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Abstract 10 

Horizontal gene transfer events between viruses and hosts are widespread across the virosphere. 11 

In cyanophage-host systems, such events often involve the transfer of genes involved in 12 

photosynthetic processes. The genome of the lytic cyanomyovirus Ma-LMM01 infecting the 13 

toxic, bloom-forming, freshwater Microcystis aeruginosa NIES-298 contains a homolog of the 14 

non-bleaching A (nblA) gene, which was probably acquired from its host. The function of the 15 

NblA protein is to disassemble phycobilisomes, cyanobacterial light harvesting complexes that 16 

can comprise up to half of the cellular soluble protein content. NblA thus plays an essential dual 17 

role in cyanobacteria: it protects the cell from high light intensities and increases the intracellular 18 

nitrogen pool under nutrient limitation. NblA has previously been shown to interact with 19 

phycocyanin, one of the main components of phycobilisomes. Using structural modeling and 20 

protein-protein docking, we show that the NblA dimer of Ma-LMM01 is predicted to have a 21 

significantly higher binding affinity for M. aeruginosa NIES-298 phycocyanin (αβ)6 hexamers, 22 

compared to the host homolog. Protein-protein docking suggests that the viral NblA structural 23 

model is able to bind deeper into the phycocyanin groove. The main structural difference 24 

between the virus and host NblA appears to be an additional α-helix near the N-terminus of the 25 

viral NblA, which could be partly responsible for the deeper binding into phycocyanin. This 26 

unique helical region, absent in the cellular NblA, would be expected to constitute a viral 27 

evolutionary innovation. We propose that a higher binding affinity of NblA to the host 28 

phycocyanin may represent a selective advantage for the virus, whose rapid infection cycle 29 

requires an increased phycobilisome degradation rate that is not fulfilled by the NblA of the host.  30 

 31 

Keywords 32 
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 35 

1. Introduction 36 

Aquatic viruses influence global biogeochemical cycles, control the abundance and diversity of 37 

their hosts, shape ecological food webs, accelerate coevolutionary processes, and transfer genetic 38 

information in marine and freshwater environments (DeLong et al., 2023; Fuhrman, 1999; 39 

Rohwer & Thurber, 2009). Virus-host horizontal gene transfer (HGT) events, however, are not 40 

unique to aquatic ecosystems. In fact, they take place across the whole virosphere. Exemplary 41 

cases include the double jelly-roll major capsid protein of diverse archaeal viruses and 42 

bacteriophages within Varidnaviria, probably exapted from a family of bacterial enzymes 43 

involved in carbohydrate metabolism (Krupovic et al., 2022); the acquisition of cholera toxin 44 

genes from the temperate single-stranded DNA bacteriophage CTXΦ by Vibrio cholerae (Davis 45 

& Waldor, 2003; Waldor & Mekalanos, 1996); as well as several HGTs in eukaryotic viruses, 46 

including members of the Nucleocytoviricota, and their hosts (Irwin et al., 2022). Collectively, 47 

HGTs have played foundational roles in macroevolutionary processes of both viruses and cells 48 

throughout the history of life on Earth (Forterre & Prangishvili, 2009; Koonin et al., 2022). 49 

In marine cyanophage-host systems, HGT events often involve the transfer of genes involved 50 

in photosynthesis. At the beginning of the 21st century, it was found that S-PM2, a myovirus 51 

infecting Synechococcus strains, encoded D1 (psbA) and D2 (psbD) proteins in its genome 52 

(Mann et al., 2003; Wilson et al., 1993). D1 and D2 are photosystem II reaction center proteins 53 

(Barber, 2013). Lindell et al. (2004) discovered two more myoviruses and a podovirus infecting 54 
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Prochlorococcus that also contained auxiliary metabolic genes encoding for proteins involved in 55 

photosynthesis, namely, psbA, psbD, hli, petE, and petF. Hli, petE, and petF encode high-light-56 

inducible protein, plastocyanin, and ferredoxin, respectively, all components of the 57 

photosynthetic process (Gross, 2013; Hanke & Mulo, 2013; Konert et al., 2022). Further, 58 

phylogenetic analyses suggested that these genes were not only horizontally transferred from 59 

cyanobacterial hosts to viruses, but also that they were probably transferred back to the hosts 60 

