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Abstract

A brief history of Rubisco (ribulose bisphosphate carboxylase oxygenase) research and the events leading to the
discovery and initial characterization of Rubisco activase are described. Key to the discovery was the chance
isolation of a novel Arabidopsis photosynthesis mutant. The characteristics of the mutant suggested that activation
of Rubisco was not a spontaneous process in vivo, but involved a heritable factor. The search for the putative factor
by 2D electrophoresis identified two polypeptides, genetically linked to Rubisco activation, that were missing in
chloroplasts from the mutant. An assay for the activity of these polypeptides, which were given the name Rubisco
activase, was developed after realizing the importance of including ribulose bisphosphate (RuBP) in the assay. The
requirement for ATP and the subsequent identification of activase as an ATPase came about fortuitously, the result
of a RuBP preparation that was contaminated with adenine nucleotides. Finally, the ability of activase to relieve
inhibition of the endogenous Rubisco inhibitor, 2-carboxyarabinitol 1-phosphate, provided an early indication of
the mechanism by which activase regulates Rubisco.

Abbreviations: CAI1P — 2-carboxyarabinitol 1-phosphate; FBP — fructose bisphosphate; RuBP — ribulose bisphos-
phate; Rubisco — ribulose bisphosphate carboxylase oxygenase; RuSP —ribulose 5-phosphate; SBP — sedoheptulose
bisphosphate

‘Much discussion, both inside and outside the lec- Pre-activase history — a complex and

ture halls, centered upon the potentially important schizophrenic Rubisco

reports of endogenous compounds which inhibit

or activate RuBPCO. The debate was fiercest over A brief look at some of the history of Rubisco research
reports by M. Salvucci, A. Portis and co-workers reveals a saga of surprises that will set an appropriate
of the presence in some tissues of a protein which stage for describing the discovery of Rubisco ac-
is involved in the activation of RuBPCO. The sug- tivase. This most abundant plant protein masqueraded
gestion that the protein is an enzyme, hence the for many years as ‘Fraction one’ protein (Wildman
name RuBPCO activase, appeared to raise some and Bonner 1947; Kawashima and Wildman 1970)
hackles.’ before its carboxylation activity was uncovered, be-

ginning in 1954 (for historical accounts, see Weiss-
J. A. M. Holtum and E. Latzko, 1987 bach and Horecker 1989; A.A. Benson, this issue;
and S. Wildman, this issue). Many years later, its
bifunctionality was revealed by discovery of its oxy-
genase activity (Bowes et al. 1971). The oxygenase
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activity was an elegant explanation for both the long
sought source of the substrate for photorespiration and
the effects of oxygen on photosynthesis, but it en-
gendered some heated debates rather than acclaim for
the breakthrough it represented. Rubisco oxygenation
went against earlier evidence for other sources of gly-
colate, and some expert biochemists found it difficult
to accept that an oxygenase could function without
a transition metal cofactor, such as iron or copper.
The amount of copper associated with the protein and
whether the carboxylase and oxygenase activities were
really catalyzed by the same protein or could be separ-
ated from each other consumed much research effort
for a time.

Even measuring the activity of Rubisco properly
proved to be difficult. Many papers on measuring its
kinetic properties reported various effectors and allos-
teric interactions. Also, it soon became apparent that
even under the best of circumstances the activity of
the isolated protein was not adequate to account for
the measured rates of photosynthesis, unless one re-
sorted to rapidly assaying it with lysed chloroplasts
(Bahr and Jensen 1974). The significance of the early
evidence of ‘activation’ by inorganic carbon and Mg+
by Pon et al. (1963) was largely overlooked until 1976,
when George Lorimer and colleagues clearly demon-
strated that CO; was not only a substrate, but also an
activator (Lorimer et al. 1976; Lorimer 1979). This
realization rendered most kinetic and regulatory stud-
ies reported before prior to 1976 largely useless. Their
mechanism for a spontaneous! carbamylation of the
enzyme by CO; followed by Mg?* binding, which
was favored at alkaline pH, had the added benefit of
providing a ready explanation for ‘light activation” of
the enzyme (Walker 1973) and the subsequent find-
ing that the enzyme was modulated by light in vivo
(Machler and Nosberger 1980; Perchorowicz et al.
1981). Effectors, sugar phosphates that could stim-
ulate or inhibit Rubisco when preincubated with the
enzyme, CO;, and Mg2Jr before assay, then became
of major interest. One of them, 2-carboxyarabinitol 1-
phosphate (CA1P), would come to rival activase for
importance. Meanwhile, the other substrate, RuBP,
received little notice even though the early paper by
Pon et al. (1963) also showed that preincubation of
the enzyme with RuBP led to reduced rates of activ-
ity. Later, a detailed analysis by Laing and Christeller
(1976) provided evidence that RuBP was an inhibitor
of activation, allowing them to extend the carbamyl-
ation model of Lorimer et al. (1976). Finally, a paper
by Jordan and Chollet (1983) most clearly showed that

