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In oxygenic photosynthesis, light energy is stored in the form of chemical energy by converting CO2 and water into carbohydrates.
The light-driven oxidation of water that provides the electrons and protons for the subsequent CO2 ﬁxation takes place in
photosystem II (PSII). Recent studies show that in higher plants, HCO3– increases PSII activity by acting as a mobile acceptor of
the protons produced by PSII. In the green alga Chlamydomonas reinhardtii, a luminal carbonic anhydrase, CrCAH3, was suggested to
improve proton removal from PSII, possibly by rapid reformation of HCO3– from CO2. In this study, we investigated the interplay
between PSII and CrCAH3 by membrane inlet mass spectrometry and x-ray crystallography. Membrane inlet mass spectrometry
measurements showed that CrCAH3 was most active at the slightly acidic pH values prevalent in the thylakoid lumen under
illumination. Two crystal structures of CrCAH3 in complex with either acetazolamide or phosphate ions were determined at 2.6- and
2.7-Å resolution, respectively. CrCAH3 is a dimer at pH 4.1 that is stabilized by swapping of the N-terminal arms, a feature not
previously observed in a-type carbonic anhydrases. The structure contains a disulﬁde bond, and redox titration of CrCAH3 function
with dithiothreitol suggested a possible redox regulation of the enzyme. The stimulating effect of CrCAH3 and CO2/HCO3– on PSII
activity was demonstrated by comparing the ﬂash-induced oxygen evolution pattern of wild-type and CrCAH3-less PSII
preparations. We showed that CrCAH3 has unique structural features that allow this enzyme to maximize PSII activity at low
pH and CO2 concentration.

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes, which catalyze the interconversion of carbon
dioxide (CO2) and bicarbonate (HCO32), a reaction
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that otherwise proceeds slowly at physiological pH.
CAs belong to three evolutionary distinct classes, a, b,
and g, which share no signiﬁcant amino acid sequence
identity and are thought to be the result of convergent
evolution (Hewett-Emmett and Tashian, 1996; Supuran,
2008; Ferry, 2010; Rowlett, 2010). Animals have only the
a-CA type, but as multiple isoforms. By contrast, higher
plants, algae, and cyanobacteria may contain members
of all three CA families. In algae, CAs has been found in
mitochondria and chloroplasts and in the cytoplasm and
apoplasm.
Many fresh-water and soil-living microalgae face
limiting concentrations of inorganic carbon (Ci) in their
environments. To overcome this, the green microalga
Chlamydomonas reinhardtii, as well as most other unicellular algae and cyanobacteria, actively accumulate Ci
inside the cells. This mechanism is known as the carbonconcentrating mechanism (CCM; Raven, 1997; Wang
et al., 2011; Meyer and Grifﬁths, 2013). CCM allows the
algae to maintain a high concentration of CO2 around the
carboxylating enzyme, Rubisco, even under limiting
external Ci. The increased concentration of CO2 in the
chloroplast increases the CO2/O2 speciﬁcity for Rubisco
that leads to a decreased oxygenation reaction, and
hence carboxylation becomes more efﬁcient.
CCM can be induced in C. reinhardtii cultures by
bubbling air containing CO2 at ambient or concentrations (#0.04%; Vance and Spalding, 2005). Full metabolic
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adaptation is usually reached within 10 to 12 h after
transfer to air CO2 conditions (Renberg et al., 2010). Already within the ﬁrst few hours after induction, several
genes are either up- or down-regulated (Miura et al.,
2004; Yamano et al., 2008; Fang et al., 2012). Surprisingly,
the global changes in protein expression do not correspond to those in the gene expression; only few proteins
are either up- or down-regulated during CCM induction (Manuel and Moroney, 1988; Spalding and Jeffrey,
1989). CAs are important components of the CCM. In
C. reinhardtii, 12 genes are expressed that encode for CA
isoforms (Moroney et al., 2011). Among the many genes
that are signiﬁcantly up-regulated during CCM induction, there is one encoding for an apoplastic CA
(CrCAH1) and two encoding for mitochondrial CAs
(CrCAH4 and CrCAH5; Fujiwara et al., 1990; Eriksson
et al., 1996).
An a-type CA (CrCAH3) located in the thylakoid
lumen in C. reinhardtii has also been identiﬁed as important at low CO2 levels (Karlsson et al., 1998). The
sequence indicates that it is transported through the
thylakoid membrane via the Twin Arg Translocation
pathway (Albiniak et al., 2012). A mutant not expressing CrCAH3 (knockout of the cah3 gene) shows no or
poor growth under air CO2 levels (Spalding et al., 1983;
Moroney et al., 1986) and has a severely impaired
photosynthetic capacity under low Ci conditions. This
mutant, called CrCIA3, has been a valuable tool for resolving the CrCAH3 function.
It is also established that CrCAH3 is associated with
PSII (Stemler, 1997; Villarejo et al., 2002; Blanco-Rivero
et al., 2012). Using isolated PSII membranes from C.
reinhardtii, Shutova et al. (2008) presented data suggesting that CrCAH3 is important for efﬁcient water
oxidation by facilitating the removal of protons that
are produced when water is oxidized by PSII. This is in
line with recent studies (Zaharieva et al., 2011; Klauss
et al., 2012) showing that it is crucial to have alternating
electron and proton removals from the oxygen-evolving
complex (OEC) during the ﬁve-state catalytic cycle, i.e.
the Kok cycle (Kok et al., 1970), of photosynthetic water
oxidation. If proton removal is slow, this leads to less
efﬁcient O2 production and consequently may lead to
donor side photoinhibition (Minagawa et al., 1996). That
HCO3– acts as a mobile proton carrier has been recently
demonstrated for spinach (Spinacia oleracea) PSII membrane fragments using membrane inlet mass spectrometry (MIMS; Koroidov et al., 2014). These results show that
PSII possesses a light- and HCO3–-dependent CO2 production for up to 50% of the O2 produced.
Taken together, these data suggest that CrCAH3 plays
an important role in regulating PSII reactions. In this
work, we present further evidence for its function in PSII
primary reactions, in particular at low Ci concentrations.
We determined crystal structures of CrCAH3 at 2.6 to
2.7 Å resolution in complex with acetazolamide (AZM)
or phosphate ions. Our results support a zinc-hydroxide
catalytic mechanism of CrCAH3 similar to that of other
a-CAs. CrCAH3 has, however, an activity optimum at
lower pH values than CAs of the same type, which

normally operate at pH 7.0 and higher (Demir et al.,
2000). The activity optimum of CrCAH3 makes it more
suitable for CO2/HCO3– interconversion at the pH levels
present in the thylakoid lumen under light exposure.
RESULTS
Description of the Overall Structure of CrCAH3

