
1

Carbonic anhydrase VII regulates dendritic spine morphology and density via actin filament bundling1

2

Enni Bertling1,2*, Peter Blaesse3,4*, Patricia Seja1,4*, Elena Kremneva5, Gergana Gateva5, Mari A. Virtanen4,6, Milla3

Summanen1,4, Inkeri Spoljaric1,4, Michael Blaesse7, Ville Paavilainen5, Laszlo Vutskits6, Kai Kaila1,4, Pirta4

Hotulainen1,2# and Eva Ruusuvuori1,4#5

6

1Neuroscience Center, HiLIFE, University of Helsinki, Finland7

2Minerva Institute for Medical Research, Biomedicum Helsinki 2U, 00290 HELSINKI, Finland8

3Institute of Physiology I, Westfälische Wilhelms-Universität Münster, D-48149, Münster, Germany9

4Biological and Environmental Sciences, Molecular and Integrative Biosciences, University of Helsinki, Finland10

5Institute of Biotechnology, Helsinki, Finland11

6University of Geneva, Switzerland12

7Friedhofstr. 4, 85609 Dornach-Aschheim, Germany13

14

15

*equal contribution of 1st authors16

#equal contribution of last authors (communication with Editors via ER)17

18

Running title: CAVII modulates actin dynamics19

20

21

22

23

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/736868doi: bioRxiv preprint 

https://doi.org/10.1101/736868
http://creativecommons.org/licenses/by/4.0/


2

Abstract24

25

Intracellular pH is a potent modulator of neuronal functions. By catalyzing (de)hydration of CO2,26

intracellular carbonic anhydrase (CAi) isoforms CAII and CAVII contribute to neuronal pH buffering and27

dynamics. The presence of two highly active isoforms suggests that they form spatially distinct CA i pools28

enabling  subcellular  modulation  of  pH.  Here  we  show  that  CAVII,  unlike  CAII,  is  localized  to  the29

filamentous actin network, and its overexpression induces formation of thick actin bundles and30

membrane protrusions in fibroblasts. In neurons, CAVII is enriched in dendritic spines, and its over-31

expression causes aberrant spine morphology.  We identified amino acids unique to CAVII that are32

required for direct actin interactions, promoting actin filament bundling and spine targeting. Lack of33

CAVII in neocortical neurons leads to reduced spine density and increased proportion of small spines.34

Thus, our work demonstrates highly distinct subcellular expression patterns of CAII and CAVII, and a35

novel, structural role of CAVII.36

37

Key words: actin cytoskeleton, carbonic anhydrase, dendritic spines, intracellular pH, multifunctional38

protein, neurons39
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Introduction41

Protons (H+ ions) have a strong modulatory effect on diverse cellular functions ranging from cell division (Roos &42

Boron 1981, Busa & Nuccitelli  1984) to directed cell  movement (Patel & Barber, 2005; Van Duijn and Inouye,43

1991). Within the central nervous system (CNS) neuronal excitability and signal transduction respond strongly to44

changes in intra- or extracellular pH (pHi and pHo, respectively) due to the numerous, proton-sensitive molecular45

targets which include e.g. voltage- and ligand-gated ion channels (Traynelis and Cull-Candy, 1990; Pasternack et46

al., 1996; Tombaugh and Somjen, 1996; Duprat et al., 1997; Waldmann et al., 1997), gap junctions (Spray et al.,47

1981) and transmitter release (Sinning et al., 2011; Bocker et al., 2018). Although plasmalemmal acid-base48

transporters maintain neuronal pHi close to 7.1 – 7.2 (Ruffin et al., 2014), deviations from this steady state level49

occur constantly. A particularly intriguing aspect in neuronal pH dynamics is that electrical activity can evoke50

intrinsic pH transients, which are either suppressed or enhanced by CA, depending on whether they are51

generated by transmembrane fluxes of H+ or HCO3
-/CO2 fluxes, respectively (Taira et al., 1993; Voipio et al., 1995;52

Kaila and Chesler, 1998; Chesler, 2003; Sinning and Hubner, 2013).53

54

The kinetics of neuronal pHi changes depend both on the rate of plasmalemmal transporter function, and on the55

total intracellular buffering capacity βt = βi + βCO2. The intrinsic buffering power (βi) is mainly attributable to the56

titratable side chains of proteins. Hence, the presence of the highly mobile CO2/HCO3
− buffer system has, in57

addition to buffering (βCO2), an important role in enhancing diffusion of acid-base species within the cytoplasm58

(Voipio, 1998; Geers and Gros, 2000). The ability of the βCO2 system to operate rapidly is dictated by the presence59

of intracellular carbonic anhydrase activity (CAi) which accelerates the (de)hydration of CO2 to HCO3
− (Maren,60

1967). The catalytically active cytosolic CA isoforms (SI, II, III, VII and XIII) are expressed in a cell-type specific61

manner. Neurons in the mature rodent hippocampus express two highly active CAi isoforms, CAII and CAVII62

(Ruusuvuori et al., 2004; Ruusuvuori et al., 2013). In the central nervous system (CNS), CAVII localizes exclusively63

to neurons, and its expression starts at postnatal day (P) 10 - 12 in rodent hippocampal CA1 neurons (Ruusuvuori64

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/736868doi: bioRxiv preprint 

https://doi.org/10.1101/736868
http://creativecommons.org/licenses/by/4.0/


4

et al., 2004; Ruusuvuori et al., 2013). Notably, the catalytic product of the CO2/HCO3
− buffer system, HCO3

-, acts65

as a major carrier of current in GABAA receptor-mediated signaling (Kaila and Voipio, 1987), and the CAVII-driven66

replenishment of intraneuronal HCO3
- is a required for the development of paradoxical GABAergic excitation and67

network synchronization under conditions of prolonged activation of interneurons (Kaila et al., 1997; Ruusuvuori68

et al., 2004). After the expression of the housekeeping CAII isoform which commences in hippocampal pyramidal69

cells at around P20, both isoforms work in parallel to catalyze the intraneuronal CO2 (de)hydration (Ruusuvuori70

et al., 2013).71

72

The co-expression of CAII and CAVII in neurons might point to distinct subcellular expression patterns of the two73

isoforms, based on specific interaction partners. While CAis have not been reported to directly bind to74

cytoskeletal proteins, CAII has been reported to interact with membrane proteins. In cardiac ventricular75

myocytes, extramitochondrial CAi activity-rich domains that facilitate CO2 movements  (Schroeder et al., 2013)76

are generated by the interaction of CAII with the mitochondrial membrane and by the membrane-bound CAs77

localized to the sarcoplasmic reticulum (see also Wetzel et al., 2002; Scheibe et al., 2006). In erythrocytes, CAII78

interaction with the plasma membrane occurs possibly via binding to an integral membrane protein, the anion79

exchanger 1 (Vince and Reithmeier, 1998). Several other acid-base transporters have been proposed to act as80

structural and/or functional CAII interaction partners in expression studies (Sterling et al., 2001; Becker and81

Deitmer,  2007;  Casey  et  al.,  2009;  Krishnan  et  al.,  2015)  (but  see  Boron,  2010).  The  formation  of  such  CA82

complexes could conceivably allow generation of spatially distinct CAi pools, which in neurons would gain further83

importance given their highly complex cellular architecture (Dong et al., 2015). Neurons face constant, spatially84

localized transmembrane fluxes of acid-base equivalents that are bound to cause local pHi fluctuations, a detailed85

understanding of CAi distribution is of great importance.86

87

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/736868doi: bioRxiv preprint 

https://doi.org/10.1101/736868
http://creativecommons.org/licenses/by/4.0/


5

Here we show that,  in  contrast  to  CAII,  CAVII  is  highly  compartmentalized within  neurons and that  it  has,  in88

addition to its catalytic function, a role in F-actin dynamics. Specifically, we demonstrate that the distinct89

subcellular localization of CAVII is due to direct interactions with filamentous actin (F-actin). Further, we identify90

a novel role of CAVII in modulation of actin bundling that is not dependent on its catalytic activity. In neurons,91

CAVII is enriched in the actin-dense dendritic spines and CAVII depletion increases overall spine density, with a92

shift to smaller spine heads. These results show that neuronal CAVII has tightly linked functions in both cellular93

ion-homeostasis and cytoskeleton structure.94

95
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Results96

97

CAVII binds to and bundles F-actin98

To study the subcellular localization of CAII and CAVII we co-expressed EGFP-CAII and dsRed-CAVII fusion proteins99

in cultured NIH3T3 fibroblasts. The two isoforms showed strikingly different localization patterns. CAVII localized100

to cytosolic filamentous structures, whereas CAII was distributed homogenously throughout the cytoplasm and101

nucleus (Figure 1A). This difference prompted us to test whether CAVII co-localized with F-actin. Experiments, in102

which we expressed EGFP, EGFP-CAII or EGFP-CAVII in fibroblasts and stained F-actin with phalloidin-594 after103

fixation, showed no overlap of EGFP or EGFP-CAII with F-actin (Figure 1B-C). In contrast, EGFP-CAVII strongly co-104

localized with F-actin (Figure 1D). An exception to this were the outer edges of lamellipodia, in which EGFP-CAVII105

was not present (Figure 1-figure supplement 1). High levels of CA VII overexpression also caused marked changes106

in cellular morphology including the formation of thick, curving cytosolic stress fibers as well as filopodia-like107

plasmalemmal protrusions (Figure 1E). To compare the co-localization of the expressed CA proteins with F-actin108

in a quantitative manner, we measured the fluorescence intensities of EGFP and phalloidin-594 from cross109

sections through cells. These data, together with the correlation coefficients presented below in Figure 5,110

demonstrate that EGFP-CAVII, but not EGFP-CAII, co- localizes strongly with F-actin (Figure 1F-H).111

