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R ib u lo se  b isp h o sp h a te  carboxy lase/oxygenase  w as p u rified  to  a p p a re n t h o m o g en e ity  from  
the ca rb o x y so m es o f  Prochlorothrix hollandica. T he M W  o f  th e  n a tive  enzym e w as e stim a ted  
to  be 560,000 D a lto n , co m p risin g  large su b u n its  (L S U ) o f  57,000 D a lto n  a n d  sm all su b u n its  
(SSU ) o f  13,000, p ro b a b ly  in an  8L S U 8SSU q u a te rn a ry  s tru c tu re . E nzym e ac tiv ity  w as m ax i­
m al a t pH  8.0 a t 30 C. T h e  req u irem en t o f  activ ity  fo r M g 2+ co u ld  n o t be rep laced  by M n :+, 
C o 2+, C a 2+ o r C u 2+. A m in o  acid N -te rm in al sequence analysis o f  the  L SU  show ed  a high 
degree o f  co n se rv a tio n  w hen  co m p ared  to  cy an o b acte ria l a n d  c h lo ro p la s t L SU  sequences b u t 
was to o  sh o rt to  allow  a re liab le  phylogenetic  a ssig n m en t o f  P. hollandica.

Introduction

The Prochlorophyta (also termed Prochlorales 
in the class Photobacteria) are a group of oxygen- 
evolving photosynthetic prokaryotes containing 
chlorophylls a and b but lacking phycobilins [1-7]. 
Their possession of chlorophyll b and lack of 
phycobilins provided an early indication that the 
prochlorophytes were distinct from the cyanobac­
teria [7-9] and their pigment complement is typi­
cal of the chloroplasts of green algae and higher 
plants. However, prochlorophytes are typically 
prokaryotic in terms of ultrastructure, genetic or­
ganization and several biochemical characteristics 
[7-9],

Until recently, the symbiotic species of the genus 
Prochloron were the only known members of the 
group and although the biological and evolution­
ary significance of this class of organism was rec­
ognized, investigations have been constrained by 
the inability to culture Prochloron independently 
of it’s ascidian host species. Since the exciting dis­
covery of the free-living, filamentous Prochloro­
thrix hollandica from a shallow eutrophic fresh­
water lake in the Netherlands [5] and a novel 
free-living, marine unicellular prochlorophyte 
abundant in the oceanic euphotic zone [10], oppor-
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tunities have increased to study the biochemical 
characteristics and evolutionary position of pro­
chlorophytes in the consideration of an ancestral 
origin of higher plant chloroplasts. This prospect 
has been the focus of much concern recently, al­
though no clear conclusions have yet been reached 
[11, 12].

In this paper we report on the purification, 
structure and properties of ribulose-1,5-bisphos- 
phate carboxylase/oxygenase (RuBisCO) from 
P. hollandica. Previous studies of this major Con­
fixing enzyme from various prokaryotic and euka­
ryotic sources have led to hypotheses concerning 
the molecular evolution of autotrophy [13-16]. 
Prochlorophytes have been shown to contain 
RuBisCO [17-19] consistent with their ability to 
assimilate C 0 2 via the Calvin cycle [20]. Some of 
the RuBisCO is sequestered in carboxysomes [18, 
19, 21, 23], RuBisCO has been partially purified 
from Prochloron, the symbiont of Lissoclinum pa­
tella using freeze-dried field material [17]. Here we 
report on the purification of RuBisCO from 
P. hollandica grown in the laboratory in mass cul­
ture and on the N-terminal amino acid sequence of 
the large subunit (LSU) of RuBisCO. The purpose 
of the study was to assess the degree of physical, 
structural and molecular homology of RuBisCO 
from the free-living with that of the symbiotic 
prochlorophyte and RuBisCO’s from cyanobac­
teria, green algae and higher plants.
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Organism and growth conditions

Prochlorothrix hollandica was a gift from Dr. T. 
Burger-Wiersma and Prof. L. R. Mur, University 
of Amsterdam and was grown in FPG medium as 
detailed elsewhere [6]. Cells were grown photo- 
autotrophically in 20 1 batch cultures, continuous 
illumination being provided at a photon fluence 
rate incidence on the vessels of 300 |a Em “2 • s“1.

