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Abstract 20 

Thylakoid membranes are far from being homogeneous in composition. On the contrary, compositional 21 

heterogeneity of lipid and protein content is well known to exist in these membranes. The mechanisms for the 22 

confinement of proteins at a particular membrane domain have started to be unveiled, but we are far from a 23 

thorough understanding and many issues remain to be elucidated. During the differentiation of heterocysts in 24 

filamentous cyanobacteria of the Anabaena and Nostoc genera, thylakoids undergo a thorough reorganization, 25 

separating in two membrane domains of different appearance and subcellular localization. Evidence also 26 

indicates different functionality and protein composition for these two membrane domains. In this work we have 27 

addressed the mechanisms that govern the specific localization of proteins at a particular membrane domain. 28 

Two classes of proteins were distinguished according to their distribution in the thylakoids. Our results indicate 29 

that the specific accumulation of proteins of the CURVATURE THYLAKOID 1 family (CURT1) and proteins 30 

containing the homologous CAAD domain at sub-polar honeycomb thylakoids is mediated by multiple 31 

mechanisms including a previously unnoticed phenomenon of thylakoid membrane migration.  32 

 33 
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CAAD, CURT1, cyanobacteria, heterocyst differentiation, membrane compositional heterogeneity, thylakoids  35 

  36 

Page 3 of 32 Plant & Cell Physiology



For Peer Review

 4 

Introduction 37 

The hydrophobic nature of some proteins or protein domains makes them suitable for insertion in biological 38 

membranes. However, the multiplicity of membrane systems within a cell requires the existence of mechanisms 39 

to allocate proteins at the proper lipid bilayer where they can accomplish their function (Derby and Gleeson 40 

2007; Teasdale and Jackson 1996). Once inserted at the proper membrane, some proteins can be confined to a 41 

particular membrane domain, which involves mechanisms for the generation and maintenance of a 42 

compositional heterogeneity in the membrane.  43 

Compositional heterogeneity is conspicuous in chloroplast thylakoids, where protein complexes are confined in 44 

distinct membrane domains, i.e. photosystem II (PSII) occupies the grana thylakoids while photosystem I (PSI) 45 

and the ATP synthase are mostly at the stroma lamellae (Andersson and Anderson 1980; Dekker and Boekema 46 

2005; Nevo et al. 2012). In chloroplast thylakoids this phenomenon has been well characterized and is 47 

commonly referred to as lateral heterogeneity. However, how this uneven arrangement of protein complexes is 48 

established and maintained is not fully understood. It is also known that the distribution of protein complexes in 49 

the thylakoids is not static and may vary according to the conditions. For instance, light conditions promote state 50 

transitions or the PSII repair cycle, both involving long-range migration of membrane macrocomplexes 51 

(Bellafiore et al. 2005; Bonardi et al. 2005; Joshua and Mullineaux 2004; Nixon et al. 2005). 52 

Cyanobacteria are phylogenetically related to plant chloroplasts (Sagan 1967) and also contain thylakoids, which 53 

form an independent membrane system in the cytoplasm that is topologically equivalent to the stroma. However, 54 

thylakoids do not form grana or lamellae in cyanobacteria. On the contrary, thylakoid ultrastructure appears in 55 

general homogeneous within a species and no domains are distinguishable (Gonzalez-Esquer et al. 2016; 56 

Liberton et al. 2011; Liberton et al. 2006; Liberton and Pakrasi 2008; Nevo et al. 2007; van de Meene et al. 57 

2006). An exception to this is observed in heterocysts of filamentous cyanobacteria where thylakoids are 58 

partitioned in two domains clearly discernible by their different appearance and sub-cellular distribution 59 

(Giddings and Staehelin 1979; Lang and Fay 1971; Wilcox et al. 1973). A domain known as Honeycomb 60 

thylakoids is formed by highly contorted membranes densely packed at sub-polar regions of the cell, while a 61 

second domain, referred to as peripheral thylakoids, is formed by membranes with a less convoluted appearance 62 

and a loose distribution in the cytoplasm (Lang and Fay 1971; Sherman et al. 2000; Wilcox et al. 1973). These 63 

membrane domains are not related in structure or function to the grana and lamella of chloroplast thylakoids but 64 

represent a suitable model to investigate the compositional heterogeneity of thylakoid membranes in 65 

cyanobacteria, an issue little investigated in these organisms.  66 
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Heterocysts are cells specialized in nitrogen fixation that can be observed in multicellular filamentous species of 67 

cyanobacteria (Wolk 1996). Nitrogen scarcity triggers a regulatory cascade that provokes the differentiation of 68 

some vegetative cells of the filament into heterocysts. Differentiation is aimed at the physical separation in 69 

distinct cell types of two incompatible processes: oxygenic photosynthesis and nitrogen fixation. Thus, nitrogen-70 

fixing filaments are composed of heterocysts that perform nitrogen fixation, separated by spacers of 10-15 71 

vegetative cells that fix CO2 by photosynthesis. Heterocysts and vegetative cells exchange carbon and nitrogen 72 

compounds, thereby assuring the correct nutrition of all cells in the filament (Flores and Herrero 2010). 73 

Differentiation induces wide changes in the transcriptome, proteome, ultrastructure and metabolism of the cell 74 

(Flaherty et al. 2011; Lang and Fay 1971; Mitschke et al. 2011; Wilcox et al. 1973). Many of these changes are 75 

aimed at the expression of the oxygen-sensitive nitrogenase complex and to the creation of a microoxic 76 

environment that preserves it from the oxygen produced by neighboring cells. In differentiating cells, most of the 77 

photosynthetic antenna complex is degraded, oxygen production at PSII is abrogated and photosynthetic CO2 78 

fixation is blocked (Herrero et al. 2004; Wolk 1996). The large requirements of nitrogenase for reducing power 79 

and ATP are respectively fulfilled by the catabolism of sugars imported from vegetative cells and by the activity 80 

of FoF1-ATP synthase sustained by the electrochemical gradient created by cyclic electron transport around PSI 81 

under illumination (Magnuson and Cardona 2016). Another metabolic trait of heterocysts is a high oxygen 82 

detoxification activity based on terminal respiratory oxidases and flavodiiron proteins that directly reduce 83 

oxygen by the Mehler reaction (Ermakova et al. 2014; Pils et al. 2004; Valladares et al. 2007). Ultrastructural 84 

changes that occur during differentiation include the enlargement of the cell, the thickening of the cell wall by 85 

deposition of extra polysaccharide and glycolipid layers, the formation of polar granules made of a reserve 86 

polymer called cyanophycin and a thorough reorganization of thylakoid membranes (Giddings and Staehelin 87 