The phosphate-bound structure of CrCAH3 (CrCAH3PO4) was solved at 2.7 Å. The crystals were obtained in
the presence of high concentrations (2.5 M) of dihydrogen
phosphate ions at pH 4.1. At this concentration, the
dihydrogen phosphate ions were bound to the active site
zinc ions; thus, we are currently lacking a native structure of the enzyme. A second structure was solved with
the inhibitor AZM. At a protein:AZM ratio of 1:7, the
zinc-bound phosphate ion could be replaced with AZM
and crystallized in 2.5 M dihydrogen phosphate
(CrCAH3-AZM). The CrCAH3-AZM structure was determined at a slightly higher resolution than CrCAH3PO4 and was reﬁned at 2.6 Å (see Table I). For both
structures, each unit cell was comprised of four dimers of
CrCAH3. The eight CrCAH3 monomers were not all
crystallographically equivalent due to different crystal
contacts. Two residues (Met-1 and Ala-2) at the
N-terminal end of the enzyme were not observed in the
electron density map for six of the eight monomers.
Furthermore, residues Ser-224 to Gly-226 and some side
chains positioned at the surface of the protein were not
clearly deﬁned in the electron density. Residues Ser-123
to Glu-125 adopted two different conformations. In
monomers A, B, and C, the Ser-123 to Glu-125 loop was
exposed to the surface and the Glu-125 side chain formed
a hydrogen bond to Asn-145. In monomers D to H, the
loop was buried deeper and the Glu-125 side chain was
consequently more exposed to the surface.
With the exception of these small differences, the
monomers in the structures CrCAH3-AZM and CrCAH3PO4 were similar. For example, superposition of the
monomers (excluding residues Ser-123–Glu-125) in the
asymmetric unit of CAH3-AZM resulted in a root mean
square deviation (rmsd) of approximately 0.2 to 0.3
Å between corresponding a-carbon atoms (residues
Ala-74–Leu-310). The conformations of the PO4 and
AZM CrCAH3 structures were also similar (rmsd
between corresponding a-carbon atoms of approximately 0.3 Å).
Like other a-type CAs, each monomer in CrCAH3 is
built around a central core comprising a 10-stranded
b-sheet, with two a-helices at one side of the sheet (Fig.
1A). In both CrCAH3 complex structures, small ligands identiﬁed as dihydrogen phosphate anions were
bound at the surface of the molecules. These ions
originated from the high concentrations of phosphate
used to crystallize the proteins. CrCAH3 contains three
Cys residues, Cys-90, Cys-127, and Cys-258, with a
disulﬁde bond formed between Cys-90 and Cys-258.
Structural similarity searches with the DALI server
(Holm et al., 2008) identiﬁed CAs from the gram-negative
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Table I. Data collection and refinement statistics
Values in brackets are for the high-resolution shell. Rfree is based upon 5% of the data randomly culled
and not used in the refinement.
Data

Data collection
Wavelength
Space group
Unit cell parameters

Range of resolution
Rmerge
Rpim (all I+ and I–)
No. of observations
No. of unique reflections
Completeness
,I/s(I).
Redundancy
Refinement
R factor
Rfree
No. of protein atoms
No. of water molecules
No. of ligands
Overall mean B
Protein atoms
Water molecules
Ligands
Rmsd bond length
Rmsd bond angles
Ramachandran plot favored
Ramachandran plot outliers
PDB code

CrCAH3-AZM

CrCAH3-PO4

0.984 Å
P3221
a = 139.73
b = 139.73
c = 204.07
a, b, g = 90, 90, 120
48.7–2.60 Å/(2.69–2.60 Å)
0.163/(0.957)
0.061/(34.8)
585,275/(86,380)
70,627 (6,960)
99.9%/(99.9%)
9.1/(2.0)
8.2/(8.4)

0.984 Å
P3221
a = 138.96
b = 138.96
c = 202.81
a, b, g = 90, 90, 120
48.5–2.70 Å/(2.80–2.70 Å)
0.150/(0.841)
0.058/(0.319)
525,520/(40,145)
62,714/(6,179)
99.9%/(99.7%)
10.3/(2.4)
8.4/(8.8)

0.161/(0.248)
0.226/(0.335)
14,668
299
192
32.7 Å2
32.7 Å2
28.7 Å2
40.7
0.015 Å
1.60˚
93%
0%
4xiw

0.156/(0.301)
0.230/(0.393)
14,662
216
128
33.5 Å2
25.2 Å2
35.9 Å2
35.9
0.015 Å
1.45˚
94%
0%
4xix

proteobacteria Neisseria gonorrhoeae (Protein Data Bank
[PDB] code 1koq; Huang et al., 1998) and Thermovibrio
ammoniﬁcans from the phylum Aquiﬁcae (PDB code 4c3t;
James et al., 2014) as those most similar to CrCAH3.
Using secondary structure matching in PDBeFold
(Krissinel and Henrick, 2005), approximately 200 Ca
atoms of CrCAH3 were aligned with N. gonorrhoeae and
T. ammoniﬁcans CAs with a root mean square deviation
of 1.5 and 1.6 Å, respectively, and sequence identities of
39% to 41% (Supplemental Figs. S1 and S2).
The packing of CrCAH3 in the two crystal structures
suggests that the protein forms a type of dimer not
previously observed in a-CAs. Two loop regions and
one a-helix are involved predominantly in dimer formation. The ﬁrst 10 N-terminal residues form an extended strand that we call the arm (Fig. 1A); this arm is
swapped between monomers to stabilize the dimer
(Fig. 1, B and C; Supplemental Fig. S3A). Here, side
chains of residues Trp-75, Asn-76, Tyr-77, Ala-81, Trp-86,
His-134, and Asn-222 make extensive hydrogen bonds
and hydrophobic contacts. However, there are also main
chain-main chain hydrogen bonds between the oxygen
atoms of Tyr-77 and Glu-79 from one monomer to the
amino groups of Gly-82 and Ala-81 of the second. Furthermore, the hydroxyl group of Tyr-77 forms hydrogen
bonds to the symmetry-related Glu-166 and Thr-254
952

residues via the water molecule referred to as deep
water in the active site. CrCAH3 has also a unique insertion of ﬁve amino acids, Asp-287 to Tyr-291, that are
not present in N. gonorrhoeae, T. ammoniﬁcans, or human
carbonic anhydrase II (HCAII). At the dimer interface,
this loop forms contacts including a hydrogen bond between the main chain oxygen of Lys-289 in one monomer
to the main chain nitrogen atom of Arg-173 in the second
(Supplemental Fig. S3B). In addition, one hydrogen bond
is formed between the Nh1 atom of Arg-283 and the
main chain oxygen atom of Arg-173. Other residues that
contribute to the dimer interface include the side chains
of Asp-275, Ser-276, Ile-278, and Leu-279 on helix a2.
Structural alignment also suggests that the absence of
one loop, the one including residues Ser-99 to Gly-104
in HCAII (Supplemental Fig. S1), is crucial for dimer
formation in CrCAH3, because this prevents a clash at
the interface.

The Active Site and Inhibitor Binding

The structure of CrCAH3 in complex with AZM,
CrCAH3-AZM, was reﬁned at 2.6 Å. The maps showed
well-deﬁned electron density for the sulfonamide group
and the thiadiazole ring, whereas the N-acetamido group
Plant Physiol. Vol. 167, 2015
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Figure 1. Ribbon drawings showing the fold and dimerization of CrCAH3. A, The monomer. The zinc ion is shown in coral, and
the positions of some residues are indicated. B, The dimer. Contacts are mediated by the N-terminal arm that wraps around the
second monomer and the residues positioned on the a1 helix. The dimer has an overall 2-fold symmetry with approximate
dimensions of 75 3 40 3 40 Å3. C, Superposition of the arm (residues 73–86) from CrCAH3 with HCAII (residues 4–24). Note
that the swapped residues Trp-75 and Tyr-77 are still positioned at the same place in the active sites. For color coding, ice blue
indicates monomer D, sea green indicates monomer F, and orange indicates HCAII. Dimer interactions are highlighted in darker
colors.

of the ligand was less well deﬁned, both before and after
reﬁnement (Fig. 2A). The active site cleft of CrCAH3
consists of an 8- to 9-Å deep and mostly hydrophobic
cavity. The wall of the channel is formed by residues His134, Leu-157, Gln-158, Glu-166, Val-181, Leu-190, Val-192,
Leu-253, Thr-254, and Thr-255. The catalytic zinc ion
binds to the side chains of residues His-160, His-162, and
His-179 in a tetrahedral geometry. Although the fourth
ligand would be expected to be a water molecule in the
native enzyme, here it was replaced by AZM. The deep
water forms hydrogen bonds to the side chains of Thr254, Glu-166, and Tyr-77. This water molecule is structurally conserved among all a-type CAs. The Tyr-77 is
positioned on the swapped arm (Fig. 2B).
The binding and orientation of AZM in CrCAH3
is similar to that in other a-CAs including HCAII