RuBP binding to the uncarbamylated enzyme resulted
in a potent inhibition of the carbamylation/activation
process.

Rubisco’s many deficiencies are often mentioned
in the literature, but here we will conclude this brief
introduction by pointing out that Rubisco is some-
what schizophrenic—not only is it bifunctional with
its oxygenase activity undoing a considerable amount
of carboxylation, but one substrate, CO;, is also an
essential activator, while the other, RuBP, is also an
inhibitor of the very same activation process.

A sickly mutant

The key to the eventual discovery of activase was
the Arabidopsis rca mutant, which was reported by
Somerville et al. (1982). This mutant came through
the high COy/low CO; screen developed by Chris
Somerville, while a postdoc in Bill Ogren’s USDA
laboratory located in the Agronomy Department in
Turner Hall at the University of [llinois (Figure 1). The
screen was designed to isolate mutants with defects in
the photorespiratory pathway, a radical approach at the
time for resolving controversies about metabolic path-
ways in plants. Mutant CS207 was just one of many
that passed the initial screen, but initially it did not
grow very well even under high CO; and could easily
have been discarded. Fortunately, Chris was meticu-
lous and he took the time to backcross such plants to
the wild-type in order to eliminate spurious mutations.

Chris Somerville’s usual approach for characteriz-
ing these mutants was to label them with '*C and then
apply a simple batch ionic exchange separation in or-
der to identify the potential lesion by the compound
that accumulated. Mutant CS207 was interesting be-
cause under low CO; it accumulated label in the
strong acids, usually Calvin—Benson cycle intermedi-
ates, rather than the weak acids or bases, which were
expected with mutants in the photorespiratory path-
way. Archie Portis, newly arrived in Urbana himself
and located in a lab directly across from Bill Ogren’s,
had set up an ion-exchange high pressure liquid chro-
matography (HPLC) system specifically to resolve
Calvin—Benson cycle intermediates. Chris came to
him one day with some samples and asked if he would
chromatograph them for him. They were surprised to
see the large labeling of the RuBP pool, suggesting
that Rubisco activity was the problem. However, when
Chris isolated the Rubisco protein from the mutant
and assayed it, Rubisco appeared perfectly normal.
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Figure 1. Left: William (Bill) Ogren (/) and Michael (Mike) Salvucci (r) examining 2-D gels of chloroplast extracts from wild type and
rca mutant Arabidopsis. Middle: Turner Hall, University of Illinois, Urbana, Illinois, where the rca mutant was recovered and activase was
discovered in the second floor labs of Ogren and Portis. Right: Archie Portis in his lab a few years after the discovery.

The emerging properties of the mutant prompted much
discussion, which included Marty Spalding, another
postdoc in Bill’s lab at the time. It was soon real-
ized that the methods and ideas put forth in a newly
published paper by Perchorowicz et al. (1981) on
Rubisco activation in wheat seedlings could be reveal-
ing. Chris quickly adapted the methods to Arabidopsis
and was then able to show that the problem with the
mutant was not Rubisco activity per se, but its level
of activation. Thus the CS207 mutant was named rca
(ribulosebisphosphate carboxylase activation). Mean-
while, in writing up the results, the mutant prompted
much discussion about how this could be. If stromal
pH or Mg?* were a problem, work in several labs,
particularly in Hans Heldt’s lab by Archie and oth-
ers had shown that the FBPase and SBPase activities
would also be affected. Much discussion also focused
on Ru5P kinase. Could a regulatory disruption of this
enzyme raise the stromal RuBP to inhibitory levels for
Rubisco? We suspected that the mutant was the key
to understanding Rubisco regulation, but just how to
proceed was not very clear.