1979; Lang and Fay 1971; Wilcox et al. 1973). In the genera Anabaena and Nostoc, thylakoids are arranged in 88 

vegetative cells forming parallel layers at the periphery of the cytoplasm, the central part of the cytosol being 89 

mostly free from membranes and occupied by the nucleoid. Differentiation provokes an extensive rearrangement, 90 

which may involve synthesis of new membranes, so that in mature heterocysts thylakoids are partitioned in 91 

honeycomb and peripheral thylakoids. These two domains are not only different in localization and appearance 92 

but evidences also indicate the existence of compositional heterogeneity, with proteins that specifically reside in 93 

only one of these two domains. However, the protein constituents of each domain remain to be fully 94 

characterized (Cardona et al. 2009; Murry et al. 1981; Valladares et al. 2007). Despite this information, many 95 

aspects about the formation of these two membrane domains and the distribution of proteins in each of them 96 

Page 5 of 32 Plant & Cell Physiology



For Peer Review

 6 

remain obscure. Furthermore, it is still not clear where to draw the line between honeycomb and peripheral 97 

thylakoids and whether they are physically interconnected. 98 

Photosynthetic electron transport is the major role of thylakoids and most proteins anchored or associated to 99 

these membranes are related to this function. However, the thylakoids of some cyanobacterial species also 100 

harbor proteins involved in gene translation, namely aminoacyl-tRNA synthetases (aaRSs). Membrane 101 

anchoring of these enzymes occurs through an extra domain called CAAD that contains two transmembrane 102 

segments. CAAD has an inherent capacity for directing proteins to the thylakoid membrane, not requiring any 103 

signal peptide (Olmedo-Verd et al. 2011; Santamaría-Gómez et al. 2016). Very interestingly, CAAD is 104 

homologous to proteins of the CURVATURE THYLAKOID 1 family (Luque and Ochoa de Alda 2014). 105 

Proteins of this family have membrane-bending capacity and were shown to confer their characteristic shape to 106 

the thylakoids of Arabidopsis chloroplasts and the cyanobacterium Synechocystis (Armbruster et al. 2013; Heinz 107 

et al. 2016). In Arabidopsis, CURT1 proteins contribute to the lateral heterogeneity of thylakoids, showing a 108 

specific distribution at grana margins, where they induce acute curvature to the membrane (Armbruster et al. 109 

2013).  110 

How proteins select their proper localization in the thylakoids of heterocysts is still an open question. We have 111 

analyzed the subcellular localization of thylakoidal proteins of Anabaena sp. PCC 7120 (also known as Nostoc 112 

sp. PCC 7120, hereafter Anabaena). Two distinct behaviors were observed that allowed their partitioning in two 113 

classes. One class is represented by the FoF1-ATP synthase and HetN, which in mature heterocysts occupied 114 

both honeycomb and peripheral thylakoids. A second class includes proteins specifically located at honeycomb 115 

thylakoids and includes valyl-tRNA synthetase (ValRS), CurT proteins and FraH. We have investigated how 116 

proteins of this second class select their specific localization at this particular domain. Results presented here 117 

indicate that multiple mechanisms contribute to the accumulation and specific confinement of some class 2 118 

proteins at honeycomb thylakoids during heterocyst differentiation. 119 

Results 120 

Specific localization of proteins at discrete domains of the thylakoids in heterocysts 121 

Fig. 1A illustrates the ultrastructure of vegetative cells and heterocysts, evidencing the different appearance of 122 

the thylakoids in each cell type and their segregation in two domains in heterocysts (see also (Lang and Fay 123 

1971; Sherman et al. 2000; Wilcox et al. 1973)). Honeycomb thylakoids were observed at a sub-polar position in 124 

the vicinity of the cyanophycin granule, whereas peripheral thylakoids colonized other areas of the cytoplasm 125 
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(Fig. 1A). Since these two domains are only discernible at late stages of differentiation or in mature heterocysts, 126 

the terms honeycomb (h) and peripheral (p) thylakoids will be used throughout this work to refer to membrane 127 

domains of mature heterocysts (or late proheterocysts). For premature differentiation stages, all membranes in 128 

the cytoplasm will be referred to as internal membranes. To investigate the distribution of proteins in h and p 129 

thylakoids of Anabaena heterocysts, the fluorescence of green fluorescent protein (GFP) fusions (see Materials 130 

and & Methods) was monitored by confocal microscopy. Mature heterocysts can be easily distinguished from 131 

surrounding vegetative cells by their enlarged body, their low autofluorescence and conspicuous refringent 132 

cyanophycin granules at both poles (Fig. 1B). Two distinct patterns were observed. The FoF1-ATP synthase 133 

complex and HetN showed fluorescent signals at sub-polar regions, as well as discrete irregular signals 134 

elsewhere in the cytoplasm that varied in shape from cell to cell (Fig. 2A, B). The distribution of GFP-tagged 135 

ATP synthase (Santamaría-Gómez et al. 2016) in the tridimensional space of the heterocyst cytoplasm was 136 

analyzed in detail by z-axis montages (Fig. 2C) and 3-D image reconstruction (Movie S1). Z-axis montages 137 

revealed that the sub-polar signals showed a lenticular form whereas the non-polar irregular signals traversed the 138 

cytoplasm in distinct directions apparently forming bridges that connected the sub-polar signals (Fig. 2B and 139 

Movie S1). Tomography images corroborated the subcellular localization of the ATP synthase observed by z-140 

montages (Movie S2). These results indicated the localization of ATP-synthase and HetN in h and p thylakoids, 141 

which is consistent with previous reports showing decoration of both membrane domains with antibodies against 142 

the α and β subunits of ATP synthase (Sherman et al. 2000). 143 

By contrast, GFP fusions of other membrane proteins including ValRS, the two CurT homologs Alr0805 and 144 