(Lindell et al., 2004). 61 

Although research on freshwater viruses is relatively limited compared to their marine 62 

counterparts, various cases of the presence of photosynthesis-related genes in the genomes of 63 

freshwater cyanophages have already been reported (Gao et al., 2012; Meng et al., 2023b; Nadel 64 

et al., 2019; Ou et al., 2015; Yoshida et al., 2008). The strain-specific double-stranded DNA lytic 65 

myovirus Ma-LMM01 infecting the toxic, bloom-forming Microcystis aeruginosa NIES-298 is 66 

arguably the most comprehensively characterized freshwater cyanophage to date (e.g., Morimoto 67 

et al., 2018; Yoshida et al., 2008; Yoshida et al., 2006). Its genome contains a homolog of the 68 

non-bleaching A (nblA) gene, which was probably horizontally acquired from a Microcystis host 69 

(Ou et al., 2015; Yoshida et al., 2008). The function of the host NblA protein is to disassemble 70 

phycobilisomes, the light harvesting complexes of cyanobacteria, which can comprise up to half 71 

of the cellular soluble protein content (Baier et al., 2004; Bienert et al., 2006; Grossman et al., 72 

1993). NblA thus plays an essential dual role in cyanobacteria: it protects the cell from high light 73 

intensities and increases the intracellular nitrogen pool under nutrient limitation (Collier & 74 

Grossman, 1994; Baier et al., 2004; Grossman et al., 1993). NblA has previously been shown to 75 

interact with phycocyanin, one of the main components of phycobilisomes (Bienert et al., 2006; 76 

Dines et al., 2008; Karradt et al., 2008; Luque et al., 2003; Nguyen et al., 2017). The fact that the 77 
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nblA gene has been fixed in the Ma-LMM01 population readily suggests that it provides a 78 

selective advantage for the virus. Indeed, it is highly transcribed during infection (Honda et al., 79 

2014; Morimoto et al., 2018; Yoshida-Takashima et al., 2012). Here we employ structural 80 

modelling and protein-protein docking to investigate which of the two NblAs present in the Ma-81 

LMM01/M. aeruginosa NIES-298 virocell (i.e., the virus- or the host-encoded one) is predicted 82 

to have a higher binding affinity to the phycocyanin of the host. We elaborate on the potential 83 

implications of such a difference in the eco-evolutionary context of this virus-host system. 84 

 85 

2. Materials & Methods 86 

2.1. Structural Bioinformatics Pipeline 87 

The amino acid sequences of Ma-LMM01 NblA (vNblA), M. aeruginosa NIES-298 NblA 88 

(hNblA), M. aeruginosa NIES-298 phycocyanin α-subunit, and M. aeruginosa NIES-298 89 

phycocyanin β-subunit were downloaded from the NCBI Protein Database (GenBank accession 90 

numbers: BAF36096, GBD54109, GBD54899, and GBD54900, respectively; Sayers et al., 91 

2022). Structural modelling for the vNblA dimer, hNblA dimer, and M. aeruginosa NIES-298 92 

phycocyanin (αβ)6 hexamer (PC) was performed using AlphaFold2 (AF2) ColabFold (Jumper et 93 

al., 2021; Mirdita et al., 2022) with an NVIDIA A100-SXM4-40GB graphics processor. 94 

Secondary structure predictions for vNblA and hNblA were further corroborated using PSIPRED 95 

4.0 (Buchan & Jones, 2019). The sequence alignment between vNblA and hNblA was generated 96 

using MUSCLE 3.8 through the EMBL-EBI (Edgar, 2004; Madeira et al., 2022). Entropy-based 97 

conservation values were calculated and mapped onto the structural models using AL2CO and 98 

University of California, San Francisco (UCSF) ChimeraX (Meng et al., 2023a; Pei & Grishin, 99 
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2001). The structural models of the vNblA and hNblA dimers were superimposed using the 100 