112

Next, we examined if the observed co-localization was based on a direct interaction between CAVII and F-actin.113

For these experiments, we used purified recombinant mouse CAVII protein (mCAVII), produced in the114

CHOEBNALT85 cell line. In an actin pull-down assay, mCAVII co-sedimented with F-actin, demonstrating a direct115

interaction between the two proteins (Figure 2A and Figure 2-figure supplement 1A). Interestingly, pH116

modulated this interaction: at pH 6.5, mCAVII bound F-actin with higher affinity than at pH 7.4  (Figure 2A and117

Figure 2-figure supplement 1A). CAII did not bind F-actin at either pH (Figure 2-figure supplement 1B,C).118
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As CAVII-expressing fibroblasts often showed abnormally thick actin structures, we set out to test if CAVII119

modulates actin bundling. To this end, we used an in vitro actin bundling assay in the absence and presence of120

1.12 µM mCAVII (Figure 2B and Figure 2, Videos 1 and 2). Both actin filament length and fluorescence intensity121

of their cross section increased over time significantly in the presence of mCAVII when compared to the vehicle122

control (P < 0.001 for both length and intensity) (Figure 2C) indicating that CAVII had a profound effect on three-123

dimensional actin structures.124

The ability of CAVII to increase bundling by crosslinking actin filaments implies a bivalent binding mechanism that125

conventional actin cross-linkers, such as a-actinin and fimbrin, most often achieve through homodimerization126

(Puius  et  al.,  1998).  We  analyzed  the  oligomeric  status  of  mCAVII  expressed  as  a  secreted  construct  with127

analytical size exclusion chromatography and multi-angle light scattering (SEC-MALLS) (Figure 2-figure128

supplement 2). Majority of the protein is monomeric at the tested 33 µM concentration (estimated molecular129

mass of approximately 35-42 kDa), matching quite well with the theoretical size of monomeric CAVII (30.5 kDa).130

A molecular weight of approximately 53-75 kDa was determined for a minor peak eluting at an earlier time point,131

which corresponds to a putative CAVII dimer.132

Based on the above results, we tested if CAVII-mediated actin bundling stabilizes actin filaments. This was done133

by exposing transfected cells to latrunculin B which sequesters free actin monomers and can thus be used as a134

robust method to quantify the rate of actin filament depolymerization (Figure 3). The experiments showed that135

in control cells, expressing dsRed, actin filaments depolymerized within a few minutes (Figure 3A). In contrast,136

over 60 % of the dsRed-CAVII expressing cells had visible F-actin structures even after 30 minutes of latrunculin137

B treatment (Figure 3B).138

These data demonstrate that CAVII directly binds to and bundles F-actin, and that CAVII over-expression stabilizes139

existing actin filaments.140

141
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The CAVII surface motif DDERIH is crucial for actin binding142

As no previously known actin-binding domains (Paavilainen et al., 2004; Lee and Dominguez, 2010) are present143

in CAVII, we sought to identify which CAVII sequence features contribute to actin binding. We first analyzed144

publicly available CAII and CAVII protein structures (Eriksson et al., 1988; Di Fiore et al., 2010) to identify potential145

actin-interaction surfaces. These comparisons revealed a structural motif at the CAVII protein surface that clearly146

differs from CAII (Figure 4). The amino acids 101-105, 113, 115 and 237-242 are widely distributed in the primary147

sequence of CAVII, but form a continuous “ridge” at the protein surface (Figure 4A,B). Superimposing the CAVII148

a-helix 6 on the twinfilin-C/G-actin structure (Paavilainen et al., 2007) suggested that CAVII a-helix 6 including149

the amino acids 237-242 could also be a putative interaction site (Figure 4C). Arginine (R223) located to a-helix150

6 has a positive charge that is reversed in CAII. Thus, we hypothesized that this amino acid might have a role in151

CAVII/actin interaction. The alignment of the protein sequences of CAII and CAVII confirmed that these amino152

acids are not conserved between the two isoforms (Figure 4D). In addition, a sequence comparison with the153

human cytosolic CA isoforms revealed that these motifs are unique to CAVII (Figure 4-figure supplement 1).154

To explore the putative CAVII-actin binding domains, we generated a set of CAVII mutants in which subsets of155

the amino acids mentioned above were replaced with the corresponding amino acid sequences of CAII156

(Figure 4E). The mutants were expressed in NIH3T3 cells as EGFP fusion proteins and their subcellular distribution157

and co-localization with F-actin were examined after staining cells with phalloidin-594 (Figure 5A-C and Figure 5-158

figure supplement 1). When amino acids forming the “ridge” (101-105, 113, 115 and 237-242) were replaced159

with the corresponding amino acids of CAII (EGFP-CAVII-mutant1; see Figure 4D,E), the strict co-localization with160

F-actin was abolished and the construct did not induce detectable changes in the actin structure or cell161

morphology (Figure 5A). To characterize the interaction motif in more detail, we separately mutated the amino162

acids 101-105 (KKHDV; EGFP-CAVII-mutant2) or 237-242 (DDERIH; EGFP-CAVII-mutant3). The localization of163

EGFP-CAVII-mutant2, with only the KKHDV motif replaced by the corresponding CAII sequence, was unchanged,164

when compared to EGFP-CAVII. EGFP-CAVII-mutant2 co-localized strongly with F-actin (Figure 5B), and the over-165
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expression phenotype with thick, curving cytosolic actin bundles and plasmalemmal protrusions (Figure 5-figure166

supplement 1A) was similar to that seen with EGFP-CAVII. Interestingly, replacement of the DDERIH motif alone167

(EGFP-CAVII-mutant3) reduced the co-localization with F-actin, and expression of the mutant did not visibly168

affect cellular actin structures (Figure 5C). We compared the co-localization of the different EGFP-tagged variants169

with phalloidin-594 by plotting the fluorescence intensities per pixel against each other (shown in right-most170

panels in Figures 5A-C and Figure 5-figure supplement 1E-G) and calculating Pearson’s correlation coefficient171

(Figure 5D,E). Comparison of the scatter plots from individual cells revealed that, firstly, F-actin had a strong172

positive correlation coefficient with CAVII, but not with CAII. Secondly, the correlation coefficients of EGFP-CAVII-173

mutant1 and EGFP-CAVII-mutant3, but not that of EGFP-CAVII-mutant2, were reduced when compared to CAVII174

(Figure 5E). This indicates that the DDERIH motif forms an important part of the CAVII/actin interaction site.175

Despite the changes seen with EGFP-CAVII-mutant1 and EGFP-CAVII-mutant3, an analogue mutant of CAII,176

containing all mutations of EGFP-CAVII-mutant1 in a reversed manner (EGFP-CAII-revCAVII, see Figure 4E),177

maintained the diffuse cytosolic localization pattern seen with CAII (Figure 5-figure supplement 1B,E).178

When the positively charged arginine 223, which we hypothesized to play a role in CAVII-actin binding, was179

mutated to a negatively charged glutamic acid (EGFP-CAVII-R223E), co-localization with F-actin was not affected180

(Figure 5E and Figure 5-figure supplement 1C,F), but the generation of thick cytosolic actin bundles and181

plasmalemmal protrusions was reduced. Finally, to examine whether CAVII catalytic activity affects actin co-182

localization, we expressed a functionally inactive mutant, EGFP-CAVII-H96/98C (Kiefer and Fierke, 1994), in183

NIH3T3 cells. This mutant retained its co-localization with actin (Figure 5E and Figure 5-figure supplement 1D,G),184

suggesting that enzymatic activity is dispensable for the interaction with actin. The different impact of the various185

constructs on actin cytoskeleton morphology did not seem to correlate with overall construct expression levels186

(Figure 5-figure supplement 2). EGFP-CAVII-R223E, for example, had comparable actin co-localization and187

expression levels to EGFP-CAVII, but did not induce thick actin bundles.188
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Together, these comparisons provide compelling evidence for structural motifs consisting of widely spread189

amino acids within the primary structure of CAVII and containing the DDERIH sequence as the CAVII/actin binding190

site.191

192

CAVII localizes to dendritic spines and its overexpression disrupts spine morphology193

We next moved on to study the subcellular localization of CAII and CAVII in rat hippocampal neurons by co-194

expressing dsRed-CAVII and EGFP-CAII in neuronal cultures. While EGFP-CAII homogenously distributed along195

the somato-dendritic axis, dsRed-CAVII was prominent in the actin-rich spines (Figure 6A). Co-expression of196

mCherry-actin and EGFP-CAII further confirmed that CAII, similar to EGFP alone, localizes diffusely to dendrites197

and spines and causes no apparent changes in the structure of dendritic spines (Figure 6-figure supplement 1A,B).198

In contrast, the EGFP-CAVII distribution overlapped with that of mCherry-actin and, in line with the CAVII-199

dependent modulation of actin structures detected in fibroblasts, it had a marked effect on spine morphology:200

CAVII-expressing neurons had a high proportion of aberrant spines, i.e. thick, filopodia-like dendritic protrusions201

with no clear spine head (Figure 6-figure supplement 1C). The effects of EGFP, EGFP-CAII and EGFP-CAVII on spine202

density and structure in cultured neurons are summarized in Figure 6-figure supplement 1I.203

Of the mutant proteins, EGFP-CAVII-mutant2 co-localized with mCherry-actin and caused a similar change in204

spine morphology as CAVII (Figure 6-figure supplement 1D). When the DDERIH motif was mutated individually205

(EGFP-CAVII-mutant3), or together with the other amino acids forming the ridge (EGFP-CAVII-mutant1), the206

subcellular distribution of the fusion proteins was homogenous along dendrites and dendritic spines, and207

expression of these constructs had no obvious effect on the spine morphology (Figure 6-figure supplement 1E,F).208