(Whittington et al., 2001; Alterio et al., 2009; Sippel et al.,
2009). The amide group of the sulfonamide part of the
inhibitor is situated approximately 2.0 Å from the zinc
atom and positioned in a tetrahedral geometry. Furthermore, the amide group forms a hydrogen bond to the
Og1 atom of Thr-254. The O1 atom of the sulfonamide
group forms a hydrogen bond to the main chain amide
group of Thr-254, whereas the last oxygen of the group
forms no hydrogen bonds; however, it is in van der
Waals contacts with Val-181 and Val-192. The direction of
the inhibitor is restricted on one side of the thiadiazole
ring by the side chain of Leu-253. The two nitrogen atoms
in the thiadiazole ring form hydrogen bonds to the side
chain of Thr-255, but the N-acetamido group forms no
direct interactions with neighboring residues. Three loop
regions present in HCAII are missing in CrCAH3, which

Plant Physiol. Vol. 167, 2015

Downloaded from www.plantphysiol.org on March 2, 2015 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

953

Benlloch et al.

Figure 2. The active sites of AZM- and PO4-inhibited CrCAH3. A and C, The 2|Fobs|2|Fcalc| maps (in blue) and |Fobs|2|Fcalc| map
(orange) of the catalytic sites of CrCAH3-AZM (A) and CrCAH3-PO4 (C) contoured at 1s and 3s level, respectively. To avoid
model bias, the ligands were removed from the coordinates and subjected to refinement before calculation of the |Fobs|2|Fcalc|
maps. For clarity, the maps are shown only over the bound ligands. Residues are shown as sticks, zinc ions in orange, and
water molecules as red spheres. Green residues indicate symmetry-related residues in the dimer. B and D, Detailed view over
the active site and the hydrogen-bonding network in CrCAH3-AZM (B) and CrCAH3-PO4 (D). Hydrogen and metal bonds are
dashed.

explains the shallower and broader cavity observed in the
latter enzyme (Supplemental Fig. S2). This leaves
the N-acetamido group without a binding partner to
the protein and therefore more exposed to the surface.
These structural differences also change the electrostatic
surface of the enzymes, making the surface of CrCAH3
more hydrophobic (Supplemental Fig. S4).
The structure of CrCAH3-PO4, obtained from the
crystals grown in the presence of 2.5 M dihydrogen phosphate was reﬁned to 2.7 Å resolution. An
954

extraneous electron density feature appeared at the fourth
ligand position of the catalytic zinc ion, indicated in the
|Fobs|2|Fcalc| difference electron density map at 13s,
which is consistent with a bound phosphate ion (Fig. 2C).
At pH 4.1, one would assume that it is predominantly
H2PO4– ions that are binding to the zinc. However, we
cannot exclude the possibility that these are HPO42– ions.
In monomers B, C, D, F, G, and H, the dihydrogen
phosphate binds to the zinc ion in a tetrahedral coordination geometry, with one phosphate oxygen atom (O1)
Plant Physiol. Vol. 167, 2015

Downloaded from www.plantphysiol.org on March 2, 2015 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

Structure and Function of Carbonic Anhydrase CrCAH3

situated approximately 2.0 Å from the zinc ion and
forming a hydrogen bond (2.6–2.8 Å) with the side chain
of Thr-254. The O2 atom of the dihydrogen phosphate
also forms two hydrogen bonds to the main-chain amide
group and the side-chain hydroxyl group, respectively, of
Thr-254 (Fig. 2D). In monomers A and E, ligand binding
to the zinc ion seems to be bidentate; however, at the
resolution of 2.7 Å, it is not possible to clearly distinguish
between the two binding modes.

A Disulphide Bond between Cys-90 and Cys-258 Is
Required for CrCAH3 Activity in Vitro

CrCAH3 operates under oxidative conditions when
bound at or close to PSII, the site for oxygen production
(Buchanan and Luan, 2005). As can be seen from the
CrCAH3 structures, there is a disulﬁde bond between
residues Cys-90 and Cys-258 (Fig. 1). To probe the functional signiﬁcance of this disulﬁde bond, we tested the
effect of various concentrations of the reducing agent
dithiothreitol (DTT) on the CA activity of the puriﬁed
protein (Fig. 3A). Our data showed that the disulﬁde
bond was essential for enzymatic activity and that the
inactivation by DTT was reversible. Even at relatively low
concentrations, 0.5 mM DTT, there was approximately
50% inactivation, and at 2.5 mM DTT, the activity was
close to zero (Fig. 3A). Interestingly, by incubating inactivated CrCAH3 with 5 mM oxidized glutathione disulﬁde (GSSGox), the enzyme activity could be recovered.
Recovery by GSSGox incubation required longer times
than did inactivation with DTT, but full activity was
reached after about 4 h (Fig. 3B).

CrCIA3 Mutant Lacks CA Activity

Using MIMS, we compared the CA activity in PSII
membranes from the wild type and the CrCIA3 mutant
that lacks the CAH3 protein. This method is based on
continuous real-time monitoring of the exchange rate
of the 18O label between C18O2 isotopes (dissolved in
added air-saturated H218O) and water (Mills and
Urey, 1940; Silverman, 1982). The overall rates of the
isotopic equilibration reactions can be expressed as
normalized C18O2 concentration ([C18O2]/[C16O2] +
[C16O18O] + [C18O2]) versus time after injection of
H218O to the unlabeled sample suspension. This value is
then compared to the uncatalyzed rate in the same assay
solution. The ﬁrst-order rate constants extracted from the
time courses of the isotopic equilibration reactions are a
highly sensitive approach for relative estimations of CA
activities in different samples, as well as for comparison
with the uncatalyzed (background) isotopic equilibrium
(Tu et al., 1986; Clausen et al., 2005).
Our analysis showed that the rate of isotopic equilibration of C18O2 with 16O water in the CrCIA3 mutant
PSII membranes was almost identical to the uncatalyzed rate of C18O2 equilibration in the buffer control
(Fig. 4; Table II). Both these rates are much slower than

Figure 3. Redox regulation of CrCAH3 activity. A, The CO2 hydration
activity after 10-min incubation at various DTT concentrations. B,
CrCAH3 was initially reduced by addition of 2.5 mM DTT for 10 min
and then incubated with 5 mM GSSGox. The measurements were
performed at a protein concentration of 3.7 mg mL–1.

that in the PSII membranes isolated from wild-type
cells. These results conﬁrm that PSII membranes isolated from the CrCIA3 mutant did not have any CrCAH3
activity. Furthermore, they also show that other, more
abundant, stromal CA isoforms did not contaminate the
preparation (Villarejo et al., 2002).
pH Dependence of CrCAH3 Activity

CAs are located in different compartments of the algal
cell, e.g. lumen, mitochondria, chloroplast stroma, cytosol, and apoplasm (Moroney et al., 2011). Under illumination, the thylakoid lumen is the most acidic of these
compartments, with recent estimates ranging from pH 5.4
to 5.7 (Takizawa et al., 2007; Tikhonov et al., 2008) to pH
5.8 to 6.5 (Kramer et al., 1999, 2003). Because CrCAH3 is
located in the lumen, it might be expected that its pH
optimum is shifted to more acidic values compared with
most other CAs in C. reinhardtii, which function optimally
around neutral pH. We thus performed an activity study
of CrCAH3 and compared its activity proﬁle with that of
bovine CA (from bovine erythrocytes; BCAII), an enzyme
that normally operates at pH 7.0 and higher (Demir et al.,
2000). Figure 5 shows that CrCAH3 had its optimum
around pH 6.5, while the optimum in BCAII was about
7.0 or higher. Importantly, CrCAH3 was still very active

