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Fig. 1A-D. Outlines of the four known pathways for autotrophic CO, fixation'.
The reactions catalyzed by key enzymes of these pathways are indicated by bold
arrows. A Calvin-Bassham-Benson cycle; B reductive citric acid cycle; C
reductive acetyl-CoA pathway; D 3-hydroxypropionate cycle. /C] Assimilated cell
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pathways in archaea (Crenarchaeota). Archives of Microbiology 179:160-173.
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Ribulose 1,5-bisphosphate carboxylase catalyzes the fixation of
atmospheric carbon dioxide into carbohydrate. It is the most
prevalent protein in the world. Without this enzyme,
heterotrophic organisms (such as humans) could not survive.
The carboxylation reaction is quite complex, as seen below.

H H H
1 H-C-0-(® H-C-0-® 'H—?—0‘®
2 0=C Keto-enol HO-C + Cffo Condensation HO—C—C/(O.- )
[ isomerization Il =0 B | O
3 H—IC—OH o samamomm (i)—OH T’ (IZZO
A
4 H—(|3—OH H—(I)—OH A H—(E—OH
H
5 H—(IJ-—O—® H—(13—0—® H—(13—O—®
H H H
Ribulose 1,5- Enediol 2-Carboxy 3-keto-
bisphosphate arabinitol 1,5-bis-
phosphate
H,0O
C
3-Phosphoglycerate
H
* i
H_ e
T O{% H-C-0-®
HO-C—C~ ~ . 0
([: C“‘“‘O"“’ HO—C—C(O;.-.,-_
H D <l n
o HO—-C-0O-H
Oy O [
(FJ H H—CI>—OH
H-C‘3~OH H-C-0-®)
H—(ID—O—® H
H
4
3-Phosphoglycerate Hydrated form

Figure 6.5 Reaction sequence in the carboxylation of RuBP by RubisCO. For the sake of simplicity
-PO? is symbolized as -P. An enediol, formed by keto—enol isomerization of the carbonyl group of the
RuBP (A), allows the nucleophilic reaction of CO, with the C-2 atom of RuBP by which 2-carboxy-3-
ketoarabinitol 1,5-bisphosphate (B) is formed. After hydration (C). the bond between C-2 and C-3 is
cleaved and two molecules of 3-phosphoglycerate are formed (D).

Source: Heldt, Hans-Walter (1997) Plant Biochemistry and
Molecuar Biology. Oxford University Press. page 152.
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RuBISCO Structure!

Top_Down:

Sideways:

! Source: http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi?form=6&db=t&Dopt=s&uid=6150
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In addition to carboxylation, Ribulose 1,5-bisphosphate
carboxylase catalyzes the fixation of atmospheric oxygen,
without net carbohydrate production. Hence, the enzyme is
commonly called Ribulose 1,5-bisphosphate
carboxylase/oxygenase, or RuBisCO. Oxygen and carbon
dioxide are very similar: small, linear molecules with analogous
intrinsic dipoles. Thus the RuBisCO active site for carbon
dioxide is ‘fooled’ into binding oygen instead.

i
H—(13—0—®
H H ' C
| [ O& ~0"
H—C—O“® H—C—O—® H,O H,O
| I , 2-Phosphoglycolate
HO—EJO:O HO—(lz—O—O '
C-OH =0 — S
I | ON /Oe
H—(I)—OH H—(IJ—OH | <|3
H-C-0-® H®  H-C-0-(® H® H=C=OH
ll* ' H—(|3—0—®
Enediol form of Hypothetical H
ribulose 1,5-bisphosphate peroxide 3-Phosphoglycerate
intermediate

Figure 6.6 Part of the reaction sequence in the oxygenation of RuBP as catalysed by RubisCO. O,
probably reacts in a similar way to CO, with the enediol of RuBP and thus forms a peroxide. In the
subsequent cleavage of the O, adduct, one atom of the O, molecule is found in the water and the other
in the carboxyl group of the 2-phosphoglycolate.

Kinetic Properties:

K, [CO,l: 9 umol 1"

K, [O,]: 535 pmol 1" ”
K, [RuBP]: 28 pmol I

At normal atmospheric conditions (0.035%=350 ppm CO,, 21% O,), the
concentrations in water at 25° C are: [CO,], 11 umol 1'; [O,], 253 pumol I".