Alr4119, and FraH were detected as conspicuous fluorescent sub-polar foci in mature heterocysts, signals not 145 

being observed elsewhere in the cell, which indicated their specific localization at h thylakoids. A GFP fusion of 146 

CAAD, the domain that anchors ValRS to the membrane, showed the same localization pattern as full-length 147 

ValRS in heterocysts (Fig. 2A, B), which is consistent with previous observations (Olmedo-Verd et al. 2011; 148 

Santamaría-Gómez et al. 2016) and indicates that the determinants for the specific localization of ValRS at h 149 

thylakoids reside in the CAAD domain. 150 

These results allowed the partition of thylakoidal proteins in two classes: class 1, represented by the FoF1-ATP 151 

synthase and HetN; and class 2, which includes ValRS, Alr0805, Alr4119 and FraH. Fluorescence quantification 152 

clearly revealed two patterns corresponding to classes 1 and 2 (Fig 2A, B). Furthermore, these observations lend 153 

support to the existence of a compositional heterogeneity between h and p thylakoids (Cardona et al. 2009; 154 
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Magnuson and Cardona 2016), which entails the existence of mechanisms that promote the specific localization 155 

of proteins at particular membrane domains.  156 

An interesting observation was that the CurT proteins, Alr0805 and Alr4119, showed opposite patterns of 157 

expression: Alr0805 was abundant in vegetative cells and scarce in heterocysts, while Alr4119 was abundant in 158 

heterocysts and not detected in vegetative cells (Fig 3). Here we propose to name these proteins as CurT1 159 

(Alr0805) and CurT2 (Alr4119). The confinement of these proteins in h thylakoids suggests that they may be 160 

involved in conferring acute curvature to these membranes.  161 

Re-distribution of GFP-CAAD during cell differentiation is a sequential process with two distinct phases. 162 

Expression of the GFP-CAAD fusion described above had a low impact on Anabaena's physiology and was 163 

chosen as a model to analyze how class 2 proteins localize specifically at honeycomb membranes. This fusion 164 

protein was considered a good representative of class 2 proteins since it reproduced the localization of ValRS 165 

(Olmedo-Verd et al. 2011; Santamaría-Gómez et al. 2016) and was homologous to CurT1 and CurT2 (Fig. S1), 166 

which suggested that they would share the same mechanisms for their specific localization at h thylakoids. GFP-167 

CAAD was observed uniformly distributed in the thylakoids of vegetative cells, whereas in heterocysts it was 168 

confined at h thylakoids (Fig. 2A) (Olmedo-Verd et al. 2011; Santamaría-Gómez et al. 2016). Therefore, this 169 

utter change in the subcellular distribution of GFP-CAAD must be done by the 24 h time that a vegetative cell 170 

takes to differentiate into a heterocyst. To gather information on the subcellular localization at intermediate 171 

stages of differentiation, GFP-CAAD was expressed in Anabaena from the heterocyst-specific patS promoter, 172 

which is early induced in differentiating cells (Yoon and Golden 2001) and GFP fluorescence was monitored at 173 

different time points after the initiation of heterocyst differentiation elicited by nitrogen step-down (see Materials 174 

and Methods). At the initiation of the experiment, filaments showed no GFP fluorescence. 6 hours thereafter, 175 

cells regularly spaced in the filament, separated by approximately 10-20 cells showed dim GFP fluorescence. 176 

These fluorescent cells were cells initiating differentiation, where the signal was observed at the cell periphery, 177 

co-localizing with the thylakoid membranes, detectable by the red fluorescent signal of photosynthetic pigments 178 

(Fig. 4A, B and Fig. S2). 12 hours after the initiation, GFP-CAAD fluorescence remained at the cell periphery 179 

but some accumulation was detected close to the poles of the cell, and 6 hours later (18 h) the fluorescent signal 180 

was more intense at the poles and dimmer at the periphery (Fig. 4A-C and Fig. S2). By contrast, no enrichment 181 

of the red signal at the poles was observed at 12 or 18 h (Fig. 4C and Fig. S2). At 24 h, filaments contained 182 

mature heterocysts, where GFP fluorescence no longer remained at the cell periphery, being confined 183 

exclusively at a sub-polar position (Fig. 4A, B).  184 
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It is worth to note that signals observed at polar positions at 12 and 18 hours were different in appearance and 185 

location to those observed at 24 h (Fig 4A). To get a deeper insight on this issue, pro-heterocyst (16 h) and 186 

mature heterocysts (24 h) were analyzed by fluorescence microscopy followed by a de-convolution treatment of 187 

images to improve resolution (Fig. 4D; Fig. S3; Movie S3 and Movie S4). In pro-heterocysts (16 h), signals of 188 

GFP-CAAD at the cell poles were concentrated at discrete points very close to the septum with adjacent 189 

vegetative cells. Notice that the green fluorescence at the poles appears to overflow the red fluorescence signal 190 

(Fig. 4D, left panel; Fig. S3 and Movie S3). In mature heterocysts (24 h), GFP-CAAD fluorescence was sub-191 

polar (closer to the center of the cell), the signal occupied a larger area and showed a crescent-like form (Fig. 4D, 192 

right panel; Fig. S3 and Movie S4).  193 

These observations indicated that the redistribution of GFP-CAAD during differentiation is a sequential process 194 

that includes a long-lasting phase (0-18 h) where GFP-CAAD concentration gradually decreases at the cell 195 

periphery and increases at the poles, very close to the septum; and a second phase (18-24 h) where the protein is 196 

shifted 0.3-0.5 µm toward the center of the cell (Fig. 4C). It is important to point out that in the first phase the 197 

dynamics of GFP-CAAD appears to be independent of putative dynamics of the internal membranes (compare 198 

green and red signals in Fig. 4C and Fig. S2). 199 

Mechanism for GFP-CAAD redistribution during cell differentiation 200 

Two non-mutually exclusive possibilities were considered for the GFP-CAAD redistribution in differentiating 201 

cells: (i) the migration of the protein within the cell or (ii) the replacement of the pre-existing protein by de novo 202 

synthetized molecules that are inserted specifically at h membranes. To test the first option an assay was set up 203 

to monitor the dynamics of GFP-CAAD during differentiation in conditions where GFP-CAAD molecules are 204 

not synthetized de novo. For this, the PrbcL promoter, specific of vegetative cells and inactive in heterocysts 205 

