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ABSTRACT 

Flavodoxins (Flds) mediate the flux of electrons between oxidoreductases in diverse 

metabolic pathways. To investigate whether Flds can support electron transfer to a sulfite 

reductase (SIR) that evolved to couple with a ferredoxin, we evaluated the ability of Flds 

to transfer electrons from a ferredoxin-NADP reductase (FNR) to a ferredoxin-dependent 

SIR using growth complementation of an Escherichia coli strain with a sulfur metabolism 

defect. We show that Flds from cyanobacteria complement this growth defect when 

coexpressed with an FNR and an SIR that evolved to couple with a plant ferredoxin. When 

we evaluated the effect of peptide insertion on Fld-mediated electron transfer, we 

observed a sensitivity to insertions within regions predicted to be proximal to the cofactor 

and partner binding sites, while a high insertion tolerance was detected within loops distal 

from the cofactor and within regions of helices and sheets that are proximal to those loops. 

Bioinformatic analysis showed that natural Fld sequence variability predicts a large 

fraction of the motifs that tolerate insertion of the octapeptide SGRPGSLS. These results 

represent the first evidence that Flds can support electron transfer to assimilatory SIRs, 

and they suggest that the pattern of insertion tolerance is influenced by interactions with 

oxidoreductase partners. 

 

Keywords: cyanobacteria, deep sequencing, electron transfer, ferredoxin, flavodoxin, 

mutagenesis, protein design, selection, sulfite reductase, synthetic biology 
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INTRODUCTION 

Flavodoxins (Flds) are low potential electron carriers that use a flavin 

mononucleotide cofactor to transfer electrons between partner oxidoreductases1. 

Biochemical and genetic studies have shown that Flds couple with diverse 

oxidoreductases possessing cellular roles in glycolysis2,3, photosynthesis4, hydrogen 

metabolism5, amino acid synthesis6,7, nucleotide metabolism8, steroidogenesis9,10, 

isoprenoid biosynthesis11, redox homeostasis12,13, lipid synthesis14, nitrogen 

assimilation6,15–17, and sulfur metabolism18,19. In some organisms, Fld deletions result in 

growth defects, indicating the essential role of Flds in supporting their metabolism20. In 

addition, bioinformatic studies have revealed that some organisms have genomes with 

as many as ten Fld paralogs21. Some Flds efficiently deliver electrons to many acceptor 

proteins, including non-natural partners9,10,22–24. Other Flds appear to have evolved 

structures that enable discrimination of partner proteins10,16,25–28. Biochemical studies 

have shown that Flds can elongate a central beta sheet to achieve this specificity29. In 

addition, bioinformatics has shown that this insertion can be used to differentiate single-

domain Flds as either short chain, with an average length of ~145 residues, or long chain, 

with an average length of ~175 residues21. While these Fld types are typically 

differentiated by insertion within a single loop in the structure, it remains unclear where 

Fld paralogs can evolve structures through elongation to support coupling between 

different oxidoreductases.  

 Many genomes encoding Flds have ferredoxin protein electron carriers21, which 

also function as cellular electron transfer (ET) hubs. The relative abundances of Fld and 

ferredoxin electron carriers can vary widely. Gammaproteobacteria frequently have 
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multiple Fld and ferredoxin paralogs, while microbes from other taxonomic groups 

typically present higher abundances of ferredoxin electron carriers21. Both Flds and 

ferredoxins present low midpoint reduction potentials. Fld redox potentials range from -

230 to -530 mV30,31 versus a standard hydrogen electrode, while 2Fe-2S and 4Fe-4S 

ferredoxins present potentials that range from -150 to -500 mV and -200 to -650 mV, 

respectively32. In many organisms, Fld and ferredoxin expression is controlled by 

environmental conditions33,34, such as oxidative stress, salt stress, heavy metal toxicity, 

mineral availability, and light. Also, there is evidence that Fld and ferredoxin expression 

levels are strongly coupled to iron availability1,35,36, with Fld levels being elevated under 

low iron availability conditions. This trend is thought to arise as iron limitation decreases 

the availability of substrates required for the biogenesis of iron-sulfur cluster cofactors on 

ferredoxins1. While Flds and ferredoxins support ET to an overlapping set of almost 

twenty partner proteins, ferredoxins have been shown to couple with a much larger set 

(>80) of partner oxidoreductases1,32. The extent to which Flds can support ET to many of 

these ferredoxin-partner proteins in natural or synthetic cellular systems remains unclear.  

Cellular assays for ET have been used to probe sequence-structure-function 

relationships in ferredoxins32. These studies have revealed the utility of coupling the 

growth of a bacterium to ET mediated by a cytosolic protein electron carrier. This 

approach has been used to analyze how the sequence of 2Fe-2S ferredoxins from 

different organisms affects ET between a ferredoxin-NADP reductase (FNR) to a 

ferredoxin-dependent sulfite reductase (SIR) from plants37. In addition, this assay has 

been used to explore ideas about ferredoxin evolution through protein engineering. 

Symmetrical ferredoxins designed computationally have been shown to support ET 
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through this synthetic pathway38, providing evidence that 4Fe-4S ferredoxins could have 

evolved through a gene duplication of smaller peptides. Further, this cellular assay has 

been used for protein engineering to create allosteric electrical switches39,40. Synthetic 

ferredoxins containing an inserted ligand-binding domain have been discovered that 

present ET in cells which is activated by endocrine disruptors41. While these studies have 

shown the power of using a cellular assay to engineer ferredoxins for bioelectronics42, 

this approach has not yet been applied to Flds. 