Protein gels with a missing band

Chris Somerville soon left Bill Ogren’s lab with a host
of ideas that he felt could be approached by muta-
genesis of Arabidopsis and the rca mutant just sat
in Bill’s Arabidopsis collection for some time. Then
Mike Salvucci arrived in Bill’s lab with an interest in
isolating/characterizing photosynthesis mutants from
a collection of Chlamydomonas mutants produced by
Bob Spreitzer, who had just completed a postdoc in
Bill’s lab. Mike and Archie hit it off right from the
start and soon became good friends. The first mutant
Mike identified had a defect in RuSP kinase. One day
the Arabidopsis rca mutant came up in conversation,

particularly the hypothesis that it might have a defect
in Ru5P kinase. Mike was aware of the rca mutant
from a preprint of the original manuscript that he had
received in a recruitment package from Bill (on this
preprint Bill wrote: ‘Pursuing this mutant might also
be a possibility’). Mike agreed to grow some of the rca
mutant and to include an extract in one of the Ru5P
kinase assays. These first experiments were not very
encouraging, as the RuSP kinase activity appeared to
be normal. Further discussions ensued, leading to the
hypothesis that Rubisco activation was somehow cata-
lyzed in vivo by a protein that was missing or defective
in the mutant. We mentioned this idea to Bill, who
reminded us of previous reports of a Rubisco ‘light
activation factor,” disparagingly known among some
photosynthetic carbon researchers at the time as the
LAF factor, and suggested that, if we find such a pro-
tein, we should give it a name less subject to ridicule.
As a result, we began calling our hypothetical pro-
tein Rubisco activase. Later on, the implication that
activase was an enzyme would not be well received
(Holtum and Latzko 1987). However the prolifera-
tion of reports of proteins like activase whose main
function is to catalyze changes in noncovalent bond-
ing is causing a re-assessment of how we classify and
catalog enzymes (Purich 2001).

The more we discussed the ‘Rubisco activase hy-
pothesis,” the more we liked the idea and were con-
vinced of the potential importance of the mutant in
proving it. Our ideas were bolstered by recent re-
ports from Perchorowicz and Jensen (1983) and also
Weiss (1981a, b), which where not consistent with
the idea that increases in stromal pH and Mgt were
solely responsible for light activation of Rubisco. Con-
sequently, we decided to run a few gels on extracts of
the mutant and wild-type — ‘just to have a look’ — but
knowing full well that the chances of a protein actually
being absent were not great. We reasoned that the pro-
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tein must be fairly small, because it would have to be
fairly abundant to activate all of the Rubisco, yet ap-
pear relatively faint on gels to have escaped detection
by John Ellis and others who had already identified
many of the chloroplast stromal proteins. When we
analyzed the gels we saw no differences at the low
molecular weight end, but one of us (AP) spotted a
difference at about 42 kDa. But was the difference real
and related to the mutant phenotype? Apprehensive
that Bill Ogren would think that we were wasting our
time, we finally showed the gels to him. If he was
as excited as us was hard to discern, but his imme-
diate comment was to suggest that Mike make some
crosses to determine if the missing band, which was
quite faint in the wild type, could be separated from
the rca phenotype, a high CO; requirement for growth.
While waiting for the crosses, we decided to isolate
chloroplasts from the mutant and wild type and run 2D
gels on the stromal extracts. Unfortunately, obtaining
chloroplasts from Arabidopsis first required the isola-
tion of protoplasts, which in itself was rather difficult
and time consuming. But the effort was rewarded by
a clear result: the gels showed that not one but two
polypeptides were missing from mutant chloroplasts,
verifying that a protein with possibly two subunits was
indeed missing in the mutant and that the protein was
chloroplastic.