(Elhai and Wolk 1990; Madan and Nierzwicki-Bauer 1993; Ramasubramanian et al. 1994) was chosen to direct 206 

the expression of reporter proteins. Since PrbcL is strongly repressed in differentiating cells (Elhai and Wolk 207 

1990; Madan and Nierzwicki-Bauer 1993; Ramasubramanian et al. 1994), fluorescence signals in these cells 208 

would correspond to the GFP-CAAD molecules synthetized before the onset of differentiation. Monitoring the 209 

fluorescent signal in these cells would reveal whether GFP-CAAD molecules remain immobile or migrate within 210 

the cell during differentiation. To test the experimental design, a PrbcL-GFP construction was introduced in 211 

Anabaena. In nitrogen-rich medium, all cells of the filament showed intense fluorescence, consistently with the 212 

strong activity of the PrbcL promoter (Fig. 5A, left panel). When filaments where transferred to medium with no 213 

nitrogen compound, cells at semi-regular intervals, identified as differentiating cells by their larger size, showed 214 
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a gradual decay of GFP fluorescence (Fig. 5A, right panel). Fluorescence decay was attributed to the absence of 215 

PrbcL activity and the degradation of GFP protein through time. In line with this, prolonged incubation times 216 

(>36 h) yielded a large proportion of heterocyst with no fluorescence signal. However, due to the great stability 217 

of GFP (in vitro half life >26 h) (Corish and Tyler-Smith 1999), faint but detectable signals remained in pro-218 

heterocyst (18-23 h) and in mature heterocysts (24 h), validating this approach. In filaments expressing GFP-219 

CAAD from PrbcL very strong fluorescent signals of punctate appearance, mostly overlapping with the red 220 

fluorescence of thylakoids were distinguished in vegetative cells (Fig. 5B and Fig. S4). By contrast, in mature 221 

heterocysts (24 h) faint fluorescence signals were observed. Importantly, in virtually all mature heterocysts 222 

showing remnant fluorescence, these signals were at sub-polar positions (93%, n=57) (Fig. 5B and Fig. S4). 223 

These results indicated that molecules synthetized previously (i.e. in the progenitor vegetative cell) had migrated 224 

during differentiation from the periphery to a sub-polar position of the cell.  225 

To test whether such migration of GFP-CAAD occurs by diffusion of this protein in the lipid bilayer, FRAP 226 

(fluorescence recovery after photobleaching) experiments were performed. FRAP has been extensively used to 227 

analyze the lateral movement of fluorescent proteins in the plane of thylakoid membranes (Kana 2013; 228 

Mullineaux 2004; Mullineaux and Sarcina 2002; Mullineaux et al. 1997). FRAP was first performed in pro-229 

heterocysts expressing GFP-CAAD (16-20 h) by bleaching regions roughly at the equator of the cell (Fig. 5C, 230 

top panels) or at one of the poles (Fig. 5C, bottom panels) Recovery of fluorescence in the bleached area was 231 

observed in the order of seconds to minutes. Such recovery cannot be attributed to new protein synthesis since 232 

no recovery was observed in entirely bleached cells after 5 minutes (Fig. 5F). Therefore, FRAP results indicated 233 

that in pro-heterocysts GFP-CAAD can diffuse in thylakoids at different places of the cell. Diffusion was tested 234 

in mature heterocysts (24 h), where GFP-CAAD is confined at h thylakoids, by bleaching the signal at one of the 235 

poles. No recovery was observed after 300 seconds (Fig. 5D) and similar results were obtained when half of the 236 

area was bleached, indicating that the protein is not mobile at h thylakoids. This lack of mobility is a specific 237 

feature of GFP-CAAD that may be shared by other class 2 proteins but does not appear to apply to class 1 238 

proteins, as recovery of AtpA-GFP fluorescence was observed when one pole of mature heterocysts was 239 

bleached (Fig. 5E). This latter observation has important implications as it lends empirical support to the 240 

existence of physical continuity between h and p thylakoids (Fig. 5E), an issue that remained so far controversial.  241 

The shift in the position of GFP-CAAD from a polar to a sub-polar position observed in the second phase (see 242 

above, Fig. 4) was intriguing. To get an insight on this issue, cells at late stages of differentiation (16-24 h) were 243 

analyzed by electron microscopy with a particular focus on polar and sub-polar regions (Fig. 6A-D). In parallel, 244 
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the subcellular localization of GFP-CAAD was monitored by fluorescence microscopy (Fig. 6E-L). In pro-245 

heterocysts (16 h), the neck of the cell, a narrow enlargement of the cytoplasm at the poles that reduces the 246 

section of the septum with the neighboring vegetative cell (Fig. 1A), was observed to be full of internal 247 

membranes (Fig. 6A). This was concomitant with the observation of GFP-CAAD as a strong fluorescent signal 248 

very close to the neighboring cell (Fig 6E, I), suggesting that this protein could be colonizing the internal 249 

membranes located within the neck. At later time points, cyanophycin was observed to accumulate starting close 250 

to the septum and gradually filling the neck till it overflows it, which results in the characteristic cup-like form 251 

of cyanophycin in mature heterocysts (Fig. 6B-D). The growth of the cyanophycin granule paralleled the 252 

changes observed for the GFP-CAAD signal at these stages of differentiation including a displacement of about 253 