Preparation o f cell-free extracts 
and enzyme purification

5 - 8  g wet weight of cells were harvested from 
151 of culture by continuous centrifugation. All 
subsequent steps were performed at 4 °C unless 
otherwise stated. Cells were resuspended in low 
Tris isolation buffer, pH 8.0 (LTIB; 10 mM Tris, 
10mM MgCl2, 1 mM EDTA N a2, 50 mM 
NaHCOj, 12 mM mercaptoethanol). Cells were 
broken by passage through a French pressure cell 
(110 MPa). Remaining whole cells and large mem­
brane fragments were removed by low-speed cen­
trifugation. The cell-free extract was centrifuged at
40.000 x g x 1 h and the pellet was then used as the 
starting material for further purification.

The 40,000 x g pellet was resuspended in 3 -4  ml 
of LTIB and solubilized by ultrasonication using an 
MSE 9.5 mm probe at full power for 3 x 30 s bursts 
with intermittent cooling. The solubilized pellet 
was then centrifuged again at 40,000 x g x ] h. The 
pellet was discarded and the supernatant was fur­
ther centrifuged at 100,000 x g x I h. Again the pel­
let was discarded, solid (NH4)2S 0 4 was then added 
to the brown supernatant to 30% saturation fol­
lowed by centrifugation at 15,000 x g x 15 min. The 
supernatant was adjusted to 50% (N H 4)2S 0 4 satu­
ration which resulted in precipitation of the bulk 
of the high molecular weight proteins. The pellet 
was resuspended in about 2.0 ml LTIB and 
dialyzed against 2 1 of the same buffer overnight.
1 -  1.5 ml of the dialyzed enzyme solution was lay­
ered onto a 17 ml linear sucrose density gradient 
(0.2-0.8 m  in LTIB) and centrifuged at
240.000 x g x 80 min in a TV 865 vertical rotor in a 
Sorvall OTD 65 B ultracentrifuge). 0.5 ml frac­
tions were collected which were retained for en­
zyme assay, protein determination and refractive 
index measurements.

Materials and Methods Enzyme assay

RuBisCO activity was measured as RuBP- 
dependent incorporation of N aH 14C 0 3 into acid- 
stable material as described elsewhere [21], Acid- 
stable radioactivity was determined in a Packard 
Minaxi Tri Carb 4000 counter using the external 
standard ratio method.

Protein determination

Protein was measured using both the micro- 
Lowry [24] and Bradford methods [25],

Molecular weight determination

The MW of the native enzyme was determined 
by gel filtration using Sephacryl S-300 (Pharma­
cia) in a 1.5 m column calibrated with standards. 
The column was eluted with 50 m M  T ris-rn 
pH 8.0. The MW of the subunits were estima 
by comparing their electrophoretic mobilities a 
SDS-PAGE with appropriate standards [22].

Large subunit amino-terminal sequence analysis

Samples of purified enzyme (100-150 (ig) were 
loaded into 15% (w/v) linear SDS-polyacrylamide 
gels containing 4 m  urea using the buffer system of 
Laemmli [26]. After electrophoresis, gels were 
soaked in Tris-glycine buffer (25 m M  Tris, 200 m M  

glycine) for 30 min. Proteins were eiectrobiotted 
[27] onto polyvinylidene difluoride membrane 
(Immobilon transfer, 0.6 |^m pore) at 0.1 A in the 
same buffer for 12 h. The membrane was rinsed in 
deionized water, stained with 0.1 % (w/v) Coomas- 
sie blue R-250 in 50% (v/v) methanol for 5 min 
and destained for 30 min in 10% (v/v) acetic acid, 
50% (v/v) methanol. The membrane was then 
rinsed in deionized water, air-dried and stored at 
-2 0  °C.