Matchmaker algorithm implemented in ChimeraX (Meng et al., 2023a) with default parameters, 101 

while the pairwise structure comparison tool of the DALI server (Holm et al., 2023) was used to 102 

generate single-chain alignments. Hits with a DALI Z-score > 2 (i.e., two standard deviations 103 

above expected) were considered significant (Holm & Sander, 1995). Protein-protein docking 104 

was carried out using ClusPro 2.0 (Kozakov et al., 2017). To construct the vNblA-PC and 105 

hNblA-PC complexes, the PC and NblA structural models were used as the receptor and ligand, 106 

respectively. The 30 Balanced models were downloaded and subsequently uploaded to the 107 

PRODIGY server (Xue et al., 2016) for binding affinity prediction at 25 °C. 108 

 109 

2.2. Statistical Analyses 110 

Statistical analyses were conducted using R version 4.3.0 (R Core Team, 2023). In order to 111 

investigate whether the vNblA-PC and hNblA-PC predicted complexes had significantly 112 

different binding affinities, Welch’s t-tests were employed. Prior to analyses, the normality of 113 

data was tested using a series of Shapiro-Wilk tests. Gibbs free energy change (ΔG) data, as well 114 

as the number of charged-charged (CCs), and polar-nonpolar (PNs) intermolecular contacts at the 115 

interface within a threshold distance of 5.5 Å followed normal distributions (P > 0.062 in all 116 

cases). However, dissociation constant (Kd) data, and the number of charged-polar, charged-117 

nonpolar, polar-polar, and nonpolar-nonpolar intermolecular contacts (CPs, CNs, PPs, and NNs, 118 

respectively) departed from normality. Thus, a log transformation was applied to Kd, CPs, CNs, 119 

PPs, and NNs data. After transformation, Kd, CPs, CNs, PPs, and NNs data followed normal 120 

distributions (P > 0.063 in all cases). ΔG (kcal mol−1), Kd (M), CCs, PNs, CPs, CNs, PPs and 121 
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NNs were used as the dependent variables, and complex (vNblA-PC, hNblA-PC) as the grouping 122 

variable. Significance was defined at P < 0.05. 123 

 124 

3. Results 125 

3.1. Structural Models 126 

The vNblA and hNblA AF2 structural models can be found in Fig. 1. An α-helix, absent in the 127 

host model, can be observed near the N-terminus of the viral NblA. Secondary structure 128 

prediction also supports the presence of this additional helix in the viral protein, spanning from 129 

alanine 3 to glutamic acid 12 (Fig. 1h). The structural model of PC, required for protein-protein 130 

docking and binding affinity prediction, is shown in Fig. 1c,f. 131 

 132 

3.2. Virus-Host NblA Sequence & Structure Conservation 133 

A moderate pattern of virus-host sequence conservation in the middle region of the vNblA 134 

model, where the additional α-helix is also predicted to be located, stands out (Fig. 2). These 135 

conserved residues and region may be directly involved in the interaction with the host’s 136 

phycobilisomes. A significant DALI pairwise structure comparison between vNblA and hNblA 137 

(Z-score = 4.4) suggests that the structure of the vNblA model is more conserved compared to its 138 

amino acid sequence (Fig. 2c,f). Based on the virus-host NblA sequence alignment, the residues 139 

absent in hNblA span from leucine 7 to aspartic acid 18, a region containing the predicted α-helix 140 

unique to the vNblA model (Fig. 2g; section 3.1). 141 

 142 
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3.3. Protein-Protein Docking & Binding Affinity Prediction 143 

Statistical analyses indicate that the vNblA-PC and hNblA-PC predicted complexes have 144 

significantly different binding affinities, as determined by ΔG (Welch’s t-test, t49,667 = 3.017, P = 145 

0.004; Fig. 3a) and Kd (t49,578 = 3.038, P = 0.004; Fig. 3b). Likewise, the predicted complexes 146 

have significantly different CC, CP, CN and PP intermolecular contacts at the interface within a 147 

threshold distance of 5.5 Å (P < 0.041 in all cases; Fig. 3c-f). No significant differences were 148 

detected regarding the number of PN and NN intermolecular contacts (P > 0.05 in both cases). 149 