0.3-0.5 µm toward the center of the cell and a re-shaping of the signal from an intense concentrated dot to a more 254 

expanded crescent-like form, reminiscent of the shape of h thylakoids in mature heterocysts. Combined, these 255 

observations suggested that at these stages of differentiation (16-24 h) the accumulation of cyanophycin 256 

dislodges internal membranes out of the neck of the heterocyst. It follows that at difference with the first phase, 257 

the displacement GFP-CAAD in this second phase would be sustained by a distinct phenomenon: the migration 258 

of membranes that carry this protein as an integral component.  259 

Results above illustrate that existing GFP-CAAD molecules can displace within the cell during the 260 

differentiation process contributing to its accumulation in thylakoids at polar or sub-polar position. It remained 261 

to investigate the fate of class 2 proteins synthetized de novo. This issue was analyzed at late stages of 262 

differentiation once the two membrane domains, h and p thylakoids, are fully developed. In order to monitor 263 

only de novo synthetized molecules and avoid the interference of pre-existing ones, GFP-CAAD was expressed 264 

from a heterocyst-specific late promoter, PhetN. This promoter was reported to be induced about 17 h after 265 

nitrogen compound withdrawal (Bauer et al. 1997; Callahan and Buikema 2001; Flaherty et al. 2011). In our 266 

experiments GFP-CAAD fluorescent signals started to be faintly visible 20 h after the initiation of differentiation 267 

(Fig. 7). As a control, cells expressing the HetN-GFP fusion protein from the PhetN promoter were also analyzed. 268 

Interestingly, mature heterocysts expressing HetN-GFP showed fluorescence at sub-polar and peripheral 269 

positions indicating its presence at h and p thylakoids (100%, n=46). By contrast, virtually all cells expressing 270 

GFP-CAAD showed fluorescence exclusively at the sub-poles (96%, n=75). These observations indicated that 271 

the GFP-CAAD molecules synthetized de novo at the late stages of differentiation insert specifically at h 272 

thylakoids.  273 
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Before differentiation (i.e. in the progenitor vegetative cell) GFP-CAAD shows a peripheral distribution 274 

coincident with the position of thylakoids, whereas in mature heterocysts it is confined at h thylakoids at sub-275 

polar positions. Data presented above allow us to conclude that three different phenomena contribute to this 276 

redistribution: (i) protein diffusion in the thylakoid membrane, (ii) thylakoid migration and (iii) specific insertion 277 

of de novo synthetized proteins at h thylakoids. 278 

 279 

Discussion 280 

Cyanobacterial thylakoids do not form grana and show a uniform appearance with no discernible domains 281 

(Gonzalez-Esquer et al. 2016). However, in heterocysts of filamentous cyanobacteria of the Anabaena and 282 

Nostoc genera, the separation of thylakoids in two domains was described decades ago (Lang and Fay 1971; 283 

Sherman et al. 2000; Wilcox et al. 1973; Wolk 1996). Despite this, many issues about the generation of h and p 284 

thylakoids remain unknown. For instance, it is still not clear whether the separation of these two domains occurs 285 

by re-modeling of pre-existing thylakoids, if it requires the synthesis of new membranes or both. Previous 286 

evidences suggested distinct functionality and protein composition for h and p domains (Ferimazova et al. 2013; 287 

Murry et al. 1981; Valladares et al. 2007). Cardona et al. could separate two fractions in their preparations of 288 

heterocyst internal membranes and showed that some proteins were specifically found in only one of them 289 

(Cardona et al. 2009). However, it is not clear whether these two fractions corresponded to h and p thylakoids. 290 

Therefore, the precise localization of proteins at either or both membrane domains remained mostly an open 291 

question.  292 

Results in this work add further evidence to the existence of a compositional heterogeneity between h and p 293 

thylakoids and allowed the partition of proteins in two classes according to their distribution in these membranes 294 

(Fig. 2). Some observations (Fig 5C) indicate that there is continuity between h and p thylakoids in mature 295 

heterocysts. However, the uneven distribution of proteins in these two domains entails the existence of 296 

mechanisms for the generation and maintenance of compositional heterogenetity. We have investigated how 297 

class 2 proteins are specifically confined at h thylakoids. An important issue is how this specificity is established 298 

(i.e. how class 2 proteins can distinguish h from p thylakoids). A widespread mechanism for the specific 299 

placement of proteins at defined membrane areas is diffusion and capture, consisting in the free lateral diffusion 300 

of proteins in the bilayer until they interact with a trapping factor that can be a molecule (e.g. a lipid or protein 301 

partner already present at the destination) (Laloux and Jacobs-Wagner 2014; Shapiro et al. 2009) or a 302 
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geometrical cue (e.g. membrane curvature) (Huang and Ramamurthi 2010). The redistribution of GFP-CAAD 303 

during differentiation could fit with this model as ab initio this protein is relatively mobile in the membrane but 304 

later on it becomes motionless in the h thylakoids (Fig 5C). Though this lack of mobility may partially derive 305 

from macromolecular crowding or high viscosity of this membrane domain (Kana 2013; Kirchhoff 2014; 306 

Kirchhoff et al. 2004; Liu 2016; Mullineaux 2008), the observation that other proteins (i.e. AtpA-GFP) can 307 

diffuse in these membranes supports the existence of (a) specific trapping molecule(s) for GFP-CAAD.  308 

Alternatively, given the highly contorted nature of honeycomb membranes, class 2 proteins may localize there 309 

by direct sensing of membrane curvature (Huang and Ramamurthi 2010; Laloux and Jacobs-Wagner 2014; 310 

Strahl et al. 2015). Interestingly, CurT1 and CurT2 proteins contain predicted amphipathic helices in their N-311 

termini (Fig. S1B) and some reports have described that amphipathic helices have the ability to sense membrane 312 

curvature whereas other reports show that these helices induce membrane remodeling (see (Drin and Antonny 313 

2010) and references therein). In line with this, proteins of the CURT1 family from Synechocystis and 314 

Arabidopsis were found enriched at thylakoid regions of acute curvature and were shown to have the intrinsic 315 

ability to introduce curvature to liposomes in in vitro assays (Armbruster et al. 2013; Heinz et al. 2016). An 316 

interesting observation was the contrasting expression profile of CurT proteins in Anabaena (Fig 4). CurT1 is 317 

expressed in all cells although it is less abundant in heterocysts, which points to this protein as the housekeeping 318 

CurT in Anabaena. Both CurT1 and CurT2 are expressed in heterocyst, and are specifically found at h 319 

thylakoids in mature heterocysts (Fig. 2). This suggests that either the specific presence of CurT2, or the joint 320 

action of both proteins (i.e. by hetero-oligomerization) could be responsible for conferring the characteristic 321 

intricate shape to h thylakoids. Given the homology of the ValRS CAAD domain with proteins of the CURT1 322 

family, it is tempting to speculate that this domain could also contribute to shaping h thylakoids. However, is 323 

worth to note that the CAAD sequence from Anabaena ValRS was not predicted to contain amphipathic helices 324 