Flds and ferredoxins both support ET to nitrite reductases43, which share structural 

similarity with SIRs44. This observation led us to investigate whether Flds could support 

ET to SIR. Through genome mining, a prior study identified cyanobacteria and algae 

encoding FNRs, ferredoxins, Flds, and SIRs45, including Acaryochloris, Anabaena, 

Crocosphaera, Gloeothece, Nostoc, Ostreococcus, Prochlorococcus, Synechococcus, 

Thalassiosira, and Trichodesmium. This finding suggested that Flds may be capable of 

supporting ET from FNR to SIR, like ferredoxins. Herein, we show that cyanobacterial 

Flds support ET between a plant FNR and SIR using a cellular selection (Figure 1a) that 

requires this ET to complement an Escherichia coli growth defect46. Since some Fld 

paralogs evolved elongated structures to support recognition of partner proteins29, which 

are differentiated by an insertion that splits a central Fld beta sheet, we used this selection 

to investigate where a cyanobacterial Fld tolerates peptide insertions. We used this type 

of mutational lesion because we hypothesized that insertion tolerance would indicate the 

permissiveness of the protein fold to topological alterations or perturbations. By 

comparing peptide-insertion sensitivity profiles with structural models of Fld and Fld-

partner complexes, we show that the pattern of Fld peptide-insertion sensitivity correlates 
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with proximity to the cofactor binding site and predicted partner interfaces. These studies 

provide fundamental insight into the ways that Fld evolution could affect oxidoreductase 

interactions and implicate peptide-insertion profiling as a strategy to assess the quality of 

predicted oxidoreductase binding interfaces. They also identify new Fld-partner proteins 

that can be used as living electronic components for bioelectronics and synthetic 

biology41,47. 
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RESULTS 

Flavodoxins support ET to SIRs. In many microbes, sulfur assimilation from sulfite 

requires a three-component electron transport chain made up of an electron donor (FNR) 

that draws reducing equivalents from NADPH, a ferredoxin electron carrier, and a sulfite 

reductase (SIR) that catalyzes the six-electron reduction of sulfite to sulfide48,49. Because 

a prior bioinformatic study found that some cyanobacteria code for this pathway and 

Flds45, we sought to investigate whether Flds could support ET from FNR to SIR. To do 

this, we used an Escherichia coli strain (EW11) whose growth has been engineered to be 

dependent upon ferredoxin-mediated ET from FNR to SIR46. This strain represents a 

simple approach to assess whether Flds can support electron transfer between FNR to 

SIR that evolved to couple with ferredoxins. Since prior bioinformatics showed that 

Synechocystis sp. PCC6803 and Nostoc sp. PCC7120 each encode a single Fld, FNR, 

and SIR45, we first investigated whether Flds from these microbes (sFld1 and nFld, 

respectively) could support ET in this pathway (Figure 1a). These Flds, which exhibit 67% 

identity, were expressed using an anhydrotetracycline (aTc) inducible promoter (Figure 

S1a) within E. coli EW11 also expressing Zea mays FNR and SIR using constitutive 

promoters (Figure S1b)39. To identify optimal assay conditions, we evaluated the growth 

of cells expressing Mastigocladus laminosus ferredoxin and Z. mays FNR and SIR, which 

complements E. coli EW11 growth39. When using 96-well plates for this cellular assay, 

we found that it was critical to use high shaking speeds for robust growth 

complementation (Figure S1c-e). Under these conditions, Flds complemented cell growth 

after 48 hours (Figure 1b). In non-selective growth medium, Fld expression had no 

significant effect on cell growth (Figure S2). These results show that Flds can support 
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cellular ET from an FNR to a SIR in a synthetic pathway. Synechocystis Fld was chosen 

for all subsequent analysis because it presented robust complementation in our assay. 

Evaluating Fld mutation tolerance. Structural studies have shown that some Flds have 

evolved elongated structures to support interactions with partner oxidoreductases21. 

While rational design studies have shown that loop removal can disrupt partner binding29, 

there have been no studies examining how peptide insertion affects Fld ET. Also, data on 

the effect of insertions on Fld activity may be useful in guiding future engineering of Fld 

switches through domain insertion39. To test this idea, we characterized the effects of 

random peptide insertion on the ability of sFld1 to mediate ET from FNR to SIR. A 

combinatorial library was built by inserting the octapeptide SGRPGSLS at every 

backbone location, and the resulting library was selected for Fld-insertion variants that 

transfer electrons from FNR to SIR using growth complementation of E. coli EW11. This 

peptide was chosen because libraries containing this peptide are easy to generate50. To 

allow comparison of the ET activity of insertion variants with native Fld1, we created a 

plasmid for expressing sFld1 with synonymous mutations, designated sFld2. E. coli EW11 

expressing sFld1 and sFld2 presented similar growth complementation (Figure 1b). This 

observation indicates that the barcoded sFld2 could be embedded in our library selection 

to calibrate the activities of other Fld mutants.  