This suggests that the lower ΔG and Kd values of the vNblA-PC complex are mainly due to an 150 

increased number of CC, CP, and CN intermolecular contacts. ΔG was found to be −15.89 ± 2.69 151 

kcal mol−1 (n = 30) for the hNblA-PC complex, and −17.66 ± 1.74 kcal mol−1 (n = 30) for the 152 

vNblA-PC complex; while Kd was 2.32 × 10−10 ± 5.80 × 10−10 M (n = 30) for the hNblA-PC 153 

complex, and 6.86 × 10−12 ± 3.28 × 10−11 M (n = 30) for the vNblA-PC complex. Both of these 154 

significantly lower ΔG and Kd values of the vNblA-PC predicted complex translate into a 155 

significantly higher binding affinity between the vNblA and PC structural models compared to 156 

the hNblA and PC models.  157 

The best ranked hNblA-PC ClusPro 2.0 docking model (Fig. 3i,j) was predicted to have ΔG 158 

and Kd values of −14.9 kcal mol−1 and 1.20 × 10−11 M, respectively. In comparison, the best 159 

ranked vNblA-PC model had a ΔG of −16.3 kcal mol−1 and a Kd of 1.10 × 10−12 M, almost an 160 

order of magnitude lower than the hNblA-PC model. It is worth noting that in most complexes 161 

the viral and cellular NblAs were in similar positions as they were in the best ranked models 162 

(Fig. S1), showing consistency in the docking predictions. Most hNblA models (23/30) were 163 

bound superficially (compared to vNblA) to PC, with a smaller region inside the PC groove. In 164 

contrast, virtually all vNblA models were bound deep inside the PC groove (29/30). The main 165 
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structural difference between the two NblA models, namely, the additional vNblA α-helix, may 166 

contribute, at least in part, to binding vNblA deeper into the PC groove. 167 

 168 

4. Discussion 169 

The sequencing of the Ma-LMM01 genome (Yoshida et al., 2008) and more recently its M. 170 

aeruginosa NIES-298 host (Yamaguchi et al., 2018), along with the development of highly 171 

accurate structure prediction (Jumper et al., 2021) and other robust structural bioinformatics tools 172 

(Kozakov et al., 2017; Xue et al., 2016) provide a unique opportunity to model the NblA and PC 173 

structures of this cyanophage-host system and compare their predicted binding affinities. First, a 174 

qualitative analysis of the viral and host NblA models readily highlights an additional α-helix 175 

present in the viral structural model (section 3.1; Fig. 1). Phylogenetic evidence suggests that 176 

Ma-LMM01 nblA was horizontally acquired from a Microcystis host (Ou et al., 2015). Structure 177 

conservation analyses, including a significant DALI pairwise structure comparison between 178 

vNblA and hNblA (section 3.2; Fig. 2), support virus-host structural homology as well. Hence, 179 

either the viral nblA expanded (insertions) or the host nblA shortened (deletions) after the HGT 180 

took place. Multiple sequence alignments show that, unlike Ma-LMM01 NblA, cellular NblA 181 

amino acid sequences have a similar length (Ou et al., 2015; Yoshida et al., 2008). This arguably 182 

renders the expansion of Ma-LMM01 nblA more parsimonious compared to the reduction of 183 

different cellular nblA genes. It follows then that not only has the nblA gene become fixed in the 184 

Ma-LMM01 population, but it has also expanded throughout evolutionary timescales; the 185 

additional vNblA α-helix constitutes a viral evolutionary innovation. Here it may be possible to 186 

retrospectively appreciate two steps of the origin of evolutionary novelties (Blount et al., 2012): 187 
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actualization, represented by the nblA HGT event itself; and refinement, represented by the 188 

expansion of the viral nblA gene.  189 

An increase in genome size (the acquisition of the cellular nblA gene by the virus and, to a 190 

lesser extent, its expansion) must constitute a selective advantage strong enough to counter the 191 

possible trade-off associated with the greater amount of time and resources required to replicate 192 

the viral genome (DiMaio, 2012; Edwards et al., 2021; Mills et al., 1967). We propose that such 193 

an advantage is the increased binding affinity that the viral NblA is predicted to have for PC 194 

compared to the host’s NblA (see section 3.3). The quantitative analyses conducted on the 195 

vNblA-PC and hNblA-PC predicted complexes indicate a significantly lower ΔG and Kd for the 196 

vNblA-PC complex, which translate into a higher binding affinity. Not surprisingly, the number 197 

of intermolecular contacts was also predicted to be greater in vNblA-PC compared to the hNblA-198 