Source: Heldt, Hans-Walter (1997) Plant Biochemistry and
Molecuar Biology. Oxford University Press. page 153-4.
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Figure 9.11 The photorespiratory cycle. The 2-phosphoglycolate formed in the oxygenation reaction is
converted to glycolate, exported from the chloroplast, and is imported into the peroxisome, whereitis
metabolized into glycine. The glycine is exported from the peroxisome and taken up by the
mitochondrion, where two molecules are combined and decarboxylated to form one molecule of serine.
The serine is then transported to the peroxisome, where it is converted to glycerate and then reimported
into the chloroplast and phosphorylated to form PGA. The individual reactions are given in Table9.3.
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Figure 9.2. Photosynthetic metabolism of C4 plants, compounds transferred between
mesophyll and bundle sheath decarboxylation with: (a) NADP requiring malic enzyme or

‘NADP-ME’ type; (b) aspartate-forming and PEP type of C4 metabolism; (c) aspartate-forming
~ and NAD requiring malic enzyme ‘NADME’-type of C4 metabolic enzymes listed below: (1) PEP
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carboxylase; (2) NADP malate dehydrogenase; (3) NADP malic enzyme; (4) pyruvate, P; dikinase;
(5) RuBP carboxylase/oxygenase; (6) PEP carboxykinase; (7) alanine aminotransferase; (8)

aspartate aminotransferase; (9) NAD malate dehydrogenase; (1 0) NAD malic enzyme
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Glycine max' uses the C, Pathway

! Source: Hortus botanicus vindobonensis (ca 1773)
http://www.illustratedgarden.org/mobot/rarebooks/page.asp?relation=QK98J3151770V 1 &identifier=0250



Panicum maximum® uses the PEP-CK variant of the C, Pathway

! Source: http://www.hear.org/pier/species/panicum_maximum.htm



Zea mays" uses the NADP-ME variant of the C, Pathway

! Source: Hitchcock, A.S. (rev. A. Chase). 1950. Manual of the grasses of the United States. USDA Misc.

Publ. No. 200. Washington, DC. 1950. Usage Guidelines.
http://plants.usda.gov/java/profile?symbol=ZEMA&photolD=zema_001_avd.tif



Portulaca oleracea’ uses the NAD-ME variant of the C, Pathway

! Source: Britton, N.L., and A. Brown. 1913. Illustrated flora of the northern states and Canada. Vol. 2: 40.
http://plants.usda.gov/java/profile?symbol=POOL&photolD=pool_001_avd.tif
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Figure 7. Evolution of C4 photosynthesis in Flaveria (Asteraceae; Monson 1996).
The colors along each branch of the phylogeny represent a hypothesized
reconstruction of the evolution of photosynthetic pathways based on phylogenetic
parsimony methods (i.e., the reconstruction that requires the fewest evolutionary
transitions leading to the observed present-day distribution of photosynthetic
types). The hatched bar indicates an uncertain reconstruction. If this branch is
inferred to be C3, there are three independent origins of C3—C4 intermediate
pathways (including F. angustifolia); alternatively, if this branch is reconstructed
as C3-C4 intermediate, there is one origin of C3—C4 and one subsequent
reversal to C3. The C4 pathway is inferred to have evolved independently three
times, and in at least two of these cases, the C3—C4 type represented an
intermediate evolutionary stage. A more recent molecular phylogeny of Flaveria,
for 12 of the 20 species shown here, suggests at least two independent origins of
C4 photosynthesis (Kopriva et al. 1996). Redrawn with permission from Monson
(1996). Bioscience 50(11):979-995.
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Carbon Species Availability
(as a function of aqueous pH)
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The relative proportions of the various DIC (dissolved inorganic carbon) species
are shown as a function of pH, based upon the equilibria shown in the chemical
equation below:

CO, + HO<— H,CO, <=2 s q* + HCO; <« 2= s H* 4+ COT

Total [DIC] increases dramatically at alkaline pH, but the predicted concentra-
tions shown do not account for solubility.
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Induction of active DIC (CO,).!