The results of the crosses were also positive and
we soon had both genetic and physiological evidence
that a previously unknown protein was required to
maintain Rubisco in a highly active state at normal
CO3 concentrations. The next step was obviously to
purify and characterize this new protein, but we had
a major problem: how to assay its activity so that it
could be followed during purification? Since reports
in the literature indicated that the light activation of
Rubisco could be observed in isolated chloroplasts
(e.g. Heldt et al. 1978), Archie Portis began a long
series of experiments to characterize this process in
more detail and to see if a light dependent increase in
Rubisco activity could be observed following lysis of
intact chloroplasts. After almost a year of experiments
some progress was being made in showing that light
activation in chloroplasts clearly involved more than
stromal pH and Mgt changes, but otherwise things
were looking rather grim as all attempts at showing
activation after lysis of the chloroplasts had failed.
Meanwhile, Mike Salvucci had accepted a faculty po-
sition at a university in the northeast and left Urbana
in December 1984, with best-laid plans to collaborate
with Bill and Archie on the activase problem.

My kingdom for an assay!

Extremely frustrated at the lack of a way to identify
and follow this new protein in the wild-type plants,
we had to consider publishing our findings as they
were and mulled things over during the winter holi-
days. Archie Portis went to the Eighth Annual Sym-
posium in Plant Physiology at UC Riverside in January
1985 and presented some unrelated work on chloro-
plast metabolism. Metabolite regulation of chloroplast
carbon metabolism was a major theme, as fructose
2,6-bisphosphate was just recently reported. While
listening to one of the talks, he realized that all of
the previous experiments with lysed chloroplast had
never included any RuBP in the incubation reaction
mixture—it had only been present in the assay mix-
tures. Given our knowledge of Jordan’s experiments
on the effects of RuBP on spontaneous activation
(Jordan and Chollet 1983) and some rather curious
results reported when RuBP was present in chloroplast
lysates (Lendzian 1978; Sicher et al. 1981), this was
quite an oversight. Immediately upon returning to the
lab, a rather simple experiment was conducted. In-
tact chloroplasts were lysed into a solution containing
RuBP and an electron transport acceptor, and Rubisco
activity was then followed for the next few minutes in
either light or darkness. The results were quite excit-
ing as the initial activity increased with time in light
while it decreased in darkness, such that, after 6 min a
fourfold difference was observed.

Who needs a real job when you can be chasing
activase?

Unknown to Archie Portis, Mike Salvucci had called
Bill Ogren asking if he could return to his postdoc po-
sition, because key promises made to him in his new
faculty position were not being fulfilled. Bill told him
‘no problem, your bench is still open,” but in reality
he had to pull a few governmental strings, as this was
an extraordinary request. Immediately upon his return
in February 1985, Archie showed Mike and Bill the
data, which indicated that we now had a possible as-
say for this new protein. We then set about isolating
chloroplasts from the wild-type and mutant Arabidop-
sis plants in order to use them in the lysed chloroplast
assay and as a source of stromal extract for a recon-
stituted assay. Again, the effort was rewarded by a
clear result: the light-dependent increase in Rubisco
activity only occurred with wild type extracts. The



final piece was in hand — an in vitro assay that showed
that the missing protein was required for the increase
in Rubisco activity.

Publication frustration and paranoia

With a few clean-up experiments to follow, we now
felt in a position to publish a ‘landmark’ paper in a
prestigious journal. First we tried Nature, but the pa-
per was rejected without being sent out for review.
Next we tried Science, and the reviewers raised many
questions, but we had an opportunity to respond to
the criticisms. One reviewer asked how we could be
certain the missing band was really associated with the
Rubisco activity increase when we had not yet purified
it. We went back and forth with the reviewers over this
issue, but our genetic evidence linking lack of activity
with absent proteins was of little consequence to the
reviewers and editor. It seemed that combining genet-
ics, physiology, and biochemistry counted for little in
trying to overthrow the existing dogma that activation
of Rubisco was a spontaneous process in vivo as well
as in vitro.