EGFP-CAVII-R223E and EGFP-CAVII-H96/98C, both of which co-localized with F-actin in fibroblasts, showed209

strongly overlapping localization with mCherry-actin in dendritic spines (Figure 6-figure supplement 1G,H).210

211
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Finally, to study the localization of CAVII and CAII in neurons in vivo, we expressed EGFP-CAVII or EGFP-CAII in212

cortical layer 2/3 pyramidal neurons using in utero electroporation and examined transfected neurons in fixed213

slices from P40 mice. We saw that, compared to EGFP-CAII (Figure 6B), EGFP-CAVII localized strongly to dendritic214

spines and induced the formation of abnormal, filopodia-like dendritic protrusions (Figure 6C,D) which is in line215

with the observations made in cultured neurons.216

217

Genetic deletion of CAVII changes cortical layer 2/3 pyramidal neuron spine density and morphology in vivo218

The spine-targeted expression of CAVII and its interaction with the actin cytoskeleton raised the question219

whether genetic deletion has an effect on dendritic spines. For this, we did electrophysiological recordings and220

structural analysis of neurons using CAVII knockout (CAVII KO) and wild type (WT) mice (Ruusuvuori et al., 2013).221

Since spines are the major site for excitatory synaptic input, we measured miniature excitatory postsynaptic222

currents (mEPSCs) from WT and CAVII KO somatosensory cortex layer 2/3 pyramidal neurons (Figure 7A). Neither223

mEPSC amplitude (14.93 ± 1.16 pA vs. 14.71 ± 1.10 pA, P = 0.90) nor frequency (5.37 ± 1.62 Hz vs. 6.70 ± 2.24 Hz,224

P = 0.63) differed between the genotypes (n = 7 WT and n = 4 CAVII KO neurons from five WT and four CAVII KO225

mice). Structural analysis was done from Lucifer Yellow (LY) labeled somatosensory cortex layer 2/3 pyramidal226

neurons from P34 - P37 WT and CAVII KO mice (Figure 7B) as described earlier (Fiumelli et al., 2013). Interestingly,227

genetic ablation of CAVII significantly changed dendritic architecture in vivo (Figure 7C). In CAVII KO neurons228

(8279 spines analyzed from 28 neurons/four animals) spine density on the second order apical and basal229

dendritic shafts increased by 38 ± 16 % and by 42 ± 16 % (P < 0.001), respectively, in comparison to the WT230

neurons (8730 spines from 30 neurons/two animals). The change in spine density was due to a specific increase231

in immature-type of spines with small spine heads. The average spine head diameter in CAVII KO neurons was232

0.37 ± 0.01 μm (421 spines from 15 neurons) and in WT neurons 0.48 ± 0.01 μm (467 spines from 15 neurons).233

Compared to WT, the distribution was shifted significantly towards smaller spine heads in the CAVII KO neurons234

(W = 134540, P < 0,001, Wilcoxon rank sum test) (Figure 7D).235

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/736868doi: bioRxiv preprint 

https://doi.org/10.1101/736868
http://creativecommons.org/licenses/by/4.0/


12

Discussion236

237

The  two  cytosolic  CA  isoforms  present  in  mature  rodent  central  neurons  are  both  catalytically  highly  active238

(Earnhardt et al., 1998) and have a high sequence and structural similarity (Di Fiore et al., 2010). Here we show239

that, despite these similarities, CAVII has unique characteristics, profiling it as a novel, multifunctional protein240

within the CNS. We demonstrate a prominent difference in the subcellular localization of the isoforms, which is241

based on a pH-dependent interaction of CAVII and actin. In neurons, CAVII is enriched in the actin-dense dendritic242

spines and affects the actin cytoskeleton thus altering both dendritic spine morphology and density.243

244

The subcellular distribution of CAVII is dictated by its interaction with F-actin245

In cultured fibroblasts, expression of dsRed- and EGFP-fusion constructs of CAVII and CAII revealed a mutually246

exclusive subcellular localization. CAVII is present in the immediate vicinity of actin filaments, in contrast to the247

diffuse cytoplasmic localization of CAII. In hippocampal neuronal cultures, as  well  as  in  cortical  neurons248

transfected in vivo, CAVII shows a preferential spine-targeted localization, whereas CAII distributed evenly in the249

cytosol over the somato-dendritic axis. The diffuse cytoplasmic distribution of CAII is well in line with previous250

localization results from non-erythroid cells (Wang et al., 2002; Stridh et al., 2012; Al-Samir et al., 2013) and fits251

with the idea that this ubiquitous and high-activity isoform serves a housekeeping role in cytosolic pH buffering.252

Homogenously distributed, soluble CA can efficiently dissipate cytosolic acid-base gradients (Voipio, 1998;253

Stewart et al., 1999; Boron, 2010). Interestingly, a recent study on cardiac myocytes shows that the majority of254

nuclear pH buffering is sourced from the cytoplasm in the form of mobile buffers (Hulikova and Swietach, 2015),255

motivating further work on the localization of CAII and its possible role in pH-dependent regulation of256

transcription (Bumke et al., 2003; Neri and Supuran, 2011).257

258
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Our main finding is that the subcellular distribution of CAVII is dictated by its binding to actin, in particular to F-259

actin, which is a novel property with regard to all cytosolic CAs studied to date. Furthermore, CAVII interacts only260

with a specific subset of actin filaments. EGFP-CAVII strongly co-localized with F-actin in fibroblast stress-fibers261

and neuronal dendritic spines, but the edges of the highly dynamic fibroblast lamellipodia, consisting mainly of262

branched actin, were largely devoid of CAVII. Given the key role of CAs in the modulation of pH, a particularly263

interesting finding is that the CAVII–actin interaction is pH-sensitive and enhanced at acidic pH (6.5 vs. 7.4).264

Compared with the actions of the previously known pH-sensitive actin binding proteins (see below), CAVII could265

thus counteract gelsolin-dependent severing of F-actin, which takes place upon acidification  (Lagarrigue et al.,266

2003). Together with our latrunculin data these results indicate that CAVII could stabilize actin structures when267

the intracellular compartment is acidified, which occurs under various pathophysiological conditions such as268

stroke  (Pavlov  et  al.,  2013)  and  epilepsy  (Siesjö  et  al.,  1993).  Furthermore,  an  increase  in  neuronal  activity269

subjects brain cells to surges of lactate produced by the glycolytic pathway (see Yellen, 2018). Within neurons,270

CAVII is ideally located to facilitate H+-coupled lactate (Halestrap, 2013) efflux across the neuronal plasma271

membrane (Yellen, 2018).272

273

CAVII not only binds to F-actin but it also increases actin bundling in vitro. Our bundling assay was done in the274

nominal absence of CO2/HCO3
- indicating that the CAVII-dependent enhancement of bundling is not dependent275

on the catalytic activity of CAVII. This is well in line with our result that the enzymatically inactive H96/98C CAVII276

mutant maintains it co-localization with F-actin. Notably, the enzymatic activity of CAVII is much more sensitive277

to  the  concentration  of  chloride  than  that  of  CAII  (Vullo  et  al.,  2006).  It  is  therefore  possible  that  in  highly278

compartmentalized structures subjected to large ionic fluctuations, such as dendritic spines (Rose et al., 1999;279

Brini et al., 2017), CAVII’s catalytic activity is compromised while its interaction with actin is maintained. The280

presence of neuronal CAII in spines would thus contribute to CO2/HCO3
- based buffering even when the ionic281

milieu is transiently changed.282
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283

Our time-lapse imaging experiments visualizes the CAVII-dependent change in actin dynamics (SI Videos 1 and284

2). The rapid assembly/disassembly of actin filaments seen under control conditions was suppressed in the285

presence of CAVII and the generated actin-bundles were thicker and more stable. Based on the SEC-MALLS286

results, CAVII-dependent bundling may be achieved, at least partly, through CAVII homodimerization. In the287

intracellular milieu, even a small proportion of free dimers might be enough if actin acts as a sink for the CAVII288

dimers thereby shifting the dimerization process to the right.289

290

CAVII-actin interaction induces morphological changes291

The changes detected in the actin cytoskeleton of CAVII-expressing cells are consistent with the biochemical292

assay data and show that CAVII modulates higher-order actin structures in the cytoplasm. Fibroblasts transfected293

with CAVII generate numerous filopodia-like protrusions projecting from the cell surface, and have thick,294

sometimes curving, cytosolic stress fibers. In neurons overexpressing CAVII, both in cell cultures and in vivo,295

dendritic spines eventually lose their morphological diversity (categorized as thin, stubby, and mushroom spines296

according to (Bourne and Harris, 2008; Hotulainen and Hoogenraad, 2010)) and turn into thick protrusions, which297

lack a clear spine head. Similar filopodia structures sprout even from the neuronal cell body. These phenotypic298

characteristics closely resemble those seen with the brain-specific actin-bundling protein drebrin-A in fibroblasts299

(Shirao et al., 1994) and in cultured neurons (Hayashi and Shirao, 1999; Mizui et al., 2005). The disturbed spine300

morphology shows that  the actin  network normally  forming these structures  is  modified to  more rigid  actin301

bundles. Together with the biochemical bundling assay results, the CAVII overexpression phenotype suggests302

that CAVII has a stabilizing effect on F-actin. We tested this hypothesis in experiments where fibroblasts were303

exposed to the actin polymerization inhibitor latrunculin B. Compared to control cells, fibroblasts expressing304

CAVII maintained F-actin structures significantly longer, confirming a direct stabilizing effect of CAVII.305

306
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Identification of the CAVII – actin interaction site307