Time course of change in K,5[CO,] of Eremosphaera viridis at pH
5 when switched to 0.03% CO, after growth on 5% CO,. Cultures
of E. viridis were switched from 5% CO, to 0.03% CO, at pH 5.0
and sampled over a 200-h period.
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Active CO, uptake is induced under conditions of low CO,. The uptake can be
differentiated from HCO; uptake because of the acid pH (5.0), at which CO, is the
major DIC species.

! Source: Jason S.T. Deveau, Roger R. Lew, and Brian Colman 1998 Evidence for active CO, uptake by a

CO,—ATPase in the acidophilic green alga Eremosphaera viridis. Canadian Journal of Botany
79:1274-1281.



CO, uptake and O, evolution measured by mass spectrometry.’

Measurement of CO, uptake ( ) and O, evolution (-----) by
mass spectrometry during illumination of Eremosphaera viridis
cell suspensions (containing 55-60 ug Chl) in BTP-HC1 buffer
(pH 7.5) in the presence of 100 M DIC. Curve a, cells treated
with Carbonic Anhydrase (50 WA units ml™"). Curve b, cells
pretreated with glycolaldehyde (100 mM) for 5 minutes to inhibit
CO, fixation Curve ¢, untreated cells. Curve d, 0, evolution of
untreated cells.

LIGHT

30s Zero COy—

The results indicate that CO, uptake precedes O, evolution and is not a
consequence of CO, uptake caused bu CO, utilization during carbon fixation.

— ! Source: Caterina Rotatore, Roger R. Lew, and Brian Colman 1992 Active uptake of CO, during
photosynthesis in the green alga Eremosphaera viridis is mediated by a CO,-ATPase. Planta 188:539-545.



Apparatus for controlling DIC levels during microimpalement.'

To control DIC levels during electrical measurements, a brass
chamber with an inlaid glass bottom was designed to perfuse cells
with a media containing variable concentrations of DIC, while
creating a laminar-flow N, shield to prevent any DIC
contamination from the atmosphere. The chamber rested on the
stage of a light transmission microscope so that, while in the
chamber, cells could still be observed and impaled for electrical
analysis. Preliminary oxygen-electrode studies indicate that for the
conditions used in the electrophysiology, the affinity for CO2
uptake has a K, 5 of approximately 15 M.
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The apparatus was used to determine if active CO, (or HCO;") uptake involved
electrogenic transport at the plasma membrane.

! Source: Jason S.T. Deveau, Houman Khosravani, Roger R. Lew, and Brian Colman 1998 CO, uptake
mechanism in Eremosphaera viridis. Canadian Journal of Botany 76:1161-1164.



Example of a typical electrophysiological trial in APW (pH 5.0) in the light.'

Following impalement, when the potential had reached a stable
negative value, input resistance was measured by current injection.
The DIC concentration was then changed from high to low, and the
input resistance was measured again. Cells remained in each
concentration for a minimum of

300 s.
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There was no electrical signal during CO, uptake. Therefore, the uptake
mechanism is not electrogenic.

! Source: Jason S.T. Deveau, Roger R. Lew, and Brian Colman 1998 Evidence for active CO, uptake by a
CO,-ATPase in the acidophilic green alga Eremosphaera viridis. Canadian Journal of Botany
79:1274-1281.



A CO,~ATPase may be responsible for active CO, uptake.

1

ATPase activity (percent control) as a function of DIC concentration (n = 5).
The control activity was 2.00 + 0.58 gmol-mg protein™"h™'. The curve is a
best fit to the Michaelis—Menten equation. The K, s[DIC] was 124.6 uM;

equivalent to a K, of 22.5 uM.
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Activation of ATPase by CO, can be explained as activation by a substrate of the
ATPase reaction. The similarity of the half-maximal activating concentration, and
affinity for CO, uptake in whole cells supports this explanation. Biochemical

isolation and characterization is crucial for confirmation.

! Source: Jason S.T. Deveau, Roger R. Lew, and Brian Colman 1998 Evidence for active CO, uptake by a
CO,-ATPase in the acidophilic green alga Eremosphaera viridis. Canadian Journal of Botany

79:1274-1281.