PC complex in most contact property categories. The exact binding mechanism of NblA in 199 

phycobilisomes has not been resolved yet. However, various studies have provided insights into 200 

the mode of action of NblA (Baier et al., 2004; Bienert et al., 2006; Dines et al., 2008; Hu et al., 201 

2020; Karradt et al., 2008; Levi et al., 2018; Luque et al., 2003; Nguyen et al., 2017; Sendersky 202 

et al., 2015; Sendersky et al., 2014). For example, Bienert et al. (2006) determined the crystal 203 

structure of NblA from Anabaena sp. PCC 7120, and using pull-down assays, found that NblA 204 

bound the α-subunits of phycocyanin and phycoerythrocyanin; while Nguyen et al. (2017) 205 

detected a protein interaction between S. elongatus UTEX 2973 NblA and β-phycocyanin. Dines 206 

et al. (2008) determined the NblA structures of S. elongatus PCC 7942 and 207 

Thermosynechococcus vulcanus, and using random mutagenesis, found that amino acids 208 

essential for the interaction with phycobilisome proteins were located across the two NblA 209 

helices. The hNblA-PC docking models from the present study are consistent with those reported 210 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2024. ; https://doi.org/10.1101/2024.07.03.601984doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.03.601984
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

 

by Nguyen et al. (2017), where S. elongatus PCC 7942 NblA and PC X-ray structures docked 211 

similarly to M. aeruginosa NIES-298 NblA and PC structural models. In contrast, the vNblA-PC 212 

docking models differ drastically from both hNblA-PC and those reported previously for S. 213 

elongatus (Nguyen et al., 2017). In particular, the vNblA model was predicted to bind deeper into 214 

the PC groove. The additional α-helix, which appears to be the main structural difference 215 

between vNblA and the cellular NblAs, may be partly responsible for this. 216 

Beyond the specific binding site of the viral NblA protein, a higher binding affinity for PC 217 

would be expected to increase the disassembling rate of the host phycobilisomes. This could be 218 

essential for the virus if the performance of the host protein is not enough during infection. In 219 

fact, the viral nblA is highly transcribed in the Ma-LMM01/M. aeruginosa NIES-298 virocell 220 

(Honda et al., 2014; Morimoto et al., 2018; Yoshida-Takashima et al., 2012). The infection cycle 221 

of Ma-LMM01 is rapid; the latent period is estimated to take between six to twelve hours 222 

(Yoshida et al., 2006). As previously described, phycobilisomes are the light harvesting 223 

complexes of cyanobacteria, and can comprise up to half of the cellular soluble protein content 224 

(Baier et al., 2004; Bienert et al., 2006; Grossman et al., 1993). A higher phycobilisome 225 

degradation rate in the Ma-LMM01/M. aeruginosa NIES-298 virocell could lead to a larger burst 226 

size after a steeper increase in the intracellular nitrogen pool (Morimoto et al., 2020; Morimoto 227 

et al., 2018; Yoshida et al., 2008). A faster degradation of phycobilisomes would also imply a 228 

more efficient protection for the virocell from high light intensities to which M. aeruginosa 229 

NIES-298 is highly susceptible (Morimoto et al., 2020; Morimoto et al., 2018; Yoshida et al., 230 

2008). 231 

Based on the significantly lower ΔG and Kd of the vNblA-PC docking models, we conclude 232 

that vNblA is predicted to have a higher binding affinity for PC compared to hNblA. The 233 
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potential implications of this are in line with the biology of Ma-LMM01. However, rather than 234 

aiming to provide a definitive answer regarding the mode of action of the vNblA protein, these 235 

structural models invite further investigation through experimental approaches, including 236 

structure determination efforts. They also highlight the statistics-based hypothesis generating 237 

potential of the structural bioinformatics pipeline implemented here, particularly for comparative 238 

interactomics in the fields of evolutionary virology and viral ecology. 239 
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 445 