When Montgomery et al. (1991) first identified the human CAVII, they recognized several poorly conserved308

regions that were predicted to “be located towards the surface of the protein”. Our work shows that one of these309

regions, residues 232 – 248 encoded by exon 7, is critically involved in CAVII-actin interaction.  When we replaced310

amino acids 237 – 242 (DDERIH) with corresponding amino acids from CAII either alone (EGFP-CAVII-mutant3)311

or together with additional mutations (amino acids 101-105, 113 and 115; EGFP-CAVII-mutant1), co-localization312

of F-actin and the mutated EGFP-CAVII proteins decreased compared to EGFP-CAVII. Replacing the corresponding313

sequence of CAII by the CAVII amino acids forming the ridge (101-105, 113, 115 and 237-242) was not sufficient314

to induce an actin-binding phenotype of CAII, pointing to a complex three-dimensional structure of the actin-315

binding site. The catalytically inactive CAVII-H96/98C mutant and CAVII with the point mutation R223E, disrupting316

the positive charge at the CAV II α-helix-6 (αG), still bound actin, but formation of thick cytosolic actin bundles317

was suppressed.318

319

Genetic deletion of CAVII changes spine density and morphology320

Since ectopic expression of CAVII had such a prominent effect on spine morphology, we examined how deletion321

of CAVII affects dendritic spines in vivo. The increase in spine density, together with the shift to smaller spine322

head size in CAVII KO mouse cortical neurons, demonstrates that endogenous CAVII serves a structural role in323

dendritic spines. As our quantification in these experiments is based solely on the head diameter (Bourne and324

Harris, 2008), we cannot address how the proportion of filopodia and thin spines changes. However, it is well325

established that spines with small spine heads i) are short-lived and dynamic structures (Holtmaat et al., 2005);326

ii) are more abundant in early development and iii) make only occasional contacts with presynaptic terminals327

(Berry and Nedivi, 2017). It is thus not surprising that the detected increase in small spines (spine heads < 0.3328

µm) in CAVII KO cortical neurons did not alter the basic pre- or postsynaptic properties, measured as the329

frequency and amplitude of mEPSCs, respectively. It is tempting to suggest that the overproduction of small330
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spines, actively searching for presynaptic partners, renders CAVII KO neurons in “a more juvenile” morphological331

state.  Previous in vivo studies have demonstrated that there are pools of spines with different turn-over rates332

and these pools change over the postnatal development and differ greatly between brain areas even in mature333

animals (Holtmaat et al., 2005; Attardo et al., 2015; Pfeiffer et al., 2018). Hence, it would be intriguing to examine334

if the observed difference in CAVII KO and WT spine architecture is age- and/or area specific, and to see if the335

absence of CAVII is reflected as increased motility or turnover of the thin, immature-like spines.336

337

So far, a structural role has not been reported for any of the CAis, although studies on CA-related protein VIII KO338

mice have shown that deletion of this catalytically inactive isoform causes abnormalities in parallel fiber and339

Purkinje cell synapses (Hirasawa et al., 2007). The combined role of CAVII in ion-regulatory and morphogenic340

function reported here, bears much resemblance to that described for the K-Cl cotransporter (KCC2) that341

promotes spine development by a transport-independent interaction with the cytoskeleton (Kaila et al., 2014a).342

Furthermore, both of these ion-regulatory proteins are involved in the qualitative and quantitative change of343

GABAergic transmission during brain development (Ruusuvuori et al., 2010; Kaila et al., 2014b). In mature344

neurons, upon intense GABAA receptor activation, synergistic activity of K-Cl transport and CA activity is able to345

render GABAergic signalling excitatory and even pro-convulsant (Kaila et al., 1997; Ruusuvuori et al., 2004;346

Viitanen et al., 2010; Avoli and de Curtis, 2011).347

348

The pH sensitivity of actin polymerization and depolymerization in spines is intriguing. Diering and colleagues349

(2011) reported an NHE5-dependent increase in spine pH, developing over tens of minutes after chemical long-350

term potentiation induction in cultured rat hippocampal neurons. Rapid, depolarization-induced acid transients351

in dendrites have been detected in Purkinje cells (Willoughby and Schwiening, 2002). However, the influence of352

effects  of  this  kind  on  spines  remains  to  be  explored  in  more  detail.  Notably,  the  effect  of  pH  on  actin353

polymerization and depolymerization is dictated by several factors. Actin self-assembly in vitro is enhanced by354
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protons (Wang et al., 1989; Heath et al., 2013) but in the intracellular milieu the pH-sensitivity of actin-binding355

proteins, such as cofilin and gelsolin, bring additional players to F-actin dynamics (Yonezawa et al., 1985; Azuma356

et al., 1998; Frantz et al., 2008). Nevertheless, actin-associated, spine-targeted CAVII expression is an exciting357

observation as synaptic activity is known to evoke long-term structural changes in spine size and morphology358

(Sala and Segal, 2014), as well as large transient changes in ionic concentrations within the spine (Rose et al.,359

1999;  Brini  et  al.,  2017).  The  present  study  shows  that  CAVII  is  optimally  localized  not  only  to  separately360

modulate, but also to provide a link between F-actin dynamics and activity-dependent pH transients, within361

spines, thereby identifying a novel mechanism of morphofunctional plasticity.362

363
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Materials and Methods364

Animal experiment ethics All experiments involving animals were conducted in accordance with the European365

Directive  2010/63/EU,  and  were  approved  by  the  National  Animal  Ethics  Committee  of  Finland  or  the  Local366

Animal Ethics Committee, University of Helsinki.367

368

Neuronal primary cultures, fibroblast cultures and transfections Hippocampal neuronal cultures were prepared369

as described previously (Bertling et al., 2012). Briefly, the hippocampi of embryonal day 17 Wistar rat fetuses of370

either sex were dissected, the meninges were removed, and the cells were dissociated with 0.05 % papain and371

mechanical trituration. The cells were plated at a density of 100,000 cells/coverslip (diameter 13 mm), coated372

with Poly-L-Lysine (0.1 mg/ml; Sigma), in neurobasal medium (Gibco) supplemented with B-27 (Invitrogen), L-373

glutamine (Invitrogen), and penicillin-streptomycin (Lonza). Transient transfections were performed after 13374

days in vitro (DIV) using Lipofectamine 2000 (Invitrogen), as described earlier (Hotulainen et al., 2009). Prior to375

all experiments, we confirmed that cultures formed a dense network of neurons, ensuring the availability of a376

proper synaptic network. The neurons were imaged after fixation with 4 % paraformaldehyde (PFA). Fibroblasts377

were maintained in DMEM supplemented with 10 % fetal bovine serum (Hyclone), 2mM L-glutamine (Invitrogen)378

and penicillin-streptomycin (Lonza). Cells were transfected with Superfect (Qiagen) or Turbofect (Thermo379

Scientific)-transfection reagent according to manufacturer’s instructions for 24 h and either imaged live or after380

fixation with 4 % PFA.381

Plasmid constructs pEGFP-N1 (EGFP) and mCherry-C1 (mCherry) plasmids were purchased from Clontech382

Laboratories, Inc. Human GFP-β-actin (Dopie et al. E544-E552) and mCherry-β-actin plasmids were gifts from383

Maria Vartiainen (University of Helsinki, Finland) and Martin Bähler (University of Münster, Germany),384

respectively. Constructs containing full-length CAII and CAVII (human isoform 1) coding sequences were obtained385

from ImaGenes (human CAII and human CAVII including start and stop codon; OCAAo5051H1054 and386

OCAAo5051E0588, respectively) and GeneCopoeia (human CAII without stop codon and mouse CAVII including387
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start and stop). Constructs encoding CAVII-R223E and CAVII-H96/98C were generated using site-directed388

mutagenesis (Phusion high fidelity PCR, ThermoFisher) and the correct sequence of PCR amplified sequences389

was confirmed by full-length sequencing of both strands (DNA Sequencing and Genomics Laboratory, Institute390

of Biotechnology, Helsinki). More complex mutants containing multiple nucleotide exchanges were commercially391

synthesized (GenScript). All coding sequences were either available as Gateway entry vectors or subcloned into392

pDONR or pENTR vectors using the Gateway technology (LifeTechnologies). Expression constructs encoding N-393

or  C-terminal  fusion  proteins  of  CAII  or  CAVII  and  various  reporter  proteins  (EGFP,  dsRed,  mCherry)  were394

generated using the Gateway technology and appropriate destination vectors. To allow for stable expression in395

cell cultures and neurons in vivo, all destination vectors contained the CMV/chicken beta-actin gene (CAG)396

promoter (Niwa et al., 1991). The pCAG-EGFP plasmid was a gift from Connie Cepko (Addgene plasmid # 11150)397

and served as a control (Matsuda and Cepko, 2004).398

399

Expression level quantification in NIH3T3 cells NIH3T3 cells were seeded on 24-well plates with Poly-L-Lysine-400

coated coverslips at a density of 60,000 cells/well, and on 6-well plates at a density of 300,000 cells/well. The401

following day, the cells were transfected with the CAVII/II-EGFP constructs using Turbofect transfection reagent402

(Thermo Scientific) according to the manufacturer’s instructions. For immunofluorescence, the cells were fixed403

24 h after transfection with 4 % PFA for 30 min, and stained with DAPI (1:10,000 for 2 min) (Fig. S4A). For Western404

blotting, the cells were washed once with ice-cold phosphate buffered saline (PBS) and collected in 150 µl405

radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitors (cOmplete, Roche) 24406

hours after transfections. 10 µg of the lysates were separated by SDS-PAGE and blots were probed with a 1:2,000407

dilution of mouse anti-GFP antibody (Clontech), followed by 1:5000 anti-mouse Starbright Blue 700 (Bio-Rad)408