After building a library of plasmids that express different peptide-insertion variants 

(Figure S3), we analyzed the library sequence diversity. All of the variants were present 

in three different sequencing experiments (Figure S4a), with similar average abundances 

across all variants (Figure 2). To establish which Fld variants support cellular ET, we 

computed enrichment values for each variant using the Enrich2 workflow51 defined as the 
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log2(selected:naive ratio) relative to the parental sFld2. Analysis of the distribution of 

enrichment values revealed two major clusters of phenotypes, with some variants of 

intermediate enrichment (Figure 3b). A fit of this enrichment data to a three-component 

gaussian mixture model yielded mean values for the largest modes, -5.3 and -0.8, 

respectively. To determine which variants are non-functional, we evaluated the growth 

complementation of seventeen peptide-insertion variants (Table S1). As controls, we 

evaluated cells transformed with a vector that expresses native Fld and a vector that 

expresses an inactive protein electron carrier. This inactive protein was a ferredoxin 

mutant (Fd-C42A), which does not complement growth39,40. After 48 hours (Figure 3c), 

cells expressing individual peptide-insertion variants presented growth that corresponds 

with fitness scores. These results provide evidence that variants in the peak with low 

enrichment values are non-functional and that Fld variants with higher fitness scores 

support cellular ET. We posit that the bimodal trend in growth complementation arises 

because Fld is not rate limiting for growth in our assay until it loses a large fraction of its 

ET activity.  

We next created a Fld fitness profile where the enrichment scores were scaled 

from zero to one, where a value of one represents native Fld activity and a value of zero 

represents variants with fitness that cannot be distinguished from an empty vector (Figure 

4A). This profile shows which variants support ET from FNR to SIR. In total, five different 

Fld motifs tolerated peptide insertion without disrupting Fld-mediated ET from FNR to 

SIR, including residues spanning from 26 to 31, 39 to 44, 72 to 81, 122 to 138, and 164 

to 170. The motif spanning residues 122 to 138 represents the loop that is used to 

differentiate short- and long-chain Flds29. While most other insertion sites presented a 
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high sensitivity to peptide insertion, a handful of sites had intermediate fitness values, 

including those with peptide insertion after residues 3 to 5, 32, 37 to 38, 45-47, 71, 73, 

110-112, 121, 150, and 161. These findings show that peptide-insertion sensitivity varies 

with location in Fld primary structure.  

Mapping insertion sensitivity onto Fld structure. To investigate how our peptide 

insertion profile corresponds with the distribution of insertions observed in natural Flds, 

we evaluated where insertions appear in Fld homologs relative to each native position 

within Synechocystis Fld. To do this, we performed structural alignments of 

Synechocystis Fld against >2000 structures from three databases, including the PDB, 

AlphaFoldDB, and ESMfold. A heat map showing where insertions of different sizes are 

observed in this dataset reveals hot spots that correlate with the results of our selection 

(Figure 4B). Each of the Fld motifs with high octapeptide insertion tolerance in our 

selection (26 to 31, 39 to 44, 72 to 81, 122 to 138, and 164 to 170) presented high 

frequencies of peptide insertions in native Fld homologs. Some other regions, such as 

residues 85 to 110, display primarily small insertions in homologs, but do not tolerate 

octapeptide insertion in the selection. A comparison of the enrichments of the sFld 

insertion variants with log-frequencies of octapeptide insertions in our structural alignment 

yielded a Pearson correlation of 0.53 (Figure S5). Most sites with a high octapeptide 

insertion frequency in natural Flds also presented high insertion tolerance in our 

experiment. However, a subset of the sites with low frequencies of insertions in natural 

Flds displayed high insertion tolerance. This comparison shows that natural sequence 

variability predicts some but not all regions of peptide insertion tolerance in a cellular 

selection experiment.  
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To better understand the structural and functional features that influenced insertion 

sensitivity in our selection, we compared our results with a sFld1 structural model from 

AlphaFoldDB52. A structural alignment of this Fld with a homolog having 72% sequence 

identity, Synechococcus elongatus Fld53, yielded a root mean square deviation of 0.27 Å 

and revealed similar backbone and side chain conformations of residues at the flavin 

mononucleotide binding site (Figure S6). This finding indicated that the cofactor binding 

interface of sFld can be inferred from the crystal structure. When we evaluated how Fld 

structural features relate to insertion sensitivity, we found that high-fitness variants had 

insertions in backbone locations that are distal from the flavin mononucleotide (Figure 

5A). We observed a strong correlation (rs = 0.66, p < 10-4) between enrichment and 

sequence distance to residues that contact the flavin mononucleotide cofactor (Figure 

5B). These findings show that Fld is most sensitive to insertions near the flavin 

mononucleotide binding site. 

We next investigated how insertion sensitivity relates to secondary and tertiary 

structure. We calculated the number of insertion variants within each secondary structure 

that support ET (fitness > 0) versus do not support ET (fitness = 0). We observed 

differential insertion tolerance across secondary structure classes (Figure 5C), with 

similar proportions of functional variants resulting from peptide insertion in loops and 

helices and significantly fewer in beta sheets (p = 0.003), which are largely found within 

the core of the protein. We found that many of the enriched Fld variants with insertions in 

helices were near loops, so we also evaluated the enrichment of insertions in helices or 

sheets that were within two residues of a loop. Among the positions within helices that 

tolerated insertions, there was a significant enrichment of those proximal to loops (p = 
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0.04). While those positions within sheets that tolerated insertions were all near loops, 

this association was not statistically significant as there was a low number of enriched 

insertions in this secondary structure. We next evaluated the relationships between 

fitness and structural features proximal to the insertion site, including contact densities 

(Figure 6A-B) and residue depth (Figure 6C). We observed negative correlations between 

enrichment and intramolecular contact densities, defined as those residue-residue pairs 

within 8 Å (rs = -0.29, p = 10-4) and 14 Å (rs = -0.40, p < 10-4). We also observed a negative 

correlation with residue depth (rs = -0.20, p = 0.01). A comparison of fitness with 

crystallographic B factors (Figure 6D) from the structure of a homologous Fld revealed a 

positive correlation between enrichment and B factors (rs = 0.34, p < 10-4). These findings 

show that native positions that tolerate peptide insertion tend to be less buried, make 

fewer residue-residue contacts, and have higher B factors. 