Plant Physiol. Vol. 167, 2015

Downloaded from www.plantphysiol.org on March 2, 2015 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

955

Benlloch et al.

similar or even better values than the ones obtained under ambient Ci conditions (FIOPs A and B, respectively).
DISCUSSION

Figure 4. Comparison of CA activity in C. reinhardtii PSII membranes
isolated from the wild type and CrCIA3 mutant. CA activity was measured
by MIMS as a change in C18O2 concentration as a function of time after the
injection and rapid mixing (,10 ms) of 5 mL of air-saturated H218O (to final
enrichment of 3.2% [v/v]) into the 150-mL MIMS cell at pH 6.3 and 10˚C.
The chlorophyll (Chl) concentration of wild-type PSII (black trace) and
CrCIA3 PSII (dark-yellow trace) samples was 300 mg mL–1. Dashed trace
represents MIMS measurements performed in the absence of PSII samples
in the MIMS cell (buffer only). The initial rise of the 18O-labeled CO2
content caused by the injection of H218O is not shown.

at pH 6.0 and even at pH 5.5, where BCAII showed only
a small residual activity. The results suggest an acid
dissociation constant, pKa, value of the zinc-bound water
of approximately 5.5 for CrCAH3 and support our previous suggestion that CrCAH3 is speciﬁcally adapted to
stay active at the low pH level present in the lumen.
Moreover, the pH optimum for CrCAH3 activity closely
resembles the well-known pH dependence of photosynthetic O2 production in higher plants (Schiller and Dau,
2000).
PSII Turnover Efﬁciency Is Decreased in the CrCIA3
Mutant at Low Ci Levels

To further study the previously proposed effect of
CrCAH3 on the activity of PSII, we measured ﬂashinduced O2 evolution patterns (FIOPs) in PSII membranes
of the wild type and the CrCAH3-lacking CrCIA3 mutant
at ambient (Ci+) and at 25-fold decreased Ci (Ci–) levels.
The deepness of the period-four oscillation of FIOPs gives
direct information about the turnover efﬁciency of PSII
under these conditions (Fig. 6).
A visual inspection of the FIOPs in Ci+ conditions
revealed only a small difference between wild-type (FIOP
A) and CrCIA3 mutant sample (FIOP B). Panels C and D
and the numerical analysis in Table III show that Ci depletion led to a clear decrease of the turnover efﬁciency
(increase of the miss parameter a) for both wild-type PSII
(FIOP C) and CrCIA3 PSII (FIOP D). Interestingly, the
miss parameter increased more in the CrCIA3 mutant
(Δa, approximately 7%) than in the wild type (Δa, approximately 4%). To check the reversibility of the effects,
we also measured the FIOPs shortly after addition of 5
mM HCO3– to the Ci– samples (Ci–/+): both FIOPs of the
wild type (FIOP E) and CrCIA3 mutant (FIOP F) had
956

CrCAH3 is an a-type CA localized in the lumen of
the thylakoids in the green alga C. reinhardtii. CrCAH3
is associated with PSII, or is at least in its close vicinity
under certain conditions (Pronina and Semenenko, 1984;
Karlsson et al., 1998; Villarejo et al., 2002; Mitra et al.,
2005). The catalytic site of water oxidation consists of a
penta-m-oxo bridged tetramanganese calcium cluster
(Mn4CaO5) positioned within the OEC of PSII (Yano
et al., 2006; Umena et al., 2011). The overall chemical
reaction at the Mn4CaO5 cluster can be summarized as
2H2O → 4e– + 4H+ + O2 and requires the energy of four
photons for the stepwise electron and proton removals
(Lubitz et al., 2008; Dau et al., 2012). It has been recently
shown that HCO3– acts as an acceptor for, and transporter of, the protons produced by water splitting in the
OEC and that its depletion from the medium leads to
less-efﬁcient water oxidation by PSII (Shutova et al.,
2008; Shevela et al., 2013; Koroidov et al., 2014). It has
been suggested that CrCAH3 promotes PSII function by
supplying the OEC with HCO3– ions (Villarejo et al.,
2002; Shutova et al., 2008). In this study, we provide
further experimental evidence for such interplay between CrCAH3 and PSII.
In C. reinhardtii, there are nine genes identiﬁed as CAs
(Moroney et al., 2011). Most of these CAs are predicted
to be located in a variety of compartments, such as
chloroplasts, mitochondria, cytosol, and the apoplast,
but so far only CrCAH3 is known to be present in the
thylakoid lumen. It was, therefore, important to test our
PSII membrane fragment preparations for contamination by other CAs. This was done by a comparison of
CA activities in two identically isolated PSII preparations with that of the buffer: one preparation was from
the mutant CrCIA3 (lacking CrCAH3) and the other
from the wild-type strain (containing CrCAH3). Any

Table II. Relative CA activity in wild-type and CrCIA3 PSII membranes from C. reinhardtii
CA activity was measured by MIMSa and expressed as rate constants
(k) and half-times (t1/2) for monoexponential decay of the C18O2 signal
after injection of air-saturated H218O into the MIMS cell. The cell was
filled with H216O buffer (control), CrCIA3, or wild-type PSII at a Chl
concentration of 300 mg mL–1 (see “Materials and Methods”). Uncatalyzed (background) isotopic equilibrium rate was obtained by injection into H216O buffer.
Samples

k

t1/2
–1

H216O buffer (no samples)
CrCIA3 PSII
Wild-type PSII

min
0.19 (0.01)b
0.22 (0.01)
1.23 (0.02)

a

s
217.0 (16.0)
192.8 (2.4)
33.8 (0.5)

MIMS measurements were performed at 10˚C and pH 6.3.
numbers in parentheses are SD (n = 2).

b

The
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Figure 5. Relative CA activities measured by MIMS in CrCAH3 and
BCAII as a function of pH at 20˚C. The relative CA activity was
obtained by monoexponential fits of the decay of the normalized C18O2
concentration after injection of air-saturated H218O into the MIMS cell
containing suspensions of CrCAH3 or BCAII in H216O buffer. The decay
rates of the noncatalyzed isotopic equilibration were obtained in pure
buffer at the respective pH values and subtracted from the experimental
rates to obtain the plotted values (Supplemental Fig. S5).

activity detected in the mutant preparations above the
noncatalyzed rates measured in the buffer would indicate contamination with other CAs, while the faster
rates of equilibration seen in the wild type would represent the activity of CrCAH3. As seen in Figure 4,
HCO3– and CO2 interconversion in the PSII fragments