(Fig. S1B) (Luque and Ochoa de Alda 2014). 325 

Diffusion and trapping by a lipid or protein partner or by membrane curvature contributes but it is not entirely 326 

responsible for the redistribution of GFP-CAAD during the differentiation of heterocysts. Data in this 327 

manuscript show that such redistribution results from the additive effect of multiple phenomena (i.e. protein 328 

diffusion, membrane migration and specific insertion at polar membranes). However, these three distinct 329 

mechanisms appear to operate at successive stages of differentiation. At early stages (phase 1) the protein would 330 

freely diffuse in the membrane until at about 12 h an attracting or trapping element emerges at polar membranes 331 

(Fig. 4, 5C, D) and provokes accumulation of GFP-CAAD at membranes that fill the neck of the cell (Fig. 4D, 332 
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6A, S3). In this phase the redistribution of GFP-CAAD is apparently independent of putative membrane 333 

dynamics (Fig. 4C, S2).  334 

At later stages (phase 2; 18-24 h), membranes containing GFP-CAAD would migrate out of the neck, expelled 335 

by the growth of the cyanophycin granule (Fig. 6). Hence, GFP-CAAD is passively transported to its final 336 

destination as an integral component of these membranes. Though global reorganization of thylakoids during 337 

differentiation was long suspected to involve the migration of membranes, to our knowledge this was not 338 

demonstrated. The use of GFP-CAAD as a marker of membrane localization has provided empirical evidence for 339 

the occurrence of this phenomenon in the neck of late pro-heterocysts, Our observations find further support in 340 

electron micrographs from previous studies that focused on other issues of differentiation (Lang and Fay 1971; 341 

Sherman et al. 2000; Wilcox et al. 1973; Zheng et al. 2017).  342 

Finally, in the last stages of phase 2, when the h domain is developed (in late pro-heterocyst and mature 343 

heterocyst) the de novo synthetized GFP-CAAD protein would insert specifically in such membrane domain, 344 

further contributing to the accumulation of GFP-CAAD protein in these membranes. It is not known whether this 345 

happens by in situ translation in ribosomes associated to h thylakoids (Matsumoto et al. 2015), or if the protein is 346 

synthetized by cytosolic ribosomes and then directed to these membranes by unknown factor(s). In any case, 347 

data presented in this work evidenced the existence of sorting mechanisms to direct mRNA or proteins to 348 

specific domains of the internal membranes in mature heterocysts.  349 

The three mechanisms shown here to direct the re-localization of GFP-CAAD, most likely operate for class 2 350 

proteins like ValRS, CurT1 and perhaps CurT2. However, this may not be the case for other class 2 proteins like 351 

FraH (Merino-Puerto et al. 2011). In heterocysts, FraH is only expressed at late stages of differentiation. Thus, it 352 

is possible that sub-polar accumulation of FraH occurs only by specific insertion of protein synthetized de novo. 353 

Interestingly, fraH mutants lack h thylakoids, so FraH was suggested to have a role in the development or in the 354 

maintenance of this membrane domain (Merino-Puerto et al. 2011), which deserves further investigation. 355 

Cyanobacteria and plastids are highly ordered entities and their structure determines how they function 356 

(Gonzalez-Esquer et al. 2016; Jarvis and Lopez-Juez 2013). Proper arrangement of thylakoidal proteins at 357 

specific membrane domains is important for normal functioning as well as for acclimation to particular 358 

conditions (Pribil et al. 2014). Besides, redistribution of some proteins in the thylakoids was shown to be 359 

important for acclimation and developmental phenomena, including the PSII repair cycle during photoinhibition, 360 

the placement of the PSII antenna during state transitions or the differentiation of plastids (Bellafiore et al. 2005; 361 
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Bonardi et al. 2005; Jarvis and Lopez-Juez 2013; Joshua and Mullineaux 2004; Nixon et al. 2005). The 362 

differentiation of heterocysts, which can be regarded both as an acclimation response to nitrogen scarcity as well 363 

as a developmental phenomenon within the filament, is accompanied by a redistribution of thylakoidal proteins. 364 

The consequent compositional heterogeneity reinforces the idea of a division of labor between h and p 365 

thylakoids and underlines the importance of the peculiar ultrastructure of heterocysts for their functioning. 366 

Results shown in this manuscript identify mechanisms responsible for the compositional heterogeneity of 367 

heterocyst thylakoids. We propose that similar mechanisms may operate jointly or individually for the 368 

establishment of compositional heterogeneity in thylakoids of other cyanobacteria or plant chloroplasts. 369 

 370 

Materials and Methods 371 

Organisms and growth conditions 372 

Anabaena sp. PCC 7120 and derivative strains were routinely grown in BG11 medium (Rippka 1988) at 30ºC, 373 

under continuous illumination (75 photon µmol m
-2

 s
-1

), either continuously shaken or bubbled with a mixture of 374 

CO2 and air (1% v/v) and in this case supplemented with 10 mM NaHCO3. 1% (w/v). Difco agar was added to 375 

BG11 for the preparation of solid medium. When required, antibiotics were used at the following concentrations: 376 

neomycin, 10-50 µg ml
-1

; streptomycin 2-5 µg ml
-1

; spectinomycin 2-5 µg ml
-1

. For the induction of heterocyst 377 

differentiation, filaments growing in BG11 medium were filtered through 0.2 µm pore size nylon filters, washed 378 

twice with BG110 medium (similar to BG11 but lacking NaNO3), inoculated in BG110 medium and cultured 379 

during 24 h at 30ºC under continuous illumination. Cyanobacterial strains used in this work are described in 380 

Table S1. 381 

Escherichia coli strain DH5α was used as a recipient for cloning. E. coli was grown in Luria-Bertani medium 382 

supplemented with antibiotics at standard concentration when required (Ausubel et al. 2010). 383 