To analyze how peptide-insertion sensitivity relates to partner oxidoreductase 

binding, we modeled the Fld-FNR and Fld-SIR complexes using AlphaFold-multimer54,55. 

We aligned Fld (PDB ID 1czl) and Z. mays FNR (PDB ID 1jb9) crystal structures to the 

predicted complex to obtain the orientations of the flavin mononucleotide and flavin 

adenine dinucleotide cofactors. To determine if the predicted conformation is compatible 

with fast intermolecular ET, we compared the cofactor orientation to that observed in 

cytochrome P450 reductases (Figure S8), proteins with fused Fld and FNR domains56. 

The predicted Fld-FNR binding mode recapitulated the side-to-side orientation of the 

cofactors observed in cytochrome P450 reductases with an interatomic distance of 2.4 Å, 

which is conducive to intermolecular ET. When we analyzed the association between 

peptide-insertion sensitivity and participation in the predicted Fld-FNR interface within the 
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modeled complex (Figure 7A), we found that positions making at least one contact with 

FNR were less likely to be enriched (p < 10-4) (Figure 7B). Most Fld variants with insertions 

at positions making contacts with FNR were non-functional. This finding suggests that the 

pattern of peptide-insertion sensitivity may contain information about the Fld regions that 

mediate FNR binding. 

A Fld-SIR structural model was also created using AlphaFold-multimer. To assess 

whether the predicted complex is compatible with efficient intercofactor ET, we aligned 

Fld (PDB ID 1czl) and Z. mays SIR (PDB ID 5h92) crystal structures with our Fld-SIR 

model (Figure S9). The intercofactor distance for the Fld-SIR complex was 8.3 Å, which 

is slightly lower than the intercofactor distance (~12 Å) observed in the crystal structure 

of SIR with its native ferredoxin partner48. A comparison of the intercofactor distances and 

orientations in the Fld-SIR and ferredoxin-SIR complexes is provided in Figure S10. This 

comparison shows that the Fld-SIR distance is ≤9Å, which is expected to be compatible 

with intermolecular ET like ferredoxin-SIR. We next analyzed the association between 

peptide-insertion sensitivity and participation in the Fld-SIR interface in the predicted 

complex (Figure 7C). As observed with the Fld-FNR complex, positions making at least 

one contact with FNR were less likely to be enriched (p = 0.009) (Figure 7D). Most 

variants having insertions at Fld locations making contacts with FNR were non-functional. 

This finding supports the idea that the pattern of insertion sensitivity may contain 

information about the Fld regions that bind both partner oxidoreductases. 

To better understand the relative importance of the observed correlations, logistic 

regression was used to analyze the correlations between Fld structural features and 

peptide-insertion tolerance. This analysis revealed that highly enriched insertion mutants 
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could be distinguished from unenriched mutants based on long-range contact density and 

sequence distance to contacts with flavin mononucleotide with an area under the receiver 

operating characteristic of 0.94 (Figure S11). As these features describe general trends 

based on the wild-type structure, it is likely that other biophysical parameters also 

influenced the fitness of each mutant. As many of the Fld residues proximal to the flavin 

mononucleotide also participate in SIR and FNR binding, the correlation with sequence 

distance to the cofactor may also reflect the importance of FNR and SIR interactions.  
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DISCUSSION 

Our results herein extend the list of Fld-partner oxidoreductases to include SIRs. 

They also show the utility of synthetic ET pathways for rapidly assessing the coupling of 

protein electron carriers with different partner oxidoreductases32. The finding that 

cyanobacterial Flds can mediate ET from plant FNR to SIR implicates a role for this three-

component ET pathway in microbes whose genomes encode all three of these 

oxidoreductases, although further studies will be required to directly demonstrate a role 

for Flds in mediating ET between FNR and SIR in nature. Prior bioinformatic analysis 

revealed that a majority of the microbes containing FNR, Flds and ferredoxin-dependent 

SIR are marine cyanobacteria, such as Prochlorococcus and Synechocystis45. In the 

future, one way to quickly test ET between these proteins will be to assess whether 

cyanobacterial FNR, Fld, and SIR from the same organisms can support growth 

complementation in the cellular assay described herein.  

The finding that insertion sensitivity depends on proximity to cofactor and partner 

binding interfaces illustrates how peptide-insertion tolerance could be used to corroborate 

predicted binding interfaces generated by models like AlphaFold-multimer54,55. Peptide-

insertion sensitivity correlated strongly with two structural parameters, the density of 

intramolecular contacts and the proximity to cofactor. Prior studies have probed protein 

structure by inserting peptides with a range of lengths57–61. These studies found that 

peptide insertion can provide insight into molecular interactions57, conditional phenotypes 

for genetic studies58, and sites compatible with the insertion of affinity tags59. A major 

limitation of these prior studies is the use of transposon mutagenesis to generate 

sequence diversity, which results in non-uniform variant abundances within naive 
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libraries62. Our study leveraged a recently described algorithm for domain insertion to 

create more uniform libraries63, which enabled us to create a comprehensive fitness map. 

By scoring the effects of peptide insertion on cellular function, we observed strong 

correlations between insertion sensitivity and intramolecular and intermolecular 

interactions. Further studies will be required to establish the mechanisms by which 

different sequence changes affect function, e.g., direct measurements of folding, cofactor 

binding, electrochemical midpoint potential, and partner-binding.  