isolated from the CrCIA3 mutant and in the noncatalyzed buffer control occurred at almost identical
rates. On the other hand, PSII membrane fragments
puriﬁed from the wild-type strain exhibited a faster
interconversion reaction (see Table II for relative rates).
We could therefore conclude that CrCAH3 was present
only in the wild-type PSII membrane fragments. Furthermore, the result veriﬁes that there were no contaminating activities from other CAs, which would
have led to misinterpretation of the FIOPs data from
our wild-type PSII membranes.
To demonstrate a direct role of CrCAH3 in the turnover efﬁciency of PSII, we studied the period-four oscillation of ﬂash-induced oxygen evolution of isolated PSII
membrane fragments as a function of Ci concentrations
(Fig. 6; Table III). These experiments were performed at
pH 5.5, which approximates the luminal pH under illumination. Even at ambient CO2 concentrations, the PSII
membranes isolated from the CrCIA3 mutant had a less
efﬁcient O2 production (higher miss parameter) than the
wild type, which contained CrCAH3. This difference
became even more pronounced after a more than 25-fold
reduction of the Ci levels (Fig. 6; Table III). While small
amounts of CO2(aq) species remained in our Ci– medium
at pH 5.5, the amount of HCO3– species at this pH is
negligibly small. Thus, these ﬁndings suggest that the
CrCAH3 activity is beneﬁcial for PSII turnover, likely via
Figure 6. Normalized FIOPs of dark-adapted PSII
membranes from the Chlamydomonas spp. wild type
(A, C, and E) and CrCIA3 (B, D, and F) at different
levels of Ci at pH 5.5 and 20˚C. FIOPs A and B were
obtained under the ambient (air-saturated) level of Ci
(Ci+). FIOPs C and D were obtained under depleted
levels of Ci (Ci–). FIOPs E and F were obtained after
addition of 5 mM NaHCO3 to the samples shown in
C and D, respectively (Ci–/+). Symbols and error bars
represent the average experimental values 6 SD (n =
3–6). FIOPs were recorded with a flash frequency of
2 Hz without exogenous electron acceptors. Normalization of the FIOPs was performed by dividing
each flash-induced O2 yield by the average of the O2
yields induced by flashes 3 to 6.
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Table III. Miss parameters in wild-type and CrCIA3 PSII membranes
from C. reinhardtii obtained under various Ci levels at pH 5.5 and 20˚C
The misses were derived from analysis of FIOPsa (Fig. 5) measured
either under air-saturated (ambient) levels of Ci (FIOPs Ci+) or under
the Ci-depleted levels (FIOPs Ci–). FIOPs Ci–/+ are the same as Ci– but
after the addition of 5 mM HCO3–.
PSII Membranes

Wild-type PSII
CrCIA3 PSII

Miss Parameters
FIOPs Ci+

FIOPs Ci–

FIOPs Ci–/+

20.9 (0.8)b
23.5 (0.8)

%
25.0 (0.6)
30.4 (1.0)

22.6 (0.8)
21.3 (1.9)

a
The FIOPs were fitted using an extended Kok model with stateindependent miss (a) and double-hit (b) parameters (see “Materials
and Methods” and Supplemental Table S1). bThe numbers in parentheses are SD (n $ 3).

the effective provision of the HCO3– species, from CO2
(aq), to the water-oxidizing site. In line with this proposal, the addition of HCO3– to the Ci-depleted PSII
samples largely restored the turnover efﬁciency of the
OEC in PSII membranes isolated from wild-type cells. It
improved it for the CrCAH3-lacking mutant so much
that it was even better than at ambient CO2 concentrations and practically the same as for the wild-type PSII
(Fig. 6; Table III); this excludes that the differences in the
miss parameters between the wild type and CrCIA3
mutant under ambient conditions are caused by a lower
light-harvesting efﬁciency of the CrCIA3 mutant. The
stronger effect of HCO3– addition on the CrCIA3 mutant
is consistent with the slower conversion of the added
HCO3– into CO2 and water in the absence of CrCAH3.
The lower miss parameter for ﬂash-induced oxygen evolution in wild-type PSII membranes and its weaker
dependence on the HCO3– concentration of the medium
also clearly demonstrate the beneﬁcial effect of CrCAH3
on PSII function. The fact that this is clearly observed
even under ﬂashing light, where kinetic limitations are
minimized, suggests a signiﬁcantly stronger effect under
continuous illumination and in vivo. Consistent with this
consideration, others report a 50% reduction of the O2
evolution rate for the CrCIA3 mutant as compared with
the wild type (Villarejo et al., 2002; Shutova et al., 2008).
Similarly, the mutant required the addition of 5% CO2
into air for growth. It is worth mentioning that the
present FIOPs data are fully consistent with our previous data obtained under similar conditions with PSII
samples isolated from higher plants (spinach; Shevela
et al., 2013).
Upon illumination, the pH in the thylakoid lumen
decreases to pH 5.5 to 6.0 due to the increased activity
of PSII. The hydrogen ions that accumulate in the lumen ﬂow back into the stroma via the ATP synthase
protein complex (Junge et al., 2009). If the biological
function of the CrCAH3 enzyme is to recycle CO2 into
HCO3– ions in the lumen (Koroidov et al., 2014), the
CrCAH3 enzyme must be catalytically active at the
light-induced lumenal pH. Generally, the catalytic activity of CAs is pH regulated (Lindskog, 1983). The
958

active site of CA contains a zinc-bound water molecule
that is deprotonated to a hydroxide ion in the ﬁrst step
of the CO2/HCO3– interconversion mechanism. The
forward and backward reactions therefore depend on
the pKa value of the zinc-bound water. At pH greater
than pKa, CO2 is preferentially converted to HCO3–,
whereas the reverse reaction dominates if pH is less
than pKa. Most a-CAs, including human and bovine
CAII, have pKa values of approximately 7.0 to 7.5 for
their zinc-bound waters, in agreement with the pH in
the cell cytoplasm where they carry out their biological
function (Demir et al., 2000).
We studied the pH dependence of CrCAH3 for CO2
to HCO3– interconversion and compared the activity
with that of BCAII (Fig. 5). The results showed that the
CrCAH3 enzyme had its activity optimum at lower
pH values than BCAII. Generally the reaction for CAcatalyzed CO2 to HCO3– conversion operates at its
maximum rate approximately 1 pH unit above the pKa
of the zinc-bound water; as the pH drops, the rate of
the reaction also decreases. The midpoint of this transition can therefore be used as a crude estimate for the
pKa value of the zinc-bound water. From the results
presented in Figure 5, CrCAH3 had its maximum activity rate at pH 6 to 6.5 and the zinc-bound water in
CrCAH3 had a pKa value of 5.0 to 5.5. These properties of CrCAH3 are consistent with what would be
expected for an enzyme active in the thylakoid lumen.
To learn more about CAH3 function, we determined
the crystal structure of CrCAH3. As phosphate ions
were present at high concentrations in the crystallization conditions, we determined two CrCAH3 complexes in which the enzyme was inhibited, either with
phosphate ions (CrCAH3-PO4) or with additionally
added AZM (CrCAH3-AZM; Figs. 1 and 2). Although
Tris buffer (pH 8.0) was present in the crystallization
conditions, together with the other components of the
drop, the measured pH was 4.1. A comparison of the
structure of CrCAH3 with other a-type CAs, including
HCAII, showed that the zinc coordination and the
geometry of the active site are conserved among a-CA
from bacteria, algae, and higher plants.
The most noticeable feature of the CrCAH3 structures was that the protein is a dimer. In particular, the
swap of N-terminal residues between two monomers is a
unique feature of the CrCAH3 enzyme. Dimer formation
also involved interactions between loop structures including residues 285 to 293 positioned on helix a2 (Fig.
1B; Supplemental Fig. S3B). Dimeric forms of CA have
been reported, but the dimer interface reported here has
not been observed previously (Whittington et al., 2001;
Alterio et al., 2009; Suzuki et al., 2011; James et al., 2014).
An analysis of protein interfaces with PDBePISA suggests
that the dimeric structure is stable in solution and involves direct hydrogen bond formation between both
main chain-main chain atoms and main chain-side chain
atoms (Krissinel and Henrick, 2007). It is therefore likely
that the dimer is of biological relevance. CrCAH3 occurs
in solution as a monomer according to our present data,
but may well occur as dimer in the crowded lumen under
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certain conditions (e.g. pH). The functional signiﬁcance of
the dimer formation needs to be investigated in future
studies. Loop deletions at the active site area of CrCAH3
make its active site cavity shallow with a more hydrophobic entrance than in, for example, HCAII (Supplemental
Fig. S4). As there are no amino acid substitutions or
signiﬁcant structural changes in the direct vicinity or at
the zinc-binding site, differences at the entrance of the
cavity could explain the differences in pH optima for the
two enzymes (Fig. 5). Furthermore, the hydrophobic
side of CrCAH3 could make it more prone to interact
with the thylakoid membrane; however, further studies
are needed to test this hypothesis.
Redox regulation in the chloroplast thylakoid lumen is
a common way to regulate lumenal and photosynthetic
proteins (Buchanan and Luan, 2005; Järvi et al., 2013).
Generally, this mechanism is activated by light and
achieved, in concert with O2 evolution, by the oxidation
of sulfhydryl groups to disulfde bonds. Redox controlled
reactions are essential for PSII function, and approximately 40% of the soluble lumenal proteins in Arabidopsis (Arabidopsis thaliana) have the potential of being
redox regulated (Lindahl and Kieselbach, 2009; Hall et al.,
2010). CrCAH3 contains a disulﬁde bond between residues Cys-90 and Cys-258, which could be a target for
redox regulation. These Cys residues are quite conserved
among membrane-linked or extracellular members of the
a-CA family (Huang et al., 1998). Measurement of the
enzyme activity of CrCAH3 in the absence and presence
of reducing agents showed that the enzyme was inactive
when reduced with DTT. However, CrCAH3 could be
reactivated by the oxidation of the free Cys residues with
glutathione (Fig. 3B). Because the disulﬁde bond is crucial
for the CrCAH3 activity, and the activity of PSII is dependent on CrCAH3, we propose that this could lead to
an indirect redox control of PSII activity.
CONCLUSION