A small amount of the LSU had been proteo- 
lyzed from 57 kDa to 52 kDa. A strip was cut from 
the membrane corresponding to the 57 kDa band. 
Sequencing was carried out on the automated gas- 
phase sequenator at the University of Cambridge, 
Department of Biochemistry Protein Sequencing 
Facility.
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Results

Purification o f RuBisCO
RuBisCO was present at approximately equal 

specific activity and abundance in the initial
40,000 x g x l h supernatant and pellet fractions of 
cell-free extract. These fractions were derived from 
the cytoplasmic and particulate (carboxysome- 
containing) pools of the cell [21, 22], Initial a t­
tempts were made to purify P. hollandica cyto­
plasmic RuBisCO. Usually RuBisCO’s from auto­
trophic prokaryotes and chloroplasts can be readi­
ly separated from the majority of the soluble 
proteins of the respective cytoplasm or stroma by 
centrifugation of the 30-50%  (NH4)2S 0 4-precipi- 
tated and dialyzed material through sucrose densi- -  
ty gradients [15, 22], When this procedure was 
used with P. hollandica cytoplasmic extract, one 
major protein band with high RuBisCO activity 
was obtained in sucrose gradients. Polyacrylamide

gel electrophoresis (PAGE) of peak RuBisCO- 
containing fractions from the sucrose gradient re­
vealed one major band (RuBisCO) plus at least 6 
contaminating proteins. Passage of peak cyto­
plasmic RuBisCO fractions through a second 
sucrose density gradient followed by several varia­
tions in fast performance liquid chromatography 
(FPLC, Pharmacia) did not separate a major con­
taminating protein from the RuBisCO (unpub­
lished observations) and attempts at purification 
were concentrated on the P. hollandica carboxy- 
some-containing particulate fraction. This fraction 
gave a major protein band in the centre of the 
sucrose gradient (Fig. 1) without the predominant 
accumulation of proteins towards the top of the 
gradient which is characteristic of RuBisCO puri­
fications from cytoplasmic protein sources [21, 22]. 
The distribution of protein in the centre of the 
sucrose gradient essentially coincided with that of 
RuBisCO activity (Fig. 1). PAGE of the peak

Fig. 1. Sucrose  den sity  g rad ien t c en trifu g a tio n  o f  a 3 0 - 5 0 %  (N H 4)2S 0 4 frac tio n  o f  so lub ilized  p a r tic u la te  (carboxy- 
so m e-co n ta in in g ) e x tra c t o f  Prochlorothrix hollandica. R uB isC O  activ ity  (R u B P -d e p e n d en t in co rp o ra tio n  o f  l4C in to  
ac id -stab le  m ate ria l)  is expressed as d p m  in co rp o ra te d  p e r 2 m in  assay  [22], P ro te in  d is tr ib u tio n  w as m o n ito re d  as 
a b so rb an c e  a t  280 nm  an d  sucrose by re frac to m etry . G ra d ie n t frac tio n s  a re  n u m b ered  in th e  o rd e r  in w hich  they were 
w ith d raw n  fro m  th e  b o tto m  o f  the tube.
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RuBisCO activity fractions gave a single protein 
band (Fig. 2a). It was therefore decided to use the 
particulate cell-free extract as starting material for 
further purifications.

The enzyme was purified approximately 117- 
fold with a high specific activity of 0.8 jimol C 0 2- 
fixed m i n 1 mg protein-1. The final activity yield 
from the total broken cell extract was only 8.0% 
but this reflects that only the particulate fraction 
of the total complement of RuBisCO was purified. 
The amount of particulate i.e. carboxysomal 
RuBisCO varies depending on growth conditions 
and it is likely that as in cyanobacteria, particulate 
and soluble RuBisCO are structurally, biochemi­
cally and immunologically identical enzymes [22,
23]. The enzyme was estimated to be 92% pure as 
determined by densitometric scanning using a 
Joyce Loebl Chromoscan 3.

Molecular weight and subunit structure

The enzyme was found to consist to two subunit 
classes as determined by SDS-PAGE. The MW of 
the large subunit (LSU) and small subunit (SSU) 
were 57 kDa and 13 kDa respectively (Fig. 2 b). 
Assuming a typical prokaryotic 8L8S structure, 
the native enzyme would have had a MW of 
560 kDa. This value was identical with that ob­
tained by gel filtration of a semi-purified enzyme 
preparation [21].

Fig. 2. (a) S ta n d a rd  P A G E  o f  R u B isC O  purified  from  
the carb oxysom es o f  P rochlorothrix hollandica. T he gel 
w as load ed  w ith peak  activ ity  frac tio n s  from  the  sucrose  
density  g rad ien t c en trifu g a tio n  show n  in Fig. 1. G els 
were lo ad ed  w ith 20 |ig  (left h an d ) an d  40 |ig  (rig h t 
han d ) o f  p ro te in , (b) S D S -P A G E  o f  d isso c ia ted  p u rified  
P. hollandica R uB isC O . L S U , large  su b u n it; SSU , sm all 
su bun it.