Insertions and deletions contribute to protein evolution, but it remains unclear how 

structural and functional features constrain changes in sequence length64. Similar to a 

prior study that examined protein tolerance to single amino acid insertions65, we found 

that octapeptide insertion tolerance correlates with the secondary structure targeted by 

insertion, with loop tolerance being greater than that of helices and helices having a 

greater tolerance than beta strands. Because our analysis was focused on a single 

protein fold, we cannot conclude whether the observed sensitivity to insertions is intrinsic 

to beta strands or due to the location of the Fld beta sheets, which are mostly buried. Past 

studies of Fld folding pathways have shown that the beta sheets are important 

components of the folding nucleus, which may contribute to their sensitivity to insertions66. 

Our study extends these findings by revealing correlations between insertion tolerance 

and proximity to cofactor and partner protein binding sites in an oxidoreductase. The 

former correlation is similar to that reported in a recent study of peptide-insertion tolerance 

within the membrane protein wire MtrA61. Interestingly, many of the regions that tolerate 

insertion in the Synechocystis Fld correspond with insertions of varying lengths observed 

across >103 Fld homologs. In general, positions that tolerate larger insertions in nature 
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are a subset of the positions that tolerate smaller insertions. This trend extends to large 

insertions over 10 residues, which include elements that can present defined tertiary 

structures (data not shown), suggesting that the empirical peptide insertion profile for sFld 

will guide further engineering efforts. Taken together, our results support the idea that 

tolerance to insertion is constrained by features of both the protein fold and functional 

motifs, requiring consideration of non-local intramolecular interactions and intermolecular 

interactions.  

Our results illustrate how insertional mutagenesis can be used to probe how 

different protein features constrain their evolution through elongation67. It is unclear how 

the identity of the protein homolog targeted for random peptide insertion will affect 

insertion tolerance, as well as the partner oxidoreductases used to select for coupling. 

Prior studies varying the stability of the protein homolog targeted for mutagenesis have 

revealed that sensitivity to mutational lesions decreases as the targeted protein increases 

in thermostability68–70. Peptide insertion profiles created with multiple homologs will be 

useful for establishing how topology, stability, and local energetics govern mutational 

tolerance71. Also, it will be interesting to use this approach with peptides of varying 

sequences and lengths to generate larger data sets as a means to develop rules for 

domain insertion72. Emerging machine learning approaches can be applied to these data 

sets in tandem with metagenomic data to predict design rules for elongated proteins73,74. 

Such rules will be critical for rationally inserting larger polypeptides as a means to create 

protein switches for synthetic biology75, such as polypeptides encoding ligand-binding 

domains. The creation of such allosteric switches within protein electron carriers is 
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needed to dynamically regulate electron flow in living sensors created for metabolic flux 

control and sensing applications39,41.  
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METHODS 

Materials. Chemicals were from VWR, MilliporeSigma, Fisher, Apex Biosciences, 

Research Products International, or BD Biosciences. Enzymes and molecular biology kits 

were from Zymo Research, Qiagen, and New England Biolabs.  

Strains. E. coli XL1-Blue (Agilent, Inc) and Turbo Competent E. coli (New England 

Biolabs) were used for plasmid construction, E. cloni 10G (Lucigen) was used for library 

construction, and E. coli EW11 was used for growth complementation46. For molecular 

biology, cells were grown at 37 °C while shaking at 250 rpm in lysogeny broth (LB) pH 7. 

Cells were transformed using electroporation (1 pulse, ~5 ms, 1.8 kV, 1 mm gap 

electroporation cuvette). Following transformation, cells were allowed to recover in super 

optimal broth (SOB) pH 7 for 1 hour at 37 °C, which contained 5 g/L yeast extract, 20 g/L 

tryptone, 10 mM sodium chloride, 2 mM potassium chloride, and 20 mM magnesium 

sulfate. 

Plasmids. Table S2 lists the plasmids used in this study. Zea mays FNR and SIR were 

constitutively expressed using pSAC0139. The control vectors expressing Mastigocladus 

laminosus ferredoxin (pFd007) and an inactive C42A mutant of this ferredoxin 39,40. 

Plasmids for expressing sFld1 and nFld under control of aTc-inducible promoter (pAG034 

and pAG036, respectively) were created by PCR amplifying commercially synthesized 

genes (Integrated DNA Technologies, Inc.) and cloning them into pFd00739, which 

contains a ColE1 origin, chloramphenicol resistance gene, and a synthetic translation 

initiation region. A plasmid for expressing sFld2, which encoded sFld1 with a barcode, 

was created with synonymous mutations in the codons for residues 30 and 31 

(designated pAT001); these codons were mutated from AGTGTG to TCCGTT. To create 
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plasmids for assessing the growth complementation of individual peptide-insertion 

mutants, pAG034 was PCR amplified using primers that code for insertion and 

circularized using Golden Gate76. Mutant plasmids were also isolated from the naive 

peptide-insertion library. All plasmids were sequence verified. 

Growth complementation. ET from FNR to SIR was evaluated using growth 

complementation of E. coli EW11 as previously described46. To perform growth 

complementation, cells were transformed with pSAC0139 and plasmids expressing 

protein electron carriers. Individual colonies were grown in a modified m9 minimal 

medium (m9c) that includes both sulfur-containing amino acids (80 mg/L each), as well 

as sodium phosphate heptahydrate, dibasic (6.8 g/L), potassium phosphate, monobasic 

(3 g/L), sodium chloride (0.5 g/L), 2% glucose, ammonium chloride (1 g/L), calcium 

chloride (11 mg/L), magnesium sulfate (0.24 g/L), ferric citrate (0.12 g/L), p-aminobenzoic 

acid (2 mg/L), inositol (20 mg/L), adenine (5 mg/L), uracil (20 mg/L), tryptophan (40 mg/L), 

tyrosine (1.2 mg/L), and the remaining 16 amino acids (80 mg/L each). To evaluate 

complementation, cells were transferred to a m9 minimal medium that is selective (m9sa). 