At this point, we had become extremely frustrated,
and paranoia about getting published in 1985 began to
set in. The paper was submitted in April and by Octo-
ber it had not been accepted or rejected, but was still
out for review. Also preliminary reports were appear-
ing about another process affecting Rubisco activation.
Furthermore, the activation assay was so easy to per-
form anyone might have also discovered it, and we
were well on our way to purifying the activase protein.
In the course of conversation, Bill mentioned the prob-
lems we were having with publication to Govindjee,
also at Urbana. Govindjee suggested that we submit
the manuscript as a short communication to Photosyn-
thesis Research, which he conveniently edited. Con-
sequently, Mike dashed off a letter pulling the paper
from further consideration by Science, and we submit-
ted the manuscript to Photosynthesis Research. The
manuscript (Salvucci et al. 1985) was immediately ac-
cepted by Govindjee and printed without typesetting
in the November 1985 issue.

A fortunate case of contamination
In earlier days, biochemists were always worried

about the purity of their reagents and enzymes because
many had to be synthesized or isolated in-house; com-
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mercial sources were unavailable. Experiments that
worked one day, but not the next, were usually fol-
lowed up by a systematic investigation. With today’s
emphasis on prepackaged kits and the availability of
‘ultra-pure’ reagents not much thought is given to pur-
ity anymore. Thus, if an experiment suddenly does not
work, one is likely to conclude that the researcher must
just ‘have messed up.” Also there seems to be some
hesitation about even doing an experiment if a crit-
ical component is not readily available. This change
is interesting, because there are numerous instances
of important advances resulting from a contaminated
reagent or enzyme. Activase is one such case.

With an assay in hand, we now set about to purify
this new protein and to conduct experiments to determ-
ine the important features of the activation mechanism.
One day during the course of these experiments, we
did not have activation activity in any of the controls.
The experiment was repeated the next day with sim-
ilar results. With some panic beginning to set in, we
realized that a new batch of RuBP had been used
for these experiments. Due to its great expense, we
like most ‘Rubiscologists’ synthesize our RuBP from
less expensive precursors. We anxiously did another
experiment in which both the new and an old RuBP
preparation were used and we were quite relieved to
see that the old RuBP preparation still worked. Look-
ing over how these were prepared, some additional
steps had been introduced to ‘improve’ the synthesis
protocol. In the synthesis, stoichiometric amounts of
ATP were used to phosphorylate ribulose 5-phosphate.
The ATP/ADP was then removed by treating the reac-
tion with charcoal, once in the old procedure, several
times in the new procedure. A quick UV spectrum of
both RuBP samples revealed that the older preparation
was severely contaminated with adenine nucleotide
whereas the most recent one was not. Further exper-
iments by Kit Streusand, a postdoc in Portis’s lab,
quickly revealed that not only was ATP required, but
also the presence of thylakoids was no longer abso-
lutely necessary (Streusand and Portis 1987). Appar-
ently they were only acting as an ATP regenerating
system.

CA1P - a red herring?

A few years before the discovery of activase, several
reports appeared showing that Rubisco was inhibited
in the dark (reviewed in Seemann et al. 1990). A
flurry of activity ensued as researchers in at least
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five different labs raced to identify the long sought
after compound responsible for light activation of
Rubisco. Meanwhile, our results with activase were
convincing us that Rubisco activase was the univer-
sal regulator of Rubisco and not this compound. Our
confidence was bolstered by reports showing that the
so-called dark inhibitor was not in all plant species
and our own experiments indicating that this com-
pound was not in Arabidopsis. Also, it was difficult
to explain how a compound present mainly in the dark
could prevent RuBP from inhibiting Rubisco in light.
Consequently, when the inhibitor was identified as
2-carboxyarabinitol 1-phosphate (CA1P) by two dif-
ferent labs, both of which relied on John Pierce at
Dupont for their NMR (Gutteridge et al. 1986; Berry
et al. 1987), we took great pains to distance ourselves
from all attempts to connect activase and CA1P.