Our hypothesis was that the CrCAH3 is required for
the efﬁcient turnover of the OEC in C. reinhardtii, because
it facilitates the rapid reformation of HCO3– that is important for the proton removal from the OEC during
photosynthetic water oxidation. Our results conﬁrm this
hypothesis. Furthermore, we show that the activity of
CrCAH3, and thus indirectly of PSII, can be regulated
via the redox potential of the medium. The crystal
structures show that CrCAH3 has a relatively shallow
cavity around its catalytic site that may be responsible
for the unusually low pKa value of the zinc-bound water. This special feature thus appears to allow CrCAH3 to
operate at the comparatively low pH of the lumen,
where most other CAs are inactive.
MATERIALS AND METHODS
Cloning Expression and Puriﬁcation of
Recombinant CrCAH3
The mature CrCAH3 coding sequence was analyzed to identify putative
rare codons that would impair recombinant CrCAH3 protein production in

Escherichia coli. This analysis was done using the Graphical Codon Usage
Analyzer Program (Fuhrmann et al., 2004). Seven silent point mutations were
introduced in the CrCAH3 coding sequence: A399 to C, C499 to G, C525 to G,
A570 to G, G732 to C, G888 to C, and C903 to G (having as a reference, the
ATG for nonmature CrCAH3 protein; accession no. XM_001696692). None of
these mutations introduced changes in the CrCAH3 amino acid sequence. The
optimized sequence was synthesized (GenScript), and NcoI/Acc65I restriction
sites were added to the 59 and 39 ends, respectively. The CrCAH3 optimized
sequence was cloned into the pET-MBP-1a vector (Bogomolovas et al., 2009) that
contains a Maltose-Binding Protein (MBP) gene with His-tag and a Tobacco etch
virus (TEV)-protease cleavage site to obtain the pET-MBP-CAH3 vector.
For CrCAH3 protein production, the pET-MBP-CAH3 vector was transformed
into E. coli BL21 (DE3)pLysS. Transformed colonies were used to inoculate a 50-mL
starting culture in Luria-Bertani medium supplemented with 100 mg mL–1 kanamycin and 50 mg mL–1 chloramphenicol. The starting culture was incubated overnight at 37°C and then used to inoculate 5 L of ZYM-5052 autoinduction medium
(Studier, 2005). Cultures were incubated for 3 h at 37°C with shaking at 200 rpm
before the temperature was lowered to 18°C for 20 h. Bacterial cultures were
then harvested and pelleted in a Beckmann J20 Preparative Centrifuge (Rotor
JLA 8.1000) at 6,500g for 10 min at 20°C, and pellets were stored at 220°C.
All puriﬁcation procedures were done on ice with precooled solutions.
Thawed cells were resuspended in 100 mL of lysis buffer (20 mM Tris-HCl, pH
8.0, 10 mM imidazole, pH 8.0, 150 mM NaCl, 0.2% [w/v] Nonidet P-40, 2 mM
2-mercaptoethanol, 1 mM Pefabloc SC [Sigma-Aldrich], 1,000 mg mL–1 lysozyme,
and 5 mg mL–1 DNAase I). Cells were lysed by passing the lysate twice
through a standard French Pressure Cell (Thermo Electron Corporation) at
600 bar. Samples were centrifuged at 30,000g for 30 min at 4°C in a Beckmann
centrifuge (Rotor GA25.50). The ﬁltered supernatant (0.45-mm syringe ﬁlter,
Sarstedt) was applied to 2 3 5 mL of nickel-nitrilotriacetic acid agarose (Ni-NTA)
agarose (Protino) that had been prewashed with 10 volumes of water and 10
volumes of wash buffer 1 (20 mM Tris-HCl, pH 8.0, 10 mM imidazole, pH 8.0, 150
mM NaCl, 2 mM 2-mercaptoethanol, and 1 mM Pefabloc SC [Sigma-Aldrich]) supplemented with 0.2% (w/v) Nonidet P-40. Samples were incubated in a shaker for
90 min at 4°C and then pelleted at 13,000g in a tabletop centrifuge. The supernatant
was removed, and the Ni-NTA agarose was washed twice with 10 volumes of wash
buffer 1 for 10 min at 4°C. The same procedure was repeated with wash buffer 2 (20
mM Tris-HCl, pH 8.0, 10 mM imidazole, pH 8.0, 1 M NaCl, 2 mM 2-mercaptoethanol,
and 1 mM Pefabloc SC) followed by wash buffer 1. The solution was added to an
Econo Column (BioRad), and the liquid was allowed to ﬂow by gravity. The protein
was eluted by applying 20 mL of elution buffer (wash buffer 1 with 330 mM imidazole, pH 8.0). The protein yield varied between 100 and 150 mg from 5 L of
culture. At this stage, the purity of the CrCAH3 protein was approximately 90%.
To remove the 6-His MBP-tag, TEV protease was added to the CrCAH3
solution (TEV:CrCAH3 protein ratio of 1:100 [w/w]). The cleavage was performed over night at 4°C during dialysis against buffer A (100 mM NaCl and 20
mM Tris-HCl; pH 8.0). The cleaved sample was ﬁltered (0.45-mm syringe ﬁlter;
Sarstedt) and applied on an Ni-NTA superﬂow FF (Qiagen). The permeate
contained the cleaved CrCAH3, which was then loaded onto a Mono Q 10/10
column (GE Healthcare) equilibrated with buffer A. CrCAH3 did not bind to the
Mono Q and was collected in the permeate. CrCAH3 was concentrated to 4 mL
before it was loaded onto a Superdex 75 16/60 size exclusion column (GE
Healthcare), equilibrated in buffer A. A single peak was collected, and the
protein purity was analyzed by SDS-PAGE (data not shown). Pure fractions of
the protein (approximately 6,000 mg) in 20 mM Tris-HCl, pH 8.0, and 150 mM
NaCl were pooled and concentrated to 3,600 mg mL–1 using an Amicon Ultracentrifugal ﬁlter device (Millipore) and stored at 280°C.