This medium is identical to m9c other than the lack of sulfur-containing amino acids, with 

magnesium sulfate (0.24 mg/L) as the only S source. 

Library synthesis. The peptide-insertion library was created as described previously50. 

In brief, the sFld1 gene was computationally fragmented into four tiles, and variants of 

each tile were created that contained an 8-codon insertion between every codon in the 

tile. Tile sequences, as well as primer sequences for cloning, were generated and 

synthesized by Twist Biosciences and Integrated DNA Technologies, respectively. Each 

tile was PCR amplified using Q5 DNA polymerase, the amplicons were gel purified, and 
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Golden Gate cloning with BsmBI was used to insert each tile into pAG034, a vector with 

a chloramphenicol resistance marker that expresses sFld1 under the control of an aTc-

inducible promoter. Each vector ensemble was transformed into E. cloni 10G and plated 

on LB-agar medium containing chloramphenicol (34 ng/mL). After overnight incubation at 

37 °C, colony forming units (CFU) were quantified. Each vector ensemble, which 

contained ~50 variants, yielded ≥3600 CFU. Assuming that ~50% of the synthesized oligo 

library sequences contain errors and sampling replacement, this colony count indicates 

that >99% of our variants were sampled at this step77. To generate the naive library, 

colonies were harvested from plates, pooled, and purified using a miniprep kit (Qiagen, 

Inc.). Library sequence diversity was evaluated using AmpliconEZ sequencing (Genewiz, 

Inc.). 

Library Selection. Electrocompetent E. coli EW11 containing pSAC01 were transformed 

by electroporation with a mixture of the naive library (22.3 fmols) and the barcoded sFld2 

vector pAT001 (1.2 fmols). Following transformation, cells were grown in SOB while 

shaking at 250 rpm for 1 hour at 37 °C. The culture was split into three equal volumes, 

which were plated on LB-agar medium containing chloramphenicol and streptomycin, 34 

ng/mL and 100 ng/mL, respectively. Plates were incubated overnight at 37 °C, and CFU 

were visually counted (29,500 CFU). To prepare glycerol stocks of resulting transformants 

for this unselected library, plates were scraped, and a cell pellet was obtained by 

centrifugation for 5 minutes at 4000g. The cells were washed twice by resuspending the 

pellet in 50% glycerol followed by centrifugation. Washed cells were resuspended in 50% 

glycerol, divided into aliquots, and stored at -80 °C. Prior to use, the CFU/mL of the cell 

library was calculated by plating serial dilutions of library stock on LB-agar plates 
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containing 34 ng/mL chloramphenicol and 100 ng/mL streptomycin. To select the library 

for Flds that mediate ET from FNR to SIR, E. coli EW11 transformed with the library (5 x 

106 CFUs) was used to inoculate three flasks of m9sa medium (30 mL) containing 34 

ng/mL chloramphenicol, 100 ng/mL streptomycin, and 100 ng/mL anhydrotetracycline. 

The number of CFUs used to inoculate the media was calculated by counting colonies on 

LB-agar medium containing antibiotics following serial dilutions of the inoculum. The 

m9sa cultures were then incubated at 37°C while shaking at 300 rpm. After 48 hours, the 

selected cultures grew to 3.12 x 108, 9.8 x 108, and 3.6 x 108 CFU/mL. Plasmids were 

isolated from the inoculum and the m9sa cultures following selection using a miniprep kit 

(Qiagen, Inc.). 

Sequencing. Prior to deep sequencing, each half of the Fld gene in the naive, 

transformed, and selected libraries was PCR amplified using Q5 DNA polymerase. This 

PCR amplification added unique sequencing adaptors to the ends of each amplicon 

(Table S3). To sequence the first half of the Fld gene, adaptors were used that added 42 

base pairs prior to the start codon and after base pair 297 in the coding sequence. To 

sequence the second half, adaptors were added prior to base pair 188 of the coding 

sequence and after a location 39 base pairs following the stop codon. All of these 

amplicons were sequenced using the Genewiz AmpliconEZ service. Individual plasmids 

were sequence verified using Sanger sequencing (Genewiz, Inc.). Raw sequence reads, 

frequency values, and statistical analysis are provided as Supplementary Data. For each 

naive library sequencing experiment (n = 3), the coefficient of variance (CV) for all variants 

in a sequencing run was calculated. The CVs for each naive library experiment varied 

from 0.34 to 0.43. We transformed this library into E. coli EW11 with sFld2 and analyzed 
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the average sequence diversity before and after selection using three different 

measurements (Figure S4b-c). Following transformation into this strain, a narrow range 

of CVs (0.41 to 0.48) was observed for the variant frequencies. The average mutant 

frequencies in the naive and unselected libraries presented a linear correlation with an R2 

= 0.82 (Figure S12). With the selected libraries, a larger range of CVs (1.36 to 1.42) was 

observed within each sequencing run. Taken together, these results show that the 

sequence diversity in our library was not affected by transformation into E. coli EW11, 

while the selection for growth complementation enriched a subset of variants.  