In December of 1985, Mike Salvucci left Urbana
for a position with the USDA at the University of
Kentucky. Because the job was in the Tobacco and
Forage Research Unit, and tobacco contained CAI1P,
he began investigating the relative contributions of
activase and CA1P to the regulation of Rubisco in
tobacco. These studies led to a collaboration with
George Bowes and Gabe Holbrook, then a postdoc
with George, that culminated in the identification of
CA1P phosphatase, a specific phosphatase that meta-
bolizes CAI1P in light (Holbrook et al. 1989). Back
in Urbana, Simon Robinson joined Archie Portis on a
sabbatical from Australia and was proceeding through
a detailed characterization of activase, including elu-
cidation of its ATPase activity (Robinson and Portis
1989). Because of his extremely well organized ap-
proach, almost every experiment worked for Simon,
and he produced five papers during his nine-month
visit. However, a reviewer of one of the papers was not
impressed, criticizing us for trying to publish an MPU
(minimum publishable unit). There is another interest-
ing anecdote from Simon’s time in Urbana. One day
Simon related to Archie that several years earlier he
had detected a curious stromal ATPase activity during
his work on the envelope transport ATPases. He had
never published anything, since he could not figure
out what the protein was doing but now realized that
it must have been activase. Sometimes inexplicable
observations eventually make sense in the end.

Simon Robinson was curious about a possible rela-
tionship between CA1P and activase, and he suggested
to Archie that they get a sample of CA1P to examine
its effects on Rubisco in the presence of the activase.
Archie agreed and Simon contacted Joe Berry, who

kindly provided a sample for the experiments. Previ-
ous work on CAI1P had shown that its release from
Rubisco was very slow (Berry et al. 1987) and that
CAl1Pase could only hydrolyze CA1P once it was re-
leased (Salvucci et al. 1988). Robinson and Portis
showed that activase was indeed active towards CA1P,
facilitating its release from Rubisco to make it avail-
able for metabolism by CA1P phosphatase (Robinson
and Portis 1988). More importantly, Simon’s experi-
ments with CA1P laid the groundwork for later studies
in Archie’s lab, which established that facilitating the
release of sugar phosphates that otherwise prevent car-
bamylation and/or catalysis was a key component in
the mechanism of activase.

Conclusions

Looking back over this course of events, a number
of seemingly unrelated factors combined to contrib-
ute to the discovery of activase, not the least of
which was dumb luck. For example, renewed effort
on the rca mutant began with the chance discovery
of an RuSP kinase mutant in Chlamydomonas. Later,
the initial experiments using lysed chloroplasts and
RuBP only worked because micromolar amounts of
ATP/ADP had been fortuitously introduced along with
the millimolar concentrations of RuBP that were being
used. Also, we were fortunate that the rca mutation
eliminated activase expression and that activase was
abundant enough and of a size not to be obscured by
other proteins on the gels. Finally, timely reports by
other investigators were of paramount importance in
developing a hypothesis to account for the behavior of
Rubisco in the Arabidopsis rca mutant.

Undoubtedly, the most important single factor in
the discovery of activase was the existence of the
rca mutant of Arabidopsis. If this mutant had not
been isolated and properly characterized, activase
would probably have remained unknown for some
time. However, it is likely that recent advances in our
understanding of the conformational changes that ac-
company sugar phosphate binding (Duff et al. 2000)
derived from the high resolution crystal structures of
Rubisco (Schreuder et al. 1993) would have eventu-
ally led to the conclusion that conformational changes
in Rubisco must be facilitated in some way. Also, the
development of micro-sequencing techniques and ex-
pressed sequence tags would have identified activase
as a chloroplast-localized ATPase, and its function
would have eventually been identified through muta-



genesis or antisense technology. However, these tech-
niques were in their infancy in 1985 and the structure
of Rubisco was not highly resolved. Instead, we had
a well-characterized mutant that required the develop-
ment of a hypothesis and the execution of experiments
that would test the hypothesis. Essential to success
was the support given by the senior member of the
team, Bill Ogren, who would often provide encourage-
ment by stating that ‘no important biological process
is regulated spontaneously. In addition, Bill Ogren
frequently played the ‘devil’s advocate, providing
much needed critical evaluation of the experiments to
balance our youthful (Figure 1) exuberance. The iden-
tification of activase is a testament to the power of
a mutational approach in investigations of photosyn-
thesis, not only for confirming the known, but also for
revealing unknown aspects of the process.
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Note

IThe notion that Rubisco regulation is a spontaneous process con-
trolled by light-driven changes in stromal pH and Mg2+ (Lorimer et
al. 1976; Heldt et al. 1978) persists today in some textbooks despite
conclusive evidence to the contrary.
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