Catalytic and regulatory properties

Maximum enzyme activity was achieved at 
pH 8.0 in HCO3- and Mg2+-supplemented Bicine 
buffer (Table I). Little or no activity was found 
above or below this value.

Divalent cations were a prerequisite for enzyme 
activity. Maximum activity was achieved in the 
presence of Mg2+ at 10 m M .  Mg2+ could only par­
tially be replaced by other divalent cations (Table 
II). Concentrations of these others at 10 m M  by 
comparison with 5 m M  had a marked inhibitory 
effect with activity being in the region of that 
obtained in the absence of divalent cations.

Sequence analysis

The sequence of 17 residues at the amino-termi- 
nus of the P. hollandica RuBisCO LSU was deter­
mined. The ninth amino acid was ambiguous but

T ab le  I. D e te rm in a tio n  o f  p H  o p tim u m  fo r th e  c a rb o x y ­
lase activ ity  o f  R uB isC O  purified  from  P rochlorothrix  
hollandica  carboxysom es.

PH Specific ac tiv ity 3

7.5 0.0
7.7 0.0
7.9 0.05
8.0 0.56
8.1 0.15
8.3 0.05
8.5 0.03

a |amol C O ,-fixed  m in '-m g  p ro te in  '. V alues a re  the 
m eans o f  du p lica te  d e te rm in a tio n s.

T ab le  II. E ffect o f  d ivalen t ca tio n s on  the  carb o x y lase  
activ ity  o f  R uB isC O  purified  from  P rochlorothrix hol­
landica carboxysom es.

A ssay co n d itio n s  Specific R ela tive
activ ity“ activ ity  

[% ]

10 mM M g 2+ 0.275 100.0
5 mM m I - + 0.163 59.3

M inus M g 2+ 0.007 2.8
M inus M g 2+, plus 10 mM M n 2+ 0.009 3.3
M inus M g 2+, plus 5 mM M n 2+ 0.066 24.0
M inus M g 2+, plus 10 mM C o 2+ 0.003 1.1
M inus M g 2+, plus 5 mM C o 2+ 0.071 26.0
M inus M g 2+, plus 10 mM C a 2+ 0.003 1.1
M inus M g 2+, plus 5 mM C a 2+ 0.079 29.0
M inus M g 2+, plus 10 mM C u 2+ 0.007 2.8
M inus M g 2+, plus 5 mM C u 2+ 0.08 30.0

a (jmol C O :-fixed m in '-m g  p ro tein  V alues a re  the  
m eans o f  trip lica te  d e te rm in a tio n s.
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10 20
Fig. 3. C o m p a riso n  o f  the N -te rm in al am in o  acid  
sequence  o f  the  L S U  o f  Prochlorothrix hollandica  
R u B isC O  (P rx ), w ith  sequences from  the cy an o b ac te ria  
Anabaena  7120 (A n) an d  Svnechococcus 6301 (Syn), an d  
c h lo ro p la s ts  o f  Chlam ydom onas reinhardtii (C hi), sp in ­
ach  (Sp) a n d  m aize  (Zm ). T h e  single le tte r am in o  acid  
code is used; n u m b erin g  the  residues refers to  the  Ana-

Y
Y
Y
Y
Y 
Y_

3 0

baena  sequence. P. hollandica  A rg-22  (b rack e ted ) is a 
ten ta tiv e  assignm en t. P o sitio n s a t w hich fo u r o r  m ore  
residues a re  iden tica l a re  boxed . T h e  cy an o b ac te ria l and  
ch lo ro p las t sequences are  p red ic ted  p rim ary  tran s la tio n  
p ro d u c ts  derived  fro m  gene sequences. T he a rro w  in d i­
cates the  p u ta tiv e  p ro teo ly tic  p ro cess in g  site. Sequences 
are  tak en  from  ref. [3 3 -3 7 ].

arginine was the most likely of the possible resi­
dues. Comparison of the P. hollandica sequence 
with cyanobacterial and chloroplast sequences 
(Fig. 3) shows a high degree of conservation over 
the region sequenced, twelve amino acids being 
identical in all six species and two substitutions (at 
residues 22 and 29, numbering with respect to the 
Anabaena sequence) being conservative. The 
Prochlorothrix sequence shares identities with 
higher plant chloroplasts to the exclusion of 
cyanobacteria at some sites (Glu-29) but at others 
(Tyr-14) shows identity specifically with the 
cyanobacterial sequences.