Peptide-insertion profile. The paired reads representing the forward and reverse 

sequencing data were merged using the BBmerge.sh script78. Sequencing reads that 

were unable to be merged were not used in calculations of enrichment. In cases where 

>90% of reads were unmergeable, the full data set was not used for enrichment 

calculations. To identify sequences containing an inserted peptide, we used a previously 

described Python script (github.com/SavageLab/dipseq) developed for domain insertion 

analysis79. To eliminate sequences that contained out-of-frame insertions and to graph 

the abundances of each unique in-frame insertion variant, we used a python script 

(https://github.com/SilbergLabRice/dipseqplotter). Variant counts were then used to 

calculate enrichment scores relative to sFld2 using the Enrich2 method51. Only the first 

naïve technical replicate was used for calculating enrichment values, as the other two 

replicates had much lower sequencing depth, though similar frequencies were observed 

for each variant across the technical replicates. When mutants had an enrichment score 

below –3.87, they were designated inactive. This threshold was obtained by fitting a 

gaussian mixture model to the distribution of log-enrichment scores. All variants <5 

 1469896x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4746 by N

ew
 A

arhus U
niversity, W

iley O
nline Library on [21/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



 

 

standard deviations higher than the mean of the low enrichment peak (mean = -5.3) were 

designated as non-functional. Using this scoring, fitness scores ranging from 0 to 1 were 

assigned, where 1 represents the parental Fld enrichment and 0 represents Fld variants 

that do not present cellular ET.  

Structural modeling. A model of the sFld1 (IsiB) structure from AlphaFoldDB (entry 

P27319) was used for structural analysis of free sFld152. All residues except the first and 

last two residues had confidence metrics (pLDDTs) above 90, and the lowest pLDDT was 

>70. These high values led us to use all modeled positions for further analysis. The sFld1 

exhibits 72% identity to Synechococcus elongatus IsiB, a structurally characterized 

homolog, protein database (PDB) ID 1czl53, enabling identification of residues at the 

conserved flavin mononucleotide binding site. AlphaFold-multimer was used to model the 

Fld-FNR or Fld-SIR complexes54,55. Target sequences were obtained from Uniprot for the 

sFld1 IsiB (P27319), Z. mays chloroplastic SIR (O23813) and Z. mays root FNR 

(Q41736). To mirror the partner-protein sequences used in our cellular assay, the N-

terminal ten residues of the FNR were omitted and a glycine residue was added between 

Met11 and Ser1246. Also, the N-terminal chloroplast localization sequence was omitted 

when modeling SIR. To obtain models for the Fld-FNR and Fld-SIR complexes, we used 

the ColabFold80 (version 1.5.2) implementation of AlphaFold-multimer (version 2.3.0). 

The multiple sequence alignments of Fld, FNR, and SIR homologs that were required for 

AlphaFold analysis were obtained automatically from ColabFoldDB80 using the 

mmSEQs2 webserver81,82. One random seed and six recycles were used for the Fld-FNR 

complex. Sixteen seeds and six recycles were used for the Fld-SIR complex. According 

to the default behavior of AlphaFold/ColabFold, sequences from the same organism were 
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paired in the multiple sequence alignment, and unpaired sequences were also included. 

Templates were included from the PDB70 version 13Mar2283,84. Cofactors were placed 

in each predicted structure by backbone alignment with structures of Fld PDB ID 1czl53, 

SIR PDB ID 5h9248, and FNR PDB ID 1jb985.  

The confidence metrics for each AlphaFold protein complex prediction are 

provided in Table S4. For the Fld-FNR complex, the predicted binding mode had a 

predicted template modeling (pTM) score of 0.92 and interface pTM of 0.87. Predicted 

aligned error (PAE) and predicted local-distance difference test (pLDDT) plots are 

included in Figure S10. We note that the correspondence in cofactor geometry with 

cytochrome P450 reductases did not arise from the use of templates, as AlphaFold-

multimer does not use template information for predicting relative orientations of separate 

proteins55. The intercofactor distances and orientations of the Fld and FNR in this binding 

mode are similar to those for a pair of homologues using conventional docking 

approaches86. 

For the Fld-SIR complex, a single binding mode was predicted with a pTM score 

of 0.94 and interface pTM (ipTM) of 0.87. Given the high multiple sequence alignment 

depth, this uncertainty is thought to arise from the shallow, smooth, and highly-charged 

interface of the Z. mays SIR, which is compatible with multiple binding conformations. 

Ensemble binding has been observed with the Z. mays SIR and its native ferredoxin 

partner, which binds in at least three conformations that primarily vary by rigid-body 

rotation along the inter-cofactor axis48. 

Structural calculations. To quantify intramolecular contact density, residue-residue 

interactions were identified using distance cutoffs of 8 and 14 Å, which are commonly 

 1469896x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4746 by N

ew
 A

arhus U
niversity, W

iley O
nline Library on [21/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



 

 

used to consider medium-range contacts alone and medium-range and long-range 

contacts together87,88. Intermolecular contacts were considered separately to identify 

residues at the predicted interfaces with FNR and SIR. Residue depth was calculated 

using the MSMS package as the average depth over all atoms in a residue89. Local 

flexibility was inferred from the Cα B factors from a related Fld crystal structure53.  