Fig. 1. Structural models of the Ma-LMM01/Microcystis aeruginosa NIES-298 cyanophage-host 446 

system non-bleaching A (NblA) proteins. (a) Front and (d) side views of M. aeruginosa NIES-447 

298 NblA (hNblA). (b) Front and (e) side views of Ma-LMM01 NblA (vNblA). NblA models are 448 

colored with a rainbow gradient, from the N-terminus in blue to the C-terminus in red. (c) Front 449 

and (f) side views of M. aeruginosa NIES-298 phycocyanin (αβ)6 hexamer (PC). PC α- and β-450 

subunits are colored in dark cyan and aquamarine, respectively. (g) hNblA and (h) vNblA 451 

secondary structure predictions. Helices are colored in pink and coils in gray. The confidence of 452 

prediction is depicted using a short-tall and white-blue gradient, with short white bars indicating 453 
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a low prediction confidence, and tall blue bars a high prediction confidence. Note the additional 454 

α-helix near the N-terminus of the vNblA secondary and tertiary structural models. 455 
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 457 

Fig. 2. Structure and sequence conservation of the Ma-LMM01/Microcystis aeruginosa NIES-458 

298 cyanophage-host system non-bleaching A (NblA) structural models. (a) Front and (d) side 459 

views of Ma-LMM01 NblA (vNblA) colored by sequence conservation according to the (g) Ma-460 

LMM01/M. aeruginosa NIES-298 NblA sequence alignment. The AL2CO entropy-based amino 461 

acid sequence conservation measure between the two proteins is shown using a yellow-green-462 

blue gradient, where yellow and blue represent the least and most conserved residues, 463 

respectively. Residues without conservation values, i.e., residues absent in M. aeruginosa NIES-464 

298 NblA (hNblA) are shown in red. (b) Front and (e) side views of the vNblA and hNblA 465 

superimposed models via the UCSF ChimeraX Matchmaker algorithm. hNblA is shown in dark 466 

cyan, while vNblA in blue. As above, the amino acids unique to vNblA are shown in red. Single-467 

chain superimpositions resulting from a DALI pairwise structure comparison with a significant 468 
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Z-score = 4.4 are displayed in (c) and (f) using a yellow-green-blue scheme mapped onto the C-α 469 

trace of the vNblA model, yellow representing the lowest conservation values and blue the 470 

highest. In (c) and (f), the relative entropy (0-6.3 bits) was used as the conservation measure. The 471 

side chains with a sequence conservation above 4.15 bits are displayed. In (c), vNblA is colored 472 

by amino acid sequence conservation; in (f), by structure conservation. hNblA is colored in 473 

orange. (g) Ma-LMM01/M. aeruginosa NIES-298 NblAs sequence alignment, where the short 474 

and tall bars above the residues indicate low and high sequence conservation values, 475 

respectively. 476 
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 478 

Fig. 3. Protein-protein docking and binding affinity prediction between Ma-LMM01 non-479 

bleaching A dimer (vNblA) and Microcystis aeruginosa NIES-298 phycocyanin (αβ)6 hexamer 480 

(PC) structural models compared to M. aeruginosa NIES-298 NblA dimer (hNblA) and PC 481 

models. (a) ΔG (kcal mol−1) and (b) Kd (M) of hNblA-PC (host) and vNblA-PC (virus) predicted 482 

complexes. (c) Number of host and virus charged-charged (CC), (d) charged-polar (CP), (e) 483 

charged-nonpolar (CN), (f) polar-polar (PP), (g) polar-nonpolar (PN), and (h) nonpolar-nonpolar 484 

(NN) intermolecular contacts at the interface within a threshold distance of 5.5 Å. See text for 485 

statistical values. (i) Front and (k) side views of the best ranked ClusPro 2.0 hNblA-PC docking 486 

model. (j) Front and (l) side views of the best ranked vNblA-PC model. hNblA is colored in 487 

orange, while vNblA in orange red; PC α- and β-subunits are colored in dark cyan and 488 

aquamarine, respectively. Note how vNblA is predicted to bind deeper into the PC groove 489 

compared to hNblA. See text for binding affinities of the displayed docking models. 490 
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