Discussion

Ribulose-1,5-bisphosphate carboxylase/oxyge­
nase (RuBisCO) from the prochlorophyte Pro­
chlorothrix hollandica was purified from the car- 
boxysomal cell fraction using vertical sedimenta­
tion into a reorientated sucrose gradient as the 
most effective method. Purification of the enzyme 
from the cytoplasmic pool was impaired by the 
persistent presence of contaminating proteins 
throughout the purification procedure. Similar 
problems have been encountered when purifying 
RuBisCO from photosynthetic bacteria [28, 29]. 
The latter groups resolved this problem by inter­
rupting the vertical sedimentation gradient before 
the proteins had reached density equilibrium. 
Some pigment contaminants were separated 
from cytoplasmic P. hollandica RuBisCO using 
this approach, but this did not remove the major 
contaminating proteins when applied to the pro­
chlorophyte enzyme. Other methods were tried 
such as gel filtration followed by FPLC, but en­
zyme preparations still contained undesirable yel­
low material. The problem was only resolved by

separately purifying the soluble and particulate en­
zyme fractions, and assuming that the two enzyme 
forms are identical as in cyanobacteria [22, 23].

Particulate (carboxysomal) RuBisCO was puri­
fied to apparent homogeneity as determined by 
PAGE. The enzyme was composed of two types of 
subunits of MW 57 kDa and 13 kDa representing 
the large and small subunits of RuBisCO. These 
values are comparable to those estimated for the 
subunits of Prochloron of 57.5 kDa and 18.8 kDa 
respectively [17]. The MW of the native enzyme is 
within the range of those reported for similar 
8L 8S  forms from higher plants and other groups 
of autotrophic organisms [15, 23].

The pure enzyme exhibited high specific activity 
(0.79 jtmol C 0 2-fixed min-1-mg protein-1) but a 
yield of only 8% of the total cellular activity was 
obtained. However, on the basis of recovery from 
the original carboxysome-containing crude partic­
ulate fraction, a 20% yield was obtained. We have 
previously shown by immunoelectron microscopy 
and in vitro enzyme activity localization that 
RuBisCO is present both in the carboxysome and 
cytoplasmic fractions in P. hollandica and Prochlo­
ron using antiserum raised against the purified en­
zyme from a cyanobacterial source and that the 
prochlorophyte RuBisCO’s are immunologically 
homologous with RuBisCO protein from cyano­
bacterial sources [18, 21],

The LSU sequence data are clearly too short to 
allow construction of a reliable phylogeny for the 
prochlorophyte. There is evidence that LSU proc­
essing occurs in chloroplasts [30], proteolytic 
cleavage between Lys-15 and A la-16 (the site ar­
rowed in Fig. 3) removing the first 14 residues to 
leave the mature protein with alanine at the 
N-terminus [31]. In Prochlorothrix the highly con­
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served L ys-A la pair of this putative processing 
site is replaced by the sequence G in -A la  (a non­
conservative substitution) and the mature protein 
is extended at the N-terminus by two residues, 
starting with tyrosine not alanine. The Prochlo­
rothrix LSU may therefore be processed different­
ly from the chloroplast protein.

RuBisCO from P. hollandica appears to be simi­
lar in structure to higher plant and cyanobacterial 
RuBisCOs. However, with respect to regulatory 
properties, the enzyme was not capable of using di­
valent cations other than Mg2+ for activation. It 
has been demonstrated in the photosynthetic bac­
terium Rho do spirillum rubrum that RuBisCO se­
lectively catalyzes the oxygenase reaction when ac­
tivated with Co2+ or Cu2+, M n2+ also had the same 
effect but to a lesser extent [27]. It is not known if 
this is the case in prochlorophytes but it could ac-
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