petroleum ether to define two different quinone sites. With

mild extraction, ferricyanide reduction was decreased, but

NADP reduction was not affected; whereas with exhaustive

extraction, NADP reduction was also decreased. Since

PQC is still bound after mild petroleum ether extraction,

while PQA is mostly extracted, the results suggest that

PQC is on a more specific path to NADP, whereas ferri-

cyanide is on a path that requires PQA. A study of chlo-

rophyll a fluorescence response in chloroplasts after wet or

dry heptane extraction of PQs indicated two sites for PQ

function (R. Govindjee et al. 1970). Using the same prep-

arations, Govindjee et al. (1970) showed that the absorp-

tion changes of the reaction center of PS II Chl a-II (now

labeled as P680) was not due to Chl a fluorescence artifact.

Witt (1971) has summarized spectrophotometric evidence

for the two sites involving PQ. Changes in PQ absorption at

265 nm in response to bicarbonate removal also indicates

two sites for PQ function between photosystems, but does

not identify which PQs are involved (Siggel et al. 1977; for

a review on the role of bicarbonate in the PQ region, see

Van Rensen et al. 1999).

Extraction of mitochondria by acetone, to remove qui-

nones, showed a specific requirement for coenzyme Q

(Ambe and Crane 1960). In chloroplasts, Henninger and

Crane (1963) found that acetone extraction removed all of

the PQA and PQB, but left 50% of the PQC and PQD; this

difference implies a tight binding site for PQC. Acetone

extraction also removed 80% of the chlorophyll which

makes restoration studies of doubtful significance.

Tevini and Lichtenthaler (1970) showed that most of the

PQs were in the PS II particles, whereas Vitamin K1 was in

the PS I fraction, as measured after removal of the osmi-

ophillic lipid globules. Thus far, the presence of only PQA,

in what Lichtenthaler calls plastoglobuli, has been studied.

Lichtenthaler and Peveling (1967) have proposed that the

globuli in leucoplasts may act as storage sites for lipoqui-

nones for supply to developing plastids. Under high light,

the globuli continue to enlarge and accumulate PQ which is

in the reduced form. Ytterberg et al. (2006) have shown

that these globules contain enzymes involved in PQ syn-

thesis, as well as kinases, which may control PQ synthesis.

The hydroquinone is synthesized in globules and is oxi-

dized to quinone when it is transferred to the thylakoid

(Lichtenthaler 1977, 2007). In mature leaves from three

species, Lichtenthaler and Sprey (1966) found higher

amounts of PQ and tocopherylquinone in globules. There

was 10–40 times as much PQ in globules than in the

Fig. 8 The staff of David Green’s section of the Enzyme Institute in

1956. In this group, Fred Crane and others [Wanda Fechner, Bob

Lester, Carl Widmer, Kishore Ambe, and T. Ramasarma (the latter

two are not in the picture)] started work on quinones. Back row (left

to right) Dave Gibson, Joe Hatefi, Tony Linnane, Dexter Goldman,

Nat Penn, Bruce Mackler, Howard Tisdale, Al Heindel, and Dan

Zieglar. Second row (left to right) Seishi Kuwahara, Salih Wakil,

Helmut Beinert, Bob Lester, Alton Frost, Johan Jarnefelt, David

Green, John Porter, Elizabeth Welch, unidentified, Wanda Fechner,

Bob Basford, unidentified, Fred Crane, Sedate Holland, Carl Widmer,

Robert Labbe, and Edward Titchne. Front row Ruth Reitan, Amine

Kalhagen, Cleo Whitcher, Elizabeth Steyn-Parve, Jean Karr, Joanne

Gilbert, Mildred Van der Bogart, Mary Benowitz, and Irene Wiersma.

Photo, 1956
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chloroplasts. The surprise is that globuli are sites of syn-

thesis instead of being ‘garbage bags’ (Austin et al. 2006).

In order to resolve the question of the function of the dif-

ferent PQs, biophysical study of quinone redox changes

would be an ideal approach except for the fact that PQA,

PQB, and PQC have identical absorption spectra. The other

alternative is to find mutants and to discover if the for-

mation of the epoxide derived quinones is under specific

genetic control. Smillie and Levine (1962) have described

mutants of Chlamydomonas with decreased PQ. Mutants

ac-115 and ac-141 have one-fifth as much PQ as wild type.

In these mutants, PS II is blocked; the nature of the

remaining PQ is not known. Mutants for the PQ-binding

protein in PS II are known and recognized as also acting as

the binding site for several herbicides. Which type of PQ

can bind at these sites is unknown (see, e.g., Erickson et al.

1989).

Concluding remarks

The most important result of my rediscovery of PQ was the

identification of a quinone as an electron carrier between

Photosystem II and Photosystem I in photosynthesis

(Bohme et al. 1971; see Wydrzynski and Satoh (2005) for

the details of PS II; and Golbeck (2006) for the details of

PS I). As the hydroquinone can carry protons across the

thylakoid membrane, it provides a mechanism for the

generation of a proton gradient to drive ATP formation.