Plasmid construction 384 

Plasmids used in this work are described in Table S2 and oligonucleotides used for PCR and other purposes are 385 

detailed in Table S3. Plasmids were introduced in E. coli by transformation and in Anabaena by conjugal 386 

transfer as described (Elhai and Wolk 1988). 387 

Confocal and fluorescence microscopy 388 
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For confocal microscopy of GFP fluorescence Anabaena filaments expressing GFP were visualized in a Leica 389 

TCS SP2 confocal microscope using a HCX PLAM-APO 63x 1.4 NA oil immersion objective. GFP was excited 390 

with 488 nm irradiation from an argon ion laser. Fluorescence emission was monitored across windows of 500-391 

540 nm (for GFP) and 630-700 nm (for cyanobacterial autofluorescence). To ensure that the signal observed in 392 

the 500-540 nm band corresponded to GFP and not to cyanobacterial pigments or degradation products, previous 393 

to every experiment, filaments of the wild type strain, not expressing GFP or GFP fusion proteins, were 394 

observed and microscope settings were selected so that no signal was detected in the 500-540 window. 395 

For fluorescence microscopy, Anabaena filaments were analyzed using a Leica DM6000B fluorescence 396 

microscope with 100X and 63x objectives. GFP fluorescence was monitored using a fluorescein isothiocyanate 397 

(FITC) L5 filter with an excitation range between 480/40 nm and emission range between 572/30 nm. Previous 398 

to every experiment, filaments of the wild type strain, not expressing GFP or GFP fusion proteins, were 399 

observed and microscope settings were selected so that no signal was detected at 572 nm. The cyanobacterial 400 

autofluorescence was monitored using a Texas red TX2 filter with an excitation window of 560/40 nm and 401 

emission window of 645/75 nm. Images were analyzed and convolved with the Leica Application Suite 402 

Advanced Fluorescence software and the Image J program (version 1.41). Fluorescence intensity was quantitated 403 

with the Image J program (version 1.41), values were processed with the Microsoft Excel Program (version 404 

14.7) and plots were generated with Microsoft Excel or with Kaleidagraph (version 4.1). 405 

Fluorescence recovery after photobleaching (FRAP) 406 

Anabaena filaments expressing the GFP-CAAD or AtpA-GFP were visualized by confocal microscopy as above 407 

using a Leica TCS SP5 confocal microscope. Cells were maintained in a chamber at 30°C along the FRAP assay. 408 

After an initial image was recorded, the bleaching was carried out selecting a region of interest (ROI) of a fixed 409 

size. Bleaching was performed by exciting the GFP at 488 nm with an increase of the laser intensity by a factor 410 

of 8 and scanning the ROI during 0.137 s. After photobleaching fluorescence recovery was monitored acquiring 411 

images typically every 5, 10 seconds or 1 minute. Images were analyzed using the ImageJ version 1.41 software. 412 

Relative fluorescence intensity was calculated as described by (Kana 2013). The photobleaching depth was 413 

calculated as B=(Fi-F0)/F0, where Fi is the intensity of the region before bleach and F0 is the intensity 414 

immediately after bleach. For each time point (t), the Relative Fluorescence Intensity (RFI) was calculated as 415 

RFI(t)=(Ft-F0)/(Fi-F0). For normalization, Fi was made equal to 1. 416 

Electron microscopy 417 
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Filaments incubated in BG110 for 24 h were harvested by centrifugation, fixed with 2.5 % (w/v) glutaraldehyde 418 

for 2 h at 4°C with gentle agitation and washed three times with 0.1M cacodylate pH 7.4. Samples were stained 419 

with 0.5 % (w/v) KMnO4 at RT for 1h, and then washed, dehydrated with increasing concentrations of acetone 420 

and embedded in Spurr resin. Serial ultra-thin sections (50-100 nm) were prepared and deposited in formvar film 421 

coated grids. All the samples were examined with a ZEISS LIBRA 120 PLUS electron microscope at 120 Kv. 422 
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 575 

Legends to figures 576 

Figure 1. Cell structure of Anabaena cells (A) Ultrastructure of vegetative cells and heterocysts in Anabaena. 577 

(cw) cell wall; (c) cyanophycin granule; (t) vegetative cell thylakoids; (n) neck. Size bar corresponds to 1 µm. 578 

(B) Bright field image (top) and confocal fluorescence image of the photosynthetic pigments of Anabaena 579 

filament (bottom). (H) heterocysts; (V) vegetative cell; (c) cyanophycin granules. Confocal fluorescence images 580 

were obtained using a Leica TCS SP2 confocal microscopy (see Materials and Methods for details). 581 

Figure 2. Subcellular localization of GFP fusion proteins in heterocysts. (A) Panels show the fluorescence of 582 

Anabaena derivative strains. The three top panels show the fluorescence of the wild-type strain, used as a 583 

negative control for fluorescence in the 500-540 nm band. Other panels show the fluorescence of filaments 584 

expressing GFP fusion proteins. The name of the protein fused to GFP is indicated at the left of each panel. For 585 

each fusion several panels are shown. The first panel (from left to right) corresponds to the fluorescence of GFP 586 

(λemision=500-540 nm), the second panel corresponds to the autofluorescence of photosynthetic pigments 587 

(λemision=630-700 nm), the third panel is the superposition of the two former ones and the fourth panel is the 588 

superposition of the GFP fluorescence image and the bright field image. Plots on the right show the 589 

quantification of GFP fluorescence. Heterocysts are indicated with an "H". In the plot, the image of the fourth 590 
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panel is projected in the horizontal plane and the fluorescence of each area is represented in the vertical axis. 591 

Units of x and z axis are µm and those of the y axis are arbitrary units of fluorescence intensity. Size bars 592 

corresponds to 1 µm. (B) Plots represent the relative fluorescence of regions A, B C and D as depicted in the 593 

diagram at the top. The fluorescence of GFP fusions (λemision=500-540 nm) at these regions was quantified in 594 

heterocysts (n=30) of filaments expressing each fusion protein. Values of fluorescence were normalized with 595 

respect to the sum of the fluorescence of all four regions and represented as a dot plot. The relative fluorescence 596 

of each region is indicated in arbitrary units in the y-axis. Horizontal lines indicate the average value. (C) Z-axis 597 

montage of confocal microscopy images of cells expressing AtpA-GFP. Panels corresponding to serial layers of 598 

the preparation are presented in an ordered array. (H) heterocyst; (V) vegetative cell. Panels on the left show the 599 

fluorescence of the wild-type strain used as a negative control as in (A). 600 

Figure 3. Differential expression profile of CurT proteins in Anabaena. Panels corresponding to composite 601 

images of cells expressing Alr0805-GFP or Alr4119-GFP from their native promoter (as indicated) are shown. 602 