(Fig. S4B) and 1:5000 anti-actin-rhodamine (Bio-Rad) as a loading control. The blots were imaged with ChemiDoc409

MP (Bio-Rad). Quantification was done with ImageJ, and expression levels of the constructs were shown relative410

to the WT EGFP-CAVII expression level, which was set at one.411
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Actin filament staining with phalloidin in fibroblasts Fibroblasts were permeabilized with 0.1 % tritonX-100 in412

PBS. Filamentous actin was visualized with Alexa fluor 488- or Alexa fluor 594 -phalloidin (for 30 min, Invitrogen,413

Molecular probes).414

Actin filament visualization in cultured neurons Neuronal cultures were co-transfected with a mCherry-actin415

and EGFP-CAII/CAVII constructs on DIV13 and fixed with 4 % PFA (30 min) 24 h after transfection416

Imaging Fixed NIH3T3 fibroblasts were imaged under epifluorescence illumination using an upright Axio417

Imager.M2 microscope equipped with a 63x 1.4NA objective and with an Apotome 2 structured illumination418

slider (all from Zeiss). Images were acquired with a black and white CMOS camera (Hamamatsu ORCA Flash 4.0419

V2) and ZEN 2 software (Zeiss). For quantification of co-localization of the EGFP-tagged proteins with 594-420

Phalloidin in fibroblasts we analyzed the pixel intensities along a virtual line across the cell, excluding the nucleus421

(ImageJ, http://imagej.nih.gov/ij). The placing of the line was done using the “actin channel” and the422

experimenter was blinded to the transfections. We plotted the pixel intensities of both channels against each423

other and calculated the Pearson’s correlation coefficient (GraphPad Prism 7). The dendritic spines of cultured424

hippocampal neurons were imaged using a Zeiss LSM 710 upright confocal microscope (63x 1.3NA objective) or425

an Axio Imager.M2 microscope (63x 1.4NA objective, Apotome 2 structured illumination slider). Image files were426

processed with ZEN 2012 (Carl Zeiss Microscopy GmbH), ImageJ 1.46r and Photoshop CS4 (Adobe).427

SEC-MALLS The size-exclusion chromatography-coupled multi-angle static laser light scattering (SEC–MALLS) was428

used for characterisation of the oligomerization and monodispersity of CAVII essentially as described in (Karki et429

al., 2018). The measurements were done at 0.5 ml/min over an S-200 Superdex 10/300 column (GE Healtcare)430

in 1x  PBS with a  HPLC system (Shimadzu)  and a  MiniDAWN TREOS light  scattering detector,  and Optilab rEX431

refractive index detector (Wyatt Technology Corp.). Data were then analysed with ASTRA 6 software (Wyatt432

Technology Corp.). CAVIII protein was analysed at 33 µM concentration in 50–100 μl volume.433

Spine analysis For  analysis  of  spine  density  and  morphology  in  fixed  rat  cell  cultures,  serial  image  files434

corresponding to z-stacks of 20–30 optical sections per dendritic segment were taken. Only healthy looking cells435
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(no beading of dendrites or other signs of decreased wealth) with spines were imaged and included to analysis.436

NeuronStudio, a software package specifically designed for spine detection and analysis (Rodriguez et al., 2008)437

was used to analyze spine density. The detailed analysis of spine classes was performed as described in (Bertling438

et al., 2012). Classification of spines was done by using rules defined by (Rodriguez et al., 2008) and verified439

manually. For the plot, spines were divided to three groups: spines with head (Neurostudio: mushroom and440

stubby), filopodia/thin spines (Neurostudio: thin) and spines with abnormal morphology (Neurostudio: other),441

latter including all spines with branches, long thick protrusions or otherwise morphology not classified in any442

common spine classes. The mean value (+ SEM) of separate images is shown.443

Latrunculin B assay For the Latrunculin B assay fibroblasts were transfected with dsRed or dsRed-CAVII 24 h prior444

to treatment with 5 µM Latrunculin B in DMSO. Cells were fixed after 0, 2, 5, 10, and 30 minutes of Latrunculin445

B treatment and stained with phalloidin-488. Control cells were treated with DMSO for 60 min and stained with446

phalloidin-488. We made three independent replicates of such experiments. A hundred transfected cells from447

each time point from each experiment were categorized either as “normal”, “some shape/F-actin left” or “round”448

(example cells for the three categories are depicted in Figure 3A,B, upper panels).449

450

CAVII biochemistry: pull down assay, measure of enzymatic activity, bundling (In vitro TIRF) assay Actin co-451

sedimentation assay was carried out in 20 mM Hepes pH 7.4/6.5, in the presence of 0.2 mM DTT. Mouse CAVII452

(produced as a secreted protein with a C-terminal His-tag in the CHOEBNALT85 cell line) was stored in PBS but453

the buffer was changed to Hepes (pH 7.4/6.5) before the experiment. Lyophilized powder of CAII (Sigma) was454

reconstituted in MilliQ and diluted in Hepes-buffer pH 7.4/6.5 to 33 μM. ZnCl2 (1 μM) was added to CAVII/CAII455

one hour before incubation with actin. β/γ-G-actin (0, 1, 5, 10 and 15 μM) was pre-polymerized in Hepes-buffer456

pH 7.4/6.5 by addition of 1/10 of 10x-initiation mixture (1 M KCl, 10 mM EGTA, 50 mM MgCl2, 2.5 mM ATP and457

20 mM Hepes pH 7.4/6.5) for 30 min at room temperature. CAVII or CAII (1 μM) was added to polymerized actin,458

gently mixed and incubated for another 30 min at room temperature. Actin filaments were sedimented by459
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centrifugation for 30 minutes at 20SoC in a Beckman Optima MAX Ultracentrifuge at 353,160 × g in a TLA100460

rotor. Equal proportions of supernatants and pellets were run on 13.5 % SDS-polyacrylamide gels, which were461

stained with Coomassie Blue. The intensities of β/γ-actin and CAVII/CAII bands were quantified with QuantityOne462

program (Bio-Rad), analyzed and plotted as CAVII/CAII bound to actin (μM, CAVII/CAII in pellet) against actin.463

The mCAVII-actin co-sedimentation assay was repeated three times for each pH value and averaged curves were464

presented (± SEM).465

In vitro TIRF  imaging  was  performed  as  previously  described  (Suarez  et  al.,  2011)  but  the  muscle  actin  was466

substituted with non-muscle actin (Cytoskeleton), prepared according to the manufacturer's instructions, and467

non-muscle Rhodamine actin (Cytoskeleton) was used for labeling the filaments. A mixture of 0.5 µM unlabeled468

and 0.05 µM Rhodamine labelled non-muscle actin was polymerized in the presence of 1.12 µM mCAVII or with469

an identical volume of PBS as a control in the nominal absence of CO2/HCO3
- (three independent repeats for both470

treatments). Images were captured with Nikon Eclipse Ti-E N-STORM microscope, equipped with Andor iXon+471

885  EMCCD  camera  and  100x  Apo  TIRF  oil  objective  (NA  1.49),  a  150  mW  561  nm  laser  line  was  used  for472

visualization of Rhodamine actin. Actin filament polymerization was followed (images every 10 sec) until the473

imaging field was full with filaments (typically around 30 - 40 min). Bundling was quantified by measuring the474

mean relative fluorescence intensity of a cross-section for an individual filament (n = 10 - 11 filaments per repeat,475

ImageJ) and actin fiber length (n = 3 – 4 per repeat) at three time points (0, 5, and 23 minutes). The data was476

analyzed using a general mixed model with time as a within unit factor and the presence of CAVII as a between477

unit factor, experiment repeats were included as a covariate.478

479

In utero electroporation and slice preparation The following modifications to the rat IUE protocol described in480

(Fiumelli et al., 2013) were applied for mice. Timed-pregnant ICR mice with E14.5 embryos were given Temgesic481

(0.05-0.1 mg/kg , s.c.) and anesthetized with isoflurane (4.2 % induction, 2.5 % during surgery). All embryos were482

injected with 1.25 µl plasmid DNA solution (3-4 µg/µl EGFP-CAVII or EGFP-CAII construct in 0.9 % NaCl and 0.1 %483

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/736868doi: bioRxiv preprint 

https://doi.org/10.1101/736868
http://creativecommons.org/licenses/by/4.0/


23

Fast Green). Electroporation was done with 5 mm diameter circular electrodes (Sonidel Limited) with five pulses484

(40 - 45 V, 50 ms duration at 100 ms intervals), delivered with a square-wave generator (CUY21vivo SC, Sonidel485

Limited). Detection of EGFP-CAII and EGFP-CAVII was done on 50 µm coronal cryosections from fixed brains (P40486

mice were transcardially perfused under terminal anesthesia with 4 % PFA, over-night postfixation in 4 % PFA )487

with a Zeiss LSM 710 upright confocal microscope.488

489

Cortical layer 2/3 spine analysis and mEPSC recordings490

Post Hoc iontophoretic injection of Lucifer Yellow Male WT and CAVII KO mice were terminally anesthetized at491

P34 - P37 by an intraperitoneal injection of pentobarbital (100 mg/kg) and perfused transcardially first with492

saline, followed by 4 % PFA and 0.125 % glutaraldehyde solution (pH 7.4). Brains were removed and postfixed493

for 2 h in 4 % PFA. Coronal sections of 200 µm thickness were cut on a vibratome in ice-cold PBS (pH 7.4). Coronal494

sections were pre-stained for 10 min with methylene blue, which allows the visualization of neuronal somata,495

mounted into an injection chamber, and placed on the fixed stage of a Zeiss microscope equipped with a496

micromanipulator. Layer 2/3 pyramidal neurons were loaded iontophoretically with a 0.4 % Lucifer yellow497

solution (Sigma-Aldrich, St. Louis, MO) using sharp micropipettes and a negative current of 70 nA until the498

dendrites were fluorescing brightly. For each animal, neurons were labelled from 2-3 slices.499