Crystallization
Initial crystallization trials were performed with a Mosquito pipetting robot
(TTP Labtech) using the sitting-drop vapor diffusion method. Crystal hits were
obtained in Crystal Screen (Hampton Research) and then optimized using the
hanging-drop method. The protein solution (3,600 mg mL–1) was mixed with AZM
(Servera Frenbiochemica) to a ﬁnal concentration of 1 mM. One microliter of the
CrCAH3/AZM solution was mixed with 1 mL of reservoir solution and equilibrated over a reservoir of 1 mL in a Linbro plate (Hampton Research). The best
diffracting crystals were obtained in 2.5 M NH4H2PO4 and 0.1 M Tris-HCl, pH 8.0
(reservoir solution), at 18°C. The ﬁnal pH of the drop was 4.1.

Data Collection, Structure Solution, and Reﬁnement
To prevent ice formation in the ﬂash-cooled crystals used for x-ray data
collection at 2173°C, crystals had to be transferred to a cryoprotectant
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consisting of approximately 20% (v/v) glycerol made in the reservoir solution
above. Data sets for CrCAH3-AZM and CrCAH3-PO4 were collected at the
European Synchrotron Radiation Facility in Grenoble, France. Data were
processed and scaled using XDS (Kabsch, 1993) and SCALA from the CCP4
suite (Collaborative Computational Project, 1994). Statistics from data collections are listed in Table I.
The CrCAH3-AZM structure was solved by molecular replacement using
the program PHASER from the PHENIX suite (Adams et al., 2010) and the
Neisseria gonorrheae CA structure (PDB code 1koq; Huang et al., 1998) as a
search model. The electron density map was well deﬁned, and the model was
built and reﬁned using the programs Coot (Emsley and Cowtan, 2004) and
PHENIX Reﬁne. The structure of CrCAH3-PO4 was determined by difference
Fourier methods. CA structures were superimposed in Coot using SSM (Krissinel
and Henrick, 2004). Reﬁnement statistics of the structures are given in Table I.
Structural ﬁgures and electrostatic surfaces were prepared with CCP4mg
(McNicholas et al., 2011). The atomic coordinates and structure factors (codes
4xiw [AZM] and 4xix [PO4]) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics, Rutgers University (http://
www.rcsb.org/).

The PSII sample aliquots (10 mL) were kept for 3 min on the platinum-electrode
to ensure complete sedimentation and temperature equilibration. The polarization voltage (–750 mV) was switched on, and 40 s thereafter, the samples were
illuminated with a series of saturating xenon ﬂashes at a frequency of 2 Hz
(Perkin Elmer, LS-1130-4). The ampliﬁed amperometric signals were recorded at
a sampling rate of 3 ms point–1. For measurements of Ci– samples, only freshly
prepared Ci– SNM buffer (pH 5.5) was used as a ﬂow buffer. The FIOPs were
analyzed using a spreadsheet program based on an extended Kok model as
described previously (Isgandarova et al., 2003; Shevela et al., 2006; Nöring et al.,
2008). For further details, see Supplemental Table S1.

Determination of CA Activity by MIMS

PSII membranes were prepared from 20-L algal cultures of wild-type (cw92)
and CrCIA3 strains of C. reinhardtii as described in Shutova et al. (2008).
Typical rates of O2 evolution for C. reinhardtii PSII membranes were about
170 to 190 mmol (O2) mg (Chl)–1 h–1. After isolation, the PSII membranes were
frozen in small aliquots in liquid nitrogen and stored at –80°C.

CA activity assays of PSII membranes were performed using MIMS following a procedure described earlier (Clausen et al., 2005; Burén et al., 2011).
This procedure monitors the change in 12C18O2 concentration (normalized
to the sum of all CO2 species: C16O2 detected at mass-to-charge ratio [m/z] of
44, C16O18O detected at m/z 46, and C18O2 detected at m/z 48) caused by the
injections of 5 mL of air-saturated H218O. The DELTA Plus XP isotope ratio
mass spectrometer (Thermo Scientiﬁc) was connected via a cooling trap (dry
ice with C2H5OH) to a 150-mL in-house membrane inlet cell, similar to that
described previously (Messinger et al., 1995). The sample in the cell was
separated from the vacuum (3 3 10–8 bar) of the mass spectrometer via a 1-cm
diameter inlet covered by a 25-mm-thick silicon membrane (MEM-213,
Mempro) resting on a porous Teﬂon support (10 mm diameter). Prior to the
measurements, the PSII membranes were diluted with SNM buffer, pH 6.3, to
a ﬁnal Chl concentration of 300 mg mL–1. The measurements were done at
10°C under constant stirring of the sample suspensions. After 20 to 30 min of
sample degassing inside the MIMS cell, a stable baseline was reached, and
5 mL of air-saturated H218O (98% enrichment) was injected.
For the determination of the pH dependence of the CA activity in the
CrCAH3 protein, we used the same MIMS approach, but with a different
MIMS setup and measuring conditions. The assays were performed with a
DELTA V Plus isotope ratio mass spectrometer (Thermo Scientiﬁc) connected
to a Clark-type cell, and the measuring volume was adjusted to 400 mL. Before
the measurements, the CrCAH3 samples (at 550 mg mL–1) were suspended in
buffer containing 100 mM NaCl and 20 mM Tris-HCl (pH 8.0) and kept on ice.
Thereafter, aliquots (3 mL) of CrCAH3 were added into the MIMS cell, which
was ﬁlled with 20 mM MES (MES buffer) adjusted to the desired pH value
(5.5–7.0). The sample suspensions were degassed for approximately 10 min
under stirring before injecting 2 mL of air-equilibrated H218O (97% enrichment)
into the MIMS cell (thermostated at 20°C). For comparison, identical assays
were performed with BCAII from bovine erythrocytes (C3934, Sigma-Aldrich).
To prevent carryover of CA activity from one experiment to the next, the
MIMS cell was ﬂushed with a weak HCl solution (pH of approximately 2) and
then thoroughly washed with deionized water. Background rates of chemical
CO2 equilibration were obtained in the same MES buffer in the absence of any
protein samples (Supplemental Fig. S5). Subtraction of these background rates
from the rates obtained in the presence of CrCAH3 or BCAII gave the catalytic
rates of relative CA activity (Fig. 5). The analysis of the collected MIMS spectra
was done using OriginPro software.

Depletion and Monitoring of Ci Levels

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number AAC49983.1.

Algal Strains and Culture Conditions
A cell wall-deﬁcient Chlamydomonas reinhardtii mutant92 (cw92), referred to
here as the wild type, was obtained from the Chlamydomonas Culture Collection at Duke University. The cell wall-deﬁcient, high CO2-requiring CrCIA3
double mutant was kindly provided by James V. Moroney (Louisiana State
University; Moroney et al., 1986). Cells were cultured under aeration with
2% (v/v) CO2 in minimal medium. All strains were grown in batch cultures at
25°C under a continuous irradiance of 120 mmol photons m–2 s–1 supplied from
cool-white ﬂuorescent lamps (Villarejo et al., 2002).

Measurements of Redox Regulation of CrCAH3 Activity
CO2 hydration activity was measured as described earlier (Karlsson et al.,
1998). Brieﬂy, the rate of pH decrease was measured after adding CO2saturated water to the sample solution containing 20 mM Veronal buffer at
pH 8.3. CA activity for these measurements is given in Wilbur-Andersen units.
The role of the disulﬁde bond for CA activity was tested by addition of DTT at
concentrations ranging from 0 to 5 mM. The DTT concentration was kept constant for 10 min for all concentrations. For reoxidation of the disulﬁde bond,
GSSGox was added and CA activity was measured at different time intervals for
up to 5 h.