Composite images of GFP fluorescence and the bright field image are shown on the left and composite images 603 

of the red autofluorescence of photosynthetic pigments and GFP fluorescence are shown on the right. Some 604 

heterocysts are indicated with white arrowheads. Size bar corresponds to 20 µm. The three bottom panels show 605 

the fluorescence of the wild-type strain, used as a negative control for fluorescence in the 500-540 nm band. 606 

Figure 4. Phases in the redistribution of GFP-CAAD during heterocyst differentiation. (A) Cultures of 607 

Anabaena expressing GFP-CAAD were subjected to nitrogen withdrawal and images were taken by confocal 608 

microscopy at different time points as indicated. Details of the different panels are like in Fig 2. Pro-heterocyst 609 

and heterocysts are situated at the center of each panel. The three top panels show the fluorescence of the wild-610 

type strain, used as a negative control for fluorescence in the 500-540 nm band. (B) Plots represent the relative 611 

fluorescence of regions A, B, C and D as depicted in the diagram at the top. The fluorescence of GFP fusions at 612 

these regions was quantified in heterocysts (n=20) of filaments expressing GFP-CAAD. Values of fluorescence 613 

were normalized with respect to the sum of the fluorescence of all four regions and represented as a dot plot. The 614 

relative fluorescence of each region is indicated in arbitrary units in the y-axis. Horizontal lines indicate the 615 

average value. (C) Fluorescence intensity profiles of the periphery of differentiating cells. Panels correspond to 616 

the images shown at the right in (A). Fluorescence intensity of the green and red channels was quantitated in the 617 

zone covered by the yellow ring and plotted. The ring line starts at the white bar, with corresponds to the 0 point 618 

in the x axis, and continues clockwise. (D) Fluorescence microscopy images of Anabaena cells expressing GFP-619 

CAAD taken at 16 h and 24 h after nitrogen compound withdrawal. Pro-heterocyst and heterocysts are situated 620 
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at the center of each panel. Images were subjected to a deconvolution treatment to improve resolution (see 621 

Materials and Methods). White arrowheads indicate the septal area between the heterocyst and adjacent 622 

vegetative cells. Plots correspond to the quantification of the fluorescence of GFP (green) and of photosynthetic 623 

pigments (red). Units of the x and z-axis are microns. The y-axis indicates the relative fluorescence intensity in 624 

arbitrary units.  625 

Figure 5. Diffusion of GFP-CAAD in internal membranes of heterocysts. (A) Cells expressing GFP from the 626 

PrbcL promoter were cultured in the presence of nitrate (central panel) or in the absence of nitrogen compounds 627 

(right panel). Heterocysts are indicated with white arrowheads. Size bar corresponds to 20 µm. The left panel 628 

corresponds to a composite image of wild-type filaments in the bright field and green fluorescence channels 629 

shown as a control of the absence of fluorescence in the 500-540 nm band. (B) Composite fluorescent images of 630 

Anabaena cells expressing GFP-CAAD from the PrbcL promoter. A heterocyst occupies the center of each panel. 631 

Size bar corresponds to 2 µm. The three panels at the left show the fluorescence of the wild-type strain, used as a 632 

negative control for fluorescence in the 500-540 nm band. (C) FRAP analysis of pro-heterocyst expressing GFP-633 

CAAD. FRAP experiments were done using a Leica TCS SP5 confocal microscopy (see Materials and Methods 634 

for details). The first panel labeled as "Pre" shows an image of the heterocyst before bleaching. Other panels 635 

correspond to images taken at the time indicated in seconds after bleaching. A white arrow indicates the 636 

bleached area. The plot on the right shows the evolution of the fluorescence signal during the experiment. 637 

Bleaching was performed at time=0. Average and standard deviation is indicated, (n) is the number of repeats of 638 

this experiment. (D) FRAP analysis of mature heterocyst expressing GFP-CAAD. Details are like in C. (E) 639 

FRAP analysis of mature heterocyst expressing AtpA-GFP. Details are like in C. (F) FRAP analysis of mature 640 

heterocyst expressing GFP-CAAD. The entire region occupied by the heterocyst (indicated by a bracket in the 641 

left panel) was bleached and fluorescence recovery was followed for 300 seconds. Details are like in C. 642 

Figure 6. Ultrastructure of cells in the last stages of differentiation and subcellular localization of GFP-CAAD. 643 

Panels show cells in different stages of differentiation (A, E, I, 16 h; B, F, J, 20 h; C, G, K, 22 h; D, H, L, 24 h). 644 

(A-D) Electron microscopy of proheterocysts and heterocyst in different stages of differentiation as indicated 645 

above. Bracket indicates the neck of the cell, "c" denotes cyanophycin. Size bar corresponds to 1 µm. Images A, 646 

B, C and D are representative of 4, 7, 6 and 9 different heterocysts, respectively. (E-H) Composite images of the 647 

bright field and GFP fluorescence of cells expressing GFP-CAAD from the patS promoter. Size bar corresponds 648 

to 1 µm. (I-L) Composite images of the green and red fluorescence of cells expressing GFP-CAAD from the 649 

patS promoter. Size bar corresponds to 1 µm. Images E to L are representative of at least 10 different heterocysts. 650 
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The three top panels show the fluorescence of the wild type strain, used as a negative control for fluorescence in 651 

the 500-540 nm band. 652 

Figure 7. Subcellular localization of GFP-CAAD and HetN-GFP fusion proteins expressed from the late 653 

heterocyst-specific hetN promoter. Images correspond to cells bearing the construction indicated at the left. 654 

Bright field images (left) and composite fluorescence images (right) are shown. Heterocysts are indicated by 655 

white arrowheads. Size bars correspond to 20 µm. The three top panels show the fluorescence of the wild-type 656 

strain, used as a negative control for fluorescence in the 500-540 nm band. 657 

 658 
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