Immunohistochemistry The Lucifer Yellow injected slices were preincubated for 1 h in a PBS solution containing500

sucrose (5 %), bovine serum albumin (2 %), Triton X-100 (1 %) and sodium azide (0.1 %), followed by 48 h at room501

temperature with the anti-LY antibody (rabbit IgG, Cat.No. A5750, Invitrogen, Carlsbad, CA; 1:4,000 dilution).502

Slices were then rinsed in PBS solution and incubated for an additional 24 h with Alexa conjugated secondary503

antibodies (Invitrogen; 1:1,000). After mounting the slices were coverslipped using Immumount (Thermo504

Scientific, Pittsburgh, PA), and stored at +4 °C until analysis.505

Confocal Laser Scanning Microscopy and Image Analysis Second order dendrites were imaged for spine analysis506

using LSM700 confocal microscope and 63× oil-immersion objective. Spine analysis was performed on acquired507
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stacks of images using a homemade plug-in written for OsiriX software (Pixmeo, Geneva, Switzerland). This plug-508

in allows precise spine quantification, individual tagging, and measurement in 3D by scrolling through the z-axis.509

We defined spines as structures emerging from the dendrites that were longer than 0.4 µm and for which we510

could distinguish an enlargement at the tip (spine head). Spines head diameters were measured at their largest511

width in xy-axis on the z-image corresponding to the central axis of the spine head. The difference in spine head512

width distribution between WT and CAVII KO mice was analyzed using a Wilcoxon rank sum test with continuity513

correction. Note that for illustration purposes, images presented in figures are maximum intensity projections of514

z stacks with volume rendering, further treated with a Gaussian blur filter.515

mEPSC recordings and analysis Male CAVII KO and WT mouse (P30 - P40) were anesthetized with halothane and516

decapitated. Acute coronal brain slices (400 µm) were cut using Campden vibratome (Campden Instruments517

7000 SMZ-2) in ice cold (<4˚C) cutting solution containing (in mM) 87 NaCl, 2.5 KCl, 0.5 CaCl2, 25 NaHCO3, 1.25518

NaH2PO4, 7 MgCl2 and 50 sucrose, equilibrated with 95 % O2 and 95 % CO2 to pH 7.4. Before starting experiments519

the slices were let to recover for one hour at  +34˚C in standard solution containing (mM): 124 NaCl, 3 KCl, 2520

CaCl2,  25  NaHCO3, 1.1 NaH2PO4, 1.3 MgSO4 and  10  D-glucose,  (300  ±  5  mOsm).  Whole-cell  voltage-clamp521

recordings from layer 2/3 somatosensory cortex pyramidal neurons were obtained with a HEKA EPC-10 amplifier522

with 20 kHz sampling interval and 4 kHz low-pass filter. Slices were perfused with standard solution (see above,523

perfusion 3.5 ml/min) and all measurements were done in the presence of 100 µM picrotoxin and 0.5 µM TTX.524

Temperature in the recording chamber was 32 ± 1˚C. The cells were clamped to -65 mV. Borosilicate patch pipette525

resistances ranged from 3 - 5.5 MΩ when filled with a pipette solution containing (mM) 140 CsMs, 2 MgCl2, 10526

HEPES liquid junction potential of 13 mV was taken into account). Only cells with a resting membrane potential527

below -55 mV and stable holding current were included in the analysis. Series resistance was compensated and528

recordings with unstable series resistance (change > 30 %) were excluded from the analysis.  The person who did529

and analyzed the mEPSC experiments was blind to the genotype. Events were manually detected with530

minianalysis software (synaptosoft) after 1000 Hz low-pass filtering and with threshold set to 4x RMS noise.531
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Figure legends550

551

Figure 1. Subcellular localization of CAVII and CAII in fibroblasts. (A) NIH3T3 fibroblasts co-expressing dsRed-552

CAVII  and  EGFP-CAII  (n = 4 independent replicates). Co-localization of EGFP and the two CA isoforms with553

filamentous actin studied in fibroblasts expressing (B) EGFP, (C) EGFP-CAII, or (D, E) EGFP-CAVII and stained with554

phalloidin-594 to visualize F-actin (n = 2, 7 and 9 independent replicates, respectively). Magnification of the area555

marked with the yellow rectangle in D shows co-localization of EGFP-CAVII with F-actin. (E) EGFP-CAVII caused a556

prominent overexpression phenotype with thick and curvy cytosolic actin bundles (arrow) and plasmalemmal557

protrusions (arrow head). (F-H) The normalized fluorescence emission intensity profiles for F-actin (red line) and558

(F) EGFP, (G) EGFP-CAII, or (H) EGFP-CAVII (black line). For the plots, pixel intensities were measured through the559

cross-section of the cell indicated by the yellow line in panels B-D. Scale bar in A-E 20 µm.560

561

Figure 1 - figure supplement 1. CAVII co-localizes with selective actin filaments. EGFP-CAVII co-localizes with562

subcellular F-actin structures (visualized with Phalloidin-594) except at the very edges of fibroblast lamellipodia.563

Scale bar 20 µm.564

565

Figure 2. CAVII binds to filamentous actin and increases actin bundling. (A) Quantification of actin co-566

sedimentation assay shows that CAVII binds to F-actin. The binding is enhanced at more acidic pH (6.5 vs. 7.4)567

(n = 3 independent replicates at each actin concentration). (B) Fluorescence time-lapse images of F-actin568

bundling in an in vitro bundling assay. A mixture of unlabeled and Rhodamine labelled non-muscle actin was569

polymerized in the absence (PBS control, upper panel) or presence of mCAVII (lower panel). Numbers in images570

indicate the time after the onset of the experiment (0, 5 and 23 min). Scale bar 10 µm. (C) Quantification of the571

mean increase in filament length (n = 10 filaments at each time point) and relative fluorescence intensity (n = 30572

- 31) in the absence and presence of mCAVII (1.12 µM).  The data were analyzed using a general mixed model573
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with  time  as  a  within  unit  factor  and  the  presence  of  CAVII  as  a  between  unit  factor. n = 3 independent574

repetitions, experiment repeats were included as a covariate and were non-significant. Data are presented as575

mean ± SD576

577

Figure 2 –figure supplement 1. CAVII, but not CAII, co-localizes and directly interacts with F-actin. Actin co-578

sedimentation assay was carried out at five different concentrations of β/γ-actin and with 1 µM (A) CAVII or (B)579

CAII  at  two  different  pH  (7.4  or  6.5).  After  centrifugation,  the  supernatant  (S)  and  pellet  (P)  fractions  were580

separated and resolved by SDS-PAGE. Staining the gels with Coomassie Blue showed that CAVII co-sedimented581

in the pellets with actin, whereas CAII was found only in the supernatant fraction. CAVII; three repetitions and582

CAII; one repetition at each of the four actin concentrations/pH. (C) Analysis of the CAII gels confirmed that the583

isoform does not interact with actin at either pH tested.584

585

Figure 2 –figure supplement 2. Purified recombinant CAVII exists as a mixture of monomers and dimers. CAVII586

analytical gel filtration analysis. CAVII was run on Superdex 200 10/300 gel filtration column in TBS at 0.5 ml/min,587

at protein concentration of 33 µM. The experiment was carried out once and SEC-MALLS data were analyzed588

using with ASTRA 6 software (Wyatt Technology Corp.) as described in Folta-Stogniew and Williams (1999). A589

major peak at approximately 12 ml volume eluted and based on multi-angle light scattering had molecular weight590

of ca. 38.5 kDa, matching relatively well with theoretical molecular weight of the monomer (30.5). The molecular591

weight determined for the minor peak (66,6 kDa) eluting at approximately 10 ml corresponds roughly to a CAVII592

dimer.593

594

Figure 2 - Source Data 1 The file shows the values for CAVII and CAII bound to actin (μM, CAVII/CAII in pellet)595

against actin. These data were used for the quantitative analyses shown in Figure 2A and Figure 2 – figure596
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supplement 1C. The intensity values of β/γ-actin and CAII/CAVII bands were quantified with QuantityOne597

program (Bio-Rad). All experiments were included in the analysis.598

599

Figure 2 - Source Data 2 The measured actin fiber lengths (n = 3 – 4 filaments per repeat) and the mean relative600

fluorescence intensity values of cross-sections for individual filaments (n = 10 - 11 filaments per repeat, ImageJ)601

that were used to quantify bundling presented in Figure 2C. The analyzed filaments were chosen randomly and602

all experiments were included in the analysis.603

604

Figure 3. CAVII over-expressing NIH3T3 are resistant to the latrunculin B treatment. NIH3T3 cells transfected605

with dsRed (A)  or dsRed-CAVII (B) were incubated in growth medium with 5 µM Latrunculin B for 0, 2, 5, 10, or606

30 minutes, or in an equal amount of DMSO for 60 minutes. Analyses of experiments show that in cells607

transfected with dsRed-CAVII F-actin structures collapse more slowly than in the dsRed-transfected ones. For the608

analysis, cells were categorized to three groups as “normal”, “some shape/F-actin left” and “round”. The higher609

panel shows example images of the cells in all three categories for (A) dsRed- or (B) dsRed-CAVII transfected cells610

(actin visualized with Phalloidin-488). A hundred cells per each time point from each experiment were counted611

and categorized. Scale bar 50 µm612

613

Figure 3 - Source Data 1 Source files for WT and CAVII over expressing cells. Excel file contains the counted cells,614

divided to different categories based the F-actin staining. Averages from the three experiments is shown in Figure615