Our discovery (or rediscovery) came at a fortunate time

since a similar quinone, coenzyme Q, had just been found

to function in mitochondrial electron transport. The pres-

ence of PQ in green plant chloroplasts focused attention on

Fig. 9 A ‘‘Fancy dress’’ party of David Green’s research group at the

Enzyme Institute in Wisconsin. Back row (left to right) (half) Dave

Griffiths, David (Dave) Gibson, Dan Ziegler, Robert (Bob) Lester,

Johan Jarnefelt, Youssef (Joe) Hatefi, Robert (Bob) Basford, Fred-

erick (Fred)Crane, Dexter Goldman. Front row (from left to right)

Anthony (Tony) Linnane, Brad Tichner, Christina Jarnefelt, David

Green, Ramasarma, Kishore Ambe, Salih Wakil. Photo and legend

provided by Johan and Christina Jarnefelt. Photo, 1958

Fig. 10 Fred Crane’s research group picnic. Although this photo-

graph was damaged, it is shown here for historical purposes. Sitting
on the ground: children at the picnic. First standing row 3rd from

right is Helen Crane; 5th from right is Rita Barr. On the next standing
row (just below the very top row), Ron Berezney (wearing glasses) is

on the extreme right; 2nd from right is Linda Funk; 3rd from right is

the author Fred Crane (wearing checkered shirt); 4th from right is

Frank Sun (wearing glasses). On the very top row is Jack Wilson

(right above Linda Funk). All others in the photograph are either

members of Crane laboratory or those related to these members.

Photo, 1967
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its role in photosynthesis. Restoration by PQ of chloroplast

electron transport after lipid extraction supported such a

role. Further support came from biophysical and genetic

analysis. Evidence for quinones in the energy conversion

systems of plants, animals, and microbes made the general

concept of proton driven energy conversion possible

(Wolstenholm and O’Connor 1961). The identification of

the PQ binding site as also a site for herbicide action is of

practical benefit for herbicide design (Erickson et al. 1989).

The discovery of PQB and PQC introduced new problems.

Are they waste products from oxidative damage to PQ or

do they have other functions? Similar compounds have

been related to coenzyme Q in mitochondria (Friis et al.

1967; Sottocasa and Crane 1965) so they may be a product

of random oxidative attack on prenyl side chains.

PQC is found in amounts similar to Vitamin K1 and a-

tocopherol quinone, all of which are found at 1 mol per

100 mol chlorophyll (Table 4). Since that amount is

enough for Vitamin K to function in PS I (Biggins and

Mathis 1988; Snyder et al. 1991), PQC and a-TQ are not

excluded from a redox role in the chloroplast on the basis

of insufficient amount. PQA is found at 10–20 times the

concentration of PQC; so, there is enough for other func-

tions (Egger 1965). One of the other functions appears to

be redox control as in control of antenna chlorophyll (Allen

2002; Frigerio et al. 2007). Functions of PQ in electron

pathways other than photosynthesis have also appeared as

in NADH oxidation and carotene synthesis (Norris et al.

1995; Guera et al. 2005). It is also possible to consider if

PQC might act as an uncoupler of photophosphorylation.

Since coenzyme Q is a cofactor for the uncoupling protein

in animal mitochondria, the change in lipophilicity from

the hydroxyl group on PQC might change its migration

through the membrane, thus affecting proton transfer. The

opposing roles as oxygen radical producer or scavenger

should also be considered for PQ. Reduced PQ has been

shown to protect against radical formation at high light

intensity (Hundal et al. 1995). The discovery of PQ led to

the dentification of a, b and c, tocopherols, and tocophe-

rylquinones in chloroplasts with possible significance to

radical control (Dilley and Crane 1963). The control of

cholesterol and coenzyme Q synthesis by epoxy coenzyme

Q opens up new possible roles for PQC (Bentinger et al.

2008). The presence of PQ and tocopherylquinone in the

chloroplast envelope (Lichtenthaler et al. 1981) is evidence

for a site for synthesis or may indicate alternate redox

systems dependent on PQ. PQ is not exclusively in chlo-

roplasts but some appears to be present in roots and non-

green tissues. In animals, coenzyme Q has functions in

membranes other than mitochondria. It is involved as an

antioxidant and in proton transfer in Golgi vesicles (Barr

et al. 1984), lysosomes (Gille and Nohl 2000), and plasma

membrane (Sun et al. 1992). Thus, investigation of PQ

needs a broad scope and further definition of function for

its analogs.

At the suggestion of Govindjee, I have included here

five photographs: Fig. 8 is a 1956 group photograph of

David Green’s laboratory staff where I, with others,

rediscovered PQs and Fig. 9 shows a photograph of a

‘‘Fancy dress’’ party of Green’s group in 1958. Figure 10 is

a 1967 group photograph of my research group at a picnic

near Purdue University, whereas Fig. 11 is my photograph

in my office at Purdue University, taken in 1972. Finally,

Fig. 12 shows my photograph with my wife Marilyn, taken

in 1983.
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