Isolation and Handling of PSII Membranes

Depletion of Ci from SNM buffer (400 mM Suc, 35 mM NaCl, and 20–50 mM
MES/KOH; pH 5.5) was achieved inside an N2-ﬁlled glove box (Shevela et al.,
2013). During the depletion procedure and the subsequent FIOP experiments,
the level of CO2 was monitored with a CO2 Analyzer (model no. S151; The
Qubit Systems). The CO2 concentration inside the glove box at Ci– conditions was 10
to 15 mL L21, while the ambient CO2 level off the air was about 390 mL L21 (Ci+
conditions). Ci– PSII membranes were obtained by incubation and repeated washing
of PSII membranes in Ci– buffer. This procedure was performed inside the glove box
that contained a tabletop centrifuge that was operated at 15,000g.

The following supplemental materials are available.
Supplemental Figure S1. Multiple sequence alignment of CrCAH3 and
homologous a-type CAs.
Supplemental Figure S2. Structural superposition of four a-type CAs.
Supplemental Figure S3. Interactions at the dimer-dimer interface of
CrCAH3.
Supplemental Figure S4. Accessibility and electrostatic potentials at the
active sites of CrCAH3 and HCAII.

Measurements of FIOPs
FIOPs of the PSII membranes were measured within the glove box with an
in-house Joliot-type bare platinum-electrode (Joliot, 1972; Messinger, 1993) at
[Chl] = 1 mg mL–1 in SMN buffer at pH 5.5 (Shevela et al., 2013). FIOPs of Ci–
PSII were collected in an N2 atmosphere (10–15 mL L21 CO2), while Ci+ PSII
FIOPs were obtained in air. No exogenous electron acceptors were added. The
measurements were performed with an electrode temperature of 20°C (60.3°C).
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Supplemental Data

Supplemental Figure S5. Original values of the decay rates as measured
by MIMS in the absence (buffer only) and presence of the CrCAH3 and
BCAII proteins.
Supplemental Table S1. Fit parameters of FIOPs obtained for wild-type
and CrCIA3 PSII membranes under various Ci levels.
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SUPPLEMETAL FIGURES
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Supplemental Figure S1. Multiple sequence alignment of CrCAH3 and homologous α-type CAs
(Clustal W) (Larkin et al., 2007). NgCA, Neisseria gonorrhoeae CA; TaCA, Thermovibrio
ammonificans CA; HCAII, human CA; CrCAH3, Chlamydomonas reinhardtii CA. Uniprot
accession numbers are provided. Residues are color-coded as follows: cyan, residues involved in
dimer formation in CrCAH3; yellow, residues in the active site; green, residues that structurally
differ in the vicinity of the active site; pink, cysteine residues. The disulfide bond in CrCAH3 is
conserved in NgCA and TaCA.
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Supplemental Figure S2. Structural superposition of four α -type CAs. The color code is as
follows: CrCAH3, ice-blue; NgCA, white; TaCA, cyan; HCAII, orange. The zinc ions are shown as
coral spheres. The positions of some residues in CrCAH3 and HCAII are indicated. Orange arrows
point to three loops that restrict the entrance of the active site in HCAII. Superpositions were made
with Secondary Structure Matching (SSM) as implemented in COOT (Emsley and Cowtan, 2004;
Krissinel and Henrick, 2004). SSM is a tool for superposing proteins with related folds. It fits the
secondary-structure elements of one protein onto those of the other.
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A

B

Supplemental Figure S3. Interactions at the dimer-dimer interface of CrCAH3. A, Two
orientations of the N-terminal residues 74-86 (monomer D, blue) and 73-86 (monomer F, green).
HCAII, superimposed on monomer D, is shown in orange (pdb code 3hs4 (Sippel et al., 2009)).
Whereas the N-terminal strand in HCAII folds back at residue Lys9, the strand in CrCAH3
continues into the active site region of the second monomer forming swapped strands. Nonetheless,
two conserved residues, Trp75 and Tyr77, end up at the same position as in monomeric CrHCAII.
The blue mesh corresponds to the difference 2|Fobs|-|Fcalc| map calculated on the refined CrCAH3AZM structure and contoured at 1σ. B, Extensive hydrophobic interactions and hydrogen bonds are
formed at the second dimer interface at helix α2. Note that the symmetry-related Asp275 residues
are neutral at pH 4.1 and form hydrogen bonds to dihydrogen phosphate ions (2HP). Residues
involved in dimer-dimer contacts are shown as sticks. Bonds from carbon atoms in monomer D are
colored in blue, and those from carbon atoms in the symmetry-related monomer F are colored in
green.
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Supplemental Figure S4. Accessibility and electrostatic potentials at the active sites of CrCAH3
(A) and HCAII (B). Dimeric CrCAH3 and monomeric HCAII are shown in two orientations. The
black arrow points to the AZM that extends out of the shallow active site of CrCAH3. The red and
blue represent negative and positive potential, respectively. The elevated positive electrostatic
potential at the bottom of the active sites is due to the zinc ion included in the calculation.
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Supplemental Figure S5. Original values of the decay rates as measured by MIMS in the absence
(buffer only) and presence of CrCAH3 and BCAII. Rates of mono-exponential decay of the norm.
C18O2 concentration after injection of air-saturated H218O into the MIMS cell filled in with the
H216O-buffer containing protein samples (CrCAH3 or BCAII) at various pH values. Uncatalysed
(background) rates of CO2 equilibration were obtained in the same measuring buffer solutions and
pH values in the absence of any protein samples (buffer).
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SUPPLEMETAL TABLES

Table S1. Fit parametersa of FIOPs obtained for wt PSII and CrCIA3 PSII
membrane fragments at various Ci levels.
The FIOPs a (see Fig. 6) were measured either at an air-saturated (ambient)
level of Ci (FIOPs Ci+), or at the Ci-depleted level (FIOPs Ci−). FIOPs Ci−/+
are the same as Ci−, but after the addition of 5 mM HCO3−.
Samples

Fit parameters

Fq

%
α

β

β1

wt PSII

20.9 (0.8)

4.6 (1.0)

4.6 (1.0)

0.00004

CrCIA3 PSII

23.5 (0.8)

4.5 (0.6)

4.5 (0.6)

0.00003

wt PSII

25.0 (0.6)

2.8 (0.2)

2.8 (0.2)

0.00006

CrCIA3 PSII

30.4 (1.0)

3.0 (0.1)

3.0 (0.1)

0.00003

wt PSII

22.6 (0.8)

3.6 (0.6)

3.6 (0.6)

0.00005

CrCIA3 PSII

21.3 (1.9)

3.4 (0.3)

3.4 (0.3)

0.00005

FIOPs Ci+

FIOPs Ci−

FIOPs Ci−/+

a

For analysis of FIOPs, an extended Kok model (for details, see Materials
and methods) with Si state-independent miss (α) and double-hit (β)
parameters was used (Isgandarova et al., 2003; Shevela et al., 2013). In
addition to the normal Kok parameters, the fit program included: (i) a
double-hit-probability in the first flash (β1), (ii) a correction factor (d) for a
change of the number of active O2-evolving centers during the flash train
(Messinger et al., 1997), and (iii) back reactions of S2 and S3 states with YD
during the dark time between flashes (Isgandarova et al., 2003). For β values, we assumed that the double hit of the 1st flash (β1) was greater or
equal to the value of β in the remaining flashes (i.e., β 1 ≥ β 2 = β 3...). The
values of the 100% S1 state, 80% of YD population, and the rate constants for
the fast reduction of S2 and S3 by YD (k2f = 0.15 s–1 and k3f = 0.20 s–1,
respectively) were included in the fits. These values were adopted from
previous reports (Messinger and Renger, 1990; Messinger, 1993) that used
pH 5.5 and temperature 20°C. The numbers in parentheses are SD (n ≥ 3).
The quality of the fits is represented by the averaged values of the fit quality
(Fq) parameter (Isgandarova et al., 2003). Smaller Fq values indicate a
better fit.
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