3. Inclusion criteria: all cells expressing dsRed (control) or dsRed-CAVII. We did not exclude any outliers.616

617

Figure 4. Structure and sequence comparison of CAVII and CAII. (A) Three-dimensional representation of the618

CAVII structure. The amino acids 101-105, 113, 115 and 237-242 form a ridge at the protein surface (highlighted619

in yellow). R223 is located close the ridge. The blue spherical structure in the 180° view (right panel) depicts the620
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inhibitor 6-ethoxy-1,3-benzothiazole-2-sulfonamide bound to the active site. (B) Overlay of CAII and CAVII three-621

dimensional structure illustrating structural differences at the protein surface. Note the prominent position of622

R223 in CAVII. The main chain, side chains of selected residues, and zinc ion are shown as ribbon, sticks, and623

sphere representation, respectively. Carbon atoms of CAII and CAVII are colored green and orange, respectively.624

The side chains of Asp237, Glu239, and Arg240 (labeled with *) of CAVII are not defined by the electron density625

and thus omitted from the published PDB file (3MDZ). (C) Superimposing the CAVII α-helix-6 (CAVII in blue, areas626

where mutations1-3 are located in yellow, and the putative actin interactin CAVII helix in red) on the Twf-C/G-627

actin structure (grey) shows a sterically compatible structure. (D) Sequence alignment of human CAVII and CAII628

protein sequences generated using the Clustal O (1.2.1) multiple sequence alignment. Residues forming a ridge629

at the CAVII protein surface in the CAVII 3D structure are highlighted in the CAVII sequence (bold/underlined).630

R223 is marked in turquoise and H96 and H98 (mutated to gain a catalytically loss-of-function mutant) are631

highlighted in green. (E) Schematic representation of four mutants with a full (mutant1) or partial (mutant2 and632

mutanteplacement of the amino acids encoding the ridge in CAVII by the corresponding CAII sequence. In the633

reversed mutant (CAII-revCAVII) the amino acids replaced in mutant1 were introduced to CAII. Panels A and B634

were prepared using PyMOL (PyMOL The PyMOL Molecular Graphics System, Version 1.4.1 Schrödinger, LLC.).635

636

Figure 4 – figure supplement 1. The identified actin interaction sites are unique to CAVII among human637

cytosolic CA’s. Sequence alignment of the catalytically active (CA I, CAII, CAIII, CA VA, CA VB, CAVII, and CA XIII)638

and catalytically inactive (CAVIII and CA X) human cytosolic CA protein sequences  generated using the Clustal O639

(1.2.1) multiple sequence alignment. The amino acids that were characterized as part of a putative actin binding640

site of CAVII (highlighted in red) are not conserved in the other cytosolic CA isoforms (highlighted in gray). An641

asterisk below the aligned sequences indicates fully conserved residues, a colon indicates residues with strongly642

similar properties (scoring > 0.5 in the Gonnet PAM 250 matrix) and a period indicates residues with weakly643

similar properties (scoring ≤ 0.5 in the Gonnet PAM 250 matrix).644
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645

Figure 5. Subcellular localization of the chimeric CAVII constructs in fibroblasts. (A-C) NIH3T3 fibroblasts646

expressing EGFP-CAVII-mutant1 (A), EGFP-CAVII-mutant2 (B), and EGFP-CAVII-mutant3 (C). F-actin is visualized647

with Phalloidin-594. In the right-most panel of (A-C) are the normalized fluorescence intensity profiles of the648

mutated CAVII EGFP signal (black) and actin (red) and the yellow line in left-most panels indicates the cross-649

section from which the pixel intensities were measured. Scale bars 20 µm. (D) Analysis of the mutated CAVII and650

F-actin co-localization in cultured fibroblasts. Scatterplots of fluorescent intensities per pixel (EGFP vs. Phalloidin-651

594) along a cross section through a representative cell. Pearson’s correlation coefficient (r) for the analyzed cell652

is given in each panel. (E) Pearson’s correlation coefficient values calculated for the depicted constructs and653

compared to CAVII. F-actin had a strong positive correlation coefficient with EGFP-CAVII (r = 0.91 ± 0.02, n = 23654

cells). Neither EGFP alone (r = 0.01 ± 0.04, n = 24) nor EGFP-CAII (r = 0.13 ± 0.05, n = 38) co-localized with F-actin655

(P < 0.001 for both constructs, when compared to CAVII). From the five mutated CAVII constructs, EGFP-CAVII-656

mutant1 (r= 0.56 ± 0.04, P < 0.001, n = 29) and EGFP-CAVII-mutant3 (r = 0.72 ± 0.03, P = 0.001, n = 21) co-localized657

less with F-actin actin when compared to CAVII. The co-localization of the other three mutated CAVII constructs,658

EGFP-CAVII-mutant2 (r = 0.92 ± 0.02, P = 0.9996, n = 18), EGFP-CAVII-R223E (r = 0.85 ± 0.02, P = 0.82, n = 21) and659

EGFP-CAVII-H96/98C (r = 0.79 ± 0.04, P = 0.14, n = 14) did not differ significantly from that of CAVII. Data are660

shown as mean ± SEM, statistical comparison against CAVII was done with one-way ANOVA and Dunnett’s661

multiple comparison test.662

663

Figure 5 – figure supplement 1. Subcellular localization of the chimeric CA fusion proteins EGFP-CAVII-mutant2,664

EGFP-CAII-revCAVII, EGFP-CAVII-R223E and EGFP-CAVII-H96/98C in fibroblasts. (A)Transfection with EGFP-665

CAVII-mutant2 modified cellular F-actin structures in a similar manner than CAVII. (B) Introduction of KKHDV and666

DDERIH motifs to CAII (EGFP-CAII-revCAVII) did not affect the diffuse cytosolic localization of the isoform II. (C)667

EGFP-CAVII-R223E and (D) the catalytical loss-of-function mutant EGFP-CAVII-H96/98C co-localized with F-actin.668
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F-actin is visualized with Phalloidin-594 in A - D. The normalized fluorescence emission intensity profiles of (E)669

EGFP-CAII-revCAVII (F) EGFP-CAVII-R223E, and (G) EGFP-CAVII-H96/98C (black lines) and F-actin (red line). The670

yellow line in B – D indicates the cross-section of the cell from which the pixel intensities were measured. Analysis671

of co-localization is shown in lower panels of E - G. Representative single-cell pixel intensities of EGFP and672

phalloidin-594 channels were plotted against each other and the Pearson’s correlation coefficient value (r) was673

calculated. n = 3-4 independent transfections/construct. Scale bars in A – D is 20 µm.674

675

Figure 5 – figure supplement 2. Expression levels of the different EGFP fusion proteins in fibroblasts (A)676

Representative images of NIH3T3 cells transfected with the EGFP-tagged CA constructs. Cells were fixed 24 hours677

after transfection and nuclei were stained with DAPI. n = 2 - 3 independent transfections for each construct. Scale678

bar 20 µm.  (B) A representative Western blot showing the expression levels of EGFP-CA fusion proteins in 10 µg679

of lysate collected 24 hours after transfection. The EGFP-tagged CA fusion proteins are visible at approximately680

60 kDa, and the β-actin loading control is visible at 42 kDa. (C) Quantification of the fusion proteins expression681

levels  in  NIH3T3 cells.  Expression level  of  EGFP-CAVII  was  set  at  1  for  each Western blot. n = 5 independent682

transfections for all fusion proteins except for CAVII-mutant2, for which n = 4. Transfections efficacy of different683

fusion proteins did not differ significantly from each other (one-way ANOVA with Dunnett’s multiple comparisons684

test).685

686

Figure 5 – Source Data 1/This spreadsheet contains Pearson’s correlation coefficients calculated for EGFP-tagged687

CA constructs vs. F-actin for all analyzed NIH3T3 fibroblasts in Figure 5D and E. Each individual experiment688

consists of 1-4 transfected wells. The person who analyzed the co-localization and calculated Pearson’s689

coefficient values was blind to the transfection.690

691
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Figure  5  –  Source  Data  2/ The quantified expression levels of the different WT and mutant CA’s in NIH3T3692

fibroblasts. Averages from the five experiments is shown in Figure 5-figure supplement 2. The CA-EGFP band693

area was quantified (using Image J) as a percentage of the CAVII WT-EGFP band, which was set at 1 on each blot.694

The actin band area was quantified as a percentage of the actin band on the CAVII WT-EGFP lane, which was set695

at 1 on each blot. Finally, the relative density for each band was calculated by dividing the band density for CA-696

EGFP by the band area for actin on the same lane. One lane (mutant2 on 18.1.2019) was excluded because of a697

mistake in the cell transfection:  the actin band was normal but there was no EGFP band on the lane.698

699

Figure 6. Localization of CAII and CAVII in neurons. (A) Isoform-specific subcellular localization shown in cultured700

hippocampal neurons (DIV14) co-expressing dsRed-CAVII (left) and EGFP-CAII (middle).  Representative confocal701

images of precocious in vivo expression of  (B)  EGFP-CAII  and (C)  EGFP-CAVII  in  P40 mouse cortical  layer  2/3702

pyramidal  neurons.  Neurons  were  transfected  at  E14.5  with  EGFP-CAII  or  EGFP-CAVII  using in utero703

electroporation and images were taken from fixed slices. Right panels in B and C show higher magnification of704

the primary apical dendrite marked with a box. (D) The expression of EGFP-CAVII disrupted the normal spine705

morphology and induced the formation of thick, filopodia-like protrusions. n = 5 independent repeats for706

cultured neurons and two animals/construct in vivo. Scale bar in (A) 5 µm; (B and C): 5 µm, insets in B, C and707

panel D: 25 µm708

709

Figure 6 – figure supplement 1. Localization of WT and chimeric CA EGFP-fusion proteins along the dendritic710

shaft and in spines in cultured hippocampal neurons. (A) Control experiments with neurons co-expressing711

mCherry-actin and EGFP. (B) Neuron transfected with mCherry-actin and EGFP-CAII. Compared to the spine-712

targeted mCherry-actin, CAII localizes more diffusely along dendritic shafts and spines. Both (C) EGFP-CAVII and713

(D) EGFP-CAVII-mutant2 show a highly overlapping localization with mCherry-actin and disruption of dendritic714

spine morphology. Spines were replaced by thick, filopodia-like dendritic protrusions, which lack spine heads.715
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The loss-of-function constructs (E) EGFP-CAVII-mutant3 and (F) EGFP-CAVII-mutant1 are more homogenously716

present in both dendrites and spines. (G) EGFP-CAVII-R223E and (H) the catalytically inactive EGFP-CAVII-R223717

98C showed overlapping localization with mCherry-actin.  Scale bar 5 µm (A – C, G – H), 10 µm (D – F).718

719

Figure 6 – figure supplement 2. EGFP-CAVII expression disrupted normal spine morphology in cultured neurons720

EGFP-CAVII expression disrupted normal spine morphology in cultured neurons: control, only mCherry-actin:721

spines with head 0.34±0.04, thin spines/filopodia 0.21 ± 0.02, abnormal spines 0.00 ± 0.00, total 0,54±0.05722

spines/µm; n = 10 cells,  509 spines, 973 µm analyzed dendrite; EGFP-CAII:  spines with head 0,35 ± 0.04, thin723

spines/filopodia 0.17 ± 0.02, abnormal spines 0.00 ± 0.00, total 0.53 ± 0.06 spines/µm; n = 10 cells, 535 spines,724

992 µm analyzed dendrite; EGFP-CAVII: spines with head 0.05 ± 0.02, thin spines /filopodia 0.10 ± 0.02, abnormal725

spines 0.34 ± 0.03, total 0.49 ± 0.05 spines/µm; n = 10 cells, 493 spines, 10256 µm dendrite. Analyzed cells were726

pooled from two independent experiments. Data are presented as mean + SEM.727

728

Figure 6- Source Data 1 Source files for spine analysis of cultured neurons expressing only mCherry-actin, or729

mCherry-actin with EGFP-CAII or EGFP-CAVII. Excel file contains the calculated spine densities for each analyzed730

cell used for the quantitative analyses shown in Figure 6–figure supplement 2. Inclusion criteria: all healthy,731

pyramidal neuron looking cells expressing moderate amount of mCherry and co-expressed EGFP-construct. We732

did not exclude any outliers.733

734

Figure 7. Layer 2/3 cortical pyramidal neurons in CAVII KO mice have high dendritic spine density and smaller735

spines but mEPSC frequency and amplitude are not affected (A) Comparison of mEPSCs in cortical layer 2/3736

pyramidal neurons from P30 – P40 WT and CAVII KO mice.  Sample traces of mEPSC recordings from WT and737

CAVII KO neurons, low-pas filtered at 1 kHz (left). The data are summarized in the bar diagrams (right). mEPSC738

frequency (P = 0.63) and amplitude (P = 0.90) were not significantly different between CAVII KO and WT neurons739
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(n = 4 and 7 neurons, respectively, Student’s independent samples t-test). (B) Representative confocal images of740

apical dendrites from Lucifer Yellow injected cortical layer 2/3 pyramidal neurons from WT and CAVII KO mice.741

The dendritic spine density and spine head size were examined in fixed slice preparations from P34 - P37 mice.742

Scale bar 2 µm. (C) Summary of the spine density analysis done from the Lucifer Yellow injected neurons. A total743

of 8279 spines were analyzed from the CAVII KO mice (n = 4 animals), and 8730 spines from the WT control mice744

(n = 2 animals). Number of analyzed cells is indicated in brackets in the bar diagram. Mann-Whitney test and745

Student’s t-test with Welch-correction were used for statistical analysis for apical and basal dendrites,746

respectively. (D) The spine head width distribution, measured from 467 spines from 15 WT cells and 421 spines747

from 15 CAVII KO cells,  differed significantly between the genotypes (Wilcoxon rank sum test with continuity748

correction, W = 134540, P < 0.001).  Data in B and C are given as mean + SEM.749

750

Figure 7- Source Data 1/Source files for WT and CAVII KO spine analysis These Excel file contains the calculated751

spine densities and spine head size distribution used for the quantitative analyses shown in Figure 7 B and C.752

Inclusion criteria: Layer 2/3 pyramidal neurons in the somatosensory cortex with  Lucifer Yellow (LY) -filled753

dendritic tree. Exclusion criteria: LY-filled neurons outside layer 2/3 and neurons where LY-injections failed754

(leading to partially filled dendritic arbor). We did not exclude any outliers. All data were counted and the person755

who analyzed spine density/spine head size was blind to the genotype.756

757
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Rich Media Files758

Figure 2, Videos 1 and 2. Actin polymerization, visualized with Rhodamine, in the absence (video 1) and759

presence of CAVII (video 2). Time-lapse images were taken every 10 s. The total duration of both videos is 23760

min and they are displayed at a rate of seven frames/second.761

762

763
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                                                         :   . 
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CAXIII    FNVDFDDTENKSVLRGGPLTG--SYRLRQVHLHWGSADDHGSEHIVDGVSYAAELHVVHW      124 
            : :.       : ***:     ..* :.::*:*  .  **** ::   :  *::: *: 
 
CAI       NSAKYSSLAEAASKADGLAVIGVLMKVGEANPKL-QKV--LDALQAIKTKGKRAPFTNFD      181 
CAII      NT-KYGDFGKAVQQPDGLAVLGIFLKVGSAKPGL-QKV--VDVLDSIKTKGKSADFTNFD      179 
CAIII     NP-KYNTFKEALKQRDGIAVIGIFLKIGHENGEF-QIF--LDALDKIKTKGKEAPFTKFD      179 
CAVA      NSVKYQNYKEAVVGENGLAVIGVFLKLGAHHQTL-QRL--VDILPEIKHKDARAAMRPFD      216 
CAVB      NAVRFENFEDAALEENGLAVIGVFLKLGKHHKEL-QKL--VDTLPSIKHKDALVEFGSFD      216 
CAVII     NAKKYSTFGEAASAPDGLAVVGVFLETGDEHPSM-NRL--TDALYMVRFKGTKAQFSCFN      182 
CAVIII    NSTLFGSIDEAVGKPHGIAIIALFVQIGKEHVGL-KAV--TEILQDIQYKGKSKTIPCFN      201 
CAX       NHELYTNVTEAAKSPNGLVVVSIFIKVSDSSNPFLNRMLNRDTITRITYKNDAYLLQGLN      221 
CAXIII    NSDKYPSFVEAAHEPDGLAVLGVFLQIGEPNSQL-QKI--TDTLDSIKEKGKQTRFTNFD      181 
          *   :    .*    .*:.::.:::: .     : : .   : :  :  *.    :  :: 
 
CAI       PSTLLPS--SLDFWTYPGSLTHPPLYESVTWIICKESISVSSEQLAQFRSLLSNVEGDNA      239 
CAII      PRGLLPE--SLDYWTYPGSLTTPPLLECVTWIVLKEPISVSSEQVLKFRKLNFNGEGEPE      237 
CAIII     PSCLFPA--CRDYWTYQGSFTTPPCEECIVWLLLKEPMTVSSDQMAKLRSLLSSAENEPP      237 
CAVA      PSTLLPT--CWDYWTYAGSLTTPPLTESVTWIIQKEPVEVAPSQLSAFRTLLFSALGEEE      274 
CAVB      PSCLMPT--CPDYWTYSGSLTTPPLSESVTWIIKKQPVEVDHDQLEQFRTLLFTSEGEKE      274 
CAVII     PKCLLPA--SRHYWTYPGSLTTPPLSESVTWIVLREPICISERQMGKFRSLLFTSEDDER      240 
CAVIII    PNTLLPDPLLRDYWVYEGSLTIPPCSEGVTWILFRYPLTISQLQIEEFRRLRTHVKGAEL      261 
CAX       IEELYPE--TSSFITYDGSMTIPPCYETASWIIMNKPVYITRMQMHSLRLLSQNQPSQIF      279 
CAXIII    LLSLLPP--SWDYWTYPGSLTVPPLLESVTWIVLKQPINISSQQLAKFRSLLCTAEGEAA      239 
             * *      : .* **:* **  *   *:: .  : :   *:  :* *     . 
 
CAI       -----VPMQHNNRPTQPLKGRTVRASF---------------------------      261 
CAII      -----ELMVDNWRPAQPLKNRQIKASFK--------------------------      260 
CAIII     -----VPLVSNWRPPQPINNRVVRASFK--------------------------      260 
CAVA      -----KMMVNNYRPLQPLMNRKVWASFQATNEGTRS------------------      305 
CAVB      -----KRMVDNFRPLQPLMNRTVRSSFRHDYVLNVQAKPKPATSQATP------      317 
CAVII     -----IHMVNNFRPPQPLKGRVVKASFRA-------------------------      264 
CAVIII    VEGCDGILGDNFRPTQPLSDRVIRAAFQ--------------------------      289 
CAX       -----LSMSDNFRPVQPLNNRCIRTNINFSLQGKDCPNNRAQKLQYRVNEWLLK      328 
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Figure 6. Bertling, Blaesse, Seja et al.
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