Structural alignments. To generate a profile of insertions observed in homologous Flds, 

we analyzed Fld structures in the PDB and predicted by AlphaFold and ESMfold90. As 

tertiary structure is more conserved than primary structure91, structural homology 

searches can be more sensitive than sequence-based searches since they directly 

compare the proximity of aligned residues in space. We performed a structural homology 

search for the Synechocystis Fld structure from AlphaFoldDB against all structures in the 

PDB as well as clustered versions of AlphaFoldDB and the Mgnify ESM database using 

the Foldseek webserver90,92,93. Foldseek encodes protein structure in a sequence 

representation, which enables very fast alignment using MMseqs, followed by local 

sequence alignment using the Gotoh-Smith-Waterman algorithm. This approach enabled 

comparison of large numbers of Fld homologs from structure databases. Targets that 

were less than 120 residues in length, aligned to less than 120 residues of the 

Synechocystis Fld, or had bit-score probabilities less than 0.99 were omitted. As the PDB 

contains many redundant structures, e.g., point mutants, only a single structure from each 

taxonomic identifier was used. PDB structures lacking taxonomic identifiers were also 

omitted. In total, this yielded a dataset comprising 2417 alignments. This dataset included 

both short and long flavodoxins (Figure S13A), as well as Flds that are fused to other 

domains. The insertion length distribution follows an exponential-like or Zipfian 
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distribution (Figure S13B), as observed in previous bioinformatic studies across protein 

families94–96. From these alignments, insertions were identified by gaps in the 

Synechocystis Fld sequence, and insertion length was counted as the length of a gap 

following the last aligned residue. Deletions were not considered. Insertion frequency was 

calculated by dividing the number of insertions observed at a position in the alignment by 

the coverage (number of sequences in the alignment) at that position (Figure S13C). 

Because this approach does not infer phylogenetic relationships, insertions identified 

represent apparent differences in structure rather than evolutionary events. 

Statistics. Growth complementation data, which are plotted as mean and standard 

deviation of three biological replicates, were analyzed by Dunnett’s test versus cells 

expressing the inactive ferredoxin or by two-tailed Welch’s t-test. Library selection data is 

presented as the mean and standard deviation of three biological (selective library) or 

technical (naive and non-selected library) replicates. A three-component gaussian 

mixture model was fit to the enrichment data using the Scikit-learn library version 1.2.2 

for Python.97 To quantify associations between enrichment classification and secondary 

structure class and participation in the predicted interfaces with FNR and SIR, we used 

Fisher's exact test implemented in scipy version 1.10.1. The scipy package was also used 

to compute Spearman correlations between structural features and enrichment values, 

and two-sided p values were calculated using the permutation test with 100000 

resamples. To analyze the correlations between structural features and peptide insertion 

tolerance, logistic regression was performed. This analysis used the statsmodels library 

version 0.13.5 for Python. As many of the structural features (i.e., SASA, residue depth, 

contact density) were highly correlated, only features with Pearson and Spearman 
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correlation coefficients less than 0.4 were considered. When several metrics were 

correlated, the metric with the highest Pearson correlation with enrichment was chosen 

to be included in the regression analysis. This process of elimination narrowed the 

features to contact density and sequence distance to flavin mononucleotide. Only 

insertion variants that were classified as highly enriched (WT-like fitness) or unenriched 

based on the gaussian mixture model were included in the regression, as those variants 

with intermediate fitness enrichment were expected to be determined by more subtle 

biophysical factors. Table S5 shows validation statistics and regression coefficients for 

the logistic regression model.  
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SUPPLEMENTAL MATERIAL  
 
Supplemental Figures S1-S13 and Tables S1-S5 are provided as a single PDF file. Also, 

sequencing counts and frequencies are provided as a single XLSX file. 
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FIGURE LEGENDS 

Figure 1. Flds transfer electrons from FNR to SIR. (A) The three-component ET 

pathway tested for growth complementation in E. coli EW11. (B) Nostoc PCC7120 Fld 

(nFld) and Synechocystis PCC6803 Fld (sFld1) both complement the growth of E. coli 

EW11 after 48 hours at 37°C when the inducer anhydrotetracycline (aTc) is added to 

growth medium having sulfate as the only sulfur source. As a positive control, we 

evaluated complementation when cells expressed Mastigocladus laminosus ferredoxin 

(Fd), which has been shown to couple with FNR and SIR. As a negative control, we 

evaluated complementation using a C42A mutant of this ferredoxin, which cannot 

coordinate an iron-sulfur cluster. Cells expressing Fd, nFld, sFld1, and a Fld from 

Synechocystis PCC6803 containing silent mutations in codons 30 and 31 (sFld2) all 

present significantly higher growth than this control (p < 0.01, Dunnett’s test). Error bars 

represent the standard deviation from three biological replicates. ***p < 0.001, **0.001 < 

p < 0.01. 

Figure 2. Relative abundances of each peptide-insertion variant. (A) A vector library 

was built to have codons encoding an octapeptide inserted after each codon. Deep 

sequencing was used to quantify the relative abundances of each Fld variant in the (B) 

naive, (C) transformed, and (D) selected libraries. For the naive library, the bars represent 

the mean counts of each insertion variant from three technical replicates, while the 

selected library represents mean counts from three biological replicates.  

Figure 3. Peptide-insertion profile calculated from sequencing data. (A) The relative 

enrichment of each insertion variant is mapped onto primary structure and compared with 

predicted secondary structure (top), contacts with flavin mononucleotide (FMN), and 
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intermolecular contacts made with the donor (FNR) and acceptor (SIR) partners. Pairs of 

residues were considered contacting if any constituent heavy atoms were within 8 Å. (B) 

The distribution of enrichment values fitted to a gaussian mixture model. Mutants with 

enrichments within five standard deviations of the low enrichment peak (blue) were 

designated depleted, i.e., those with scores less than -3.87, while all others having greater 

values were designated as enriched. (C) Comparison of growth complementation of 

individual Fld variants after 48 hours with calculated enrichment values. OD bars 

represent standard deviation from three biological replicates, while enrichment error bars 

represent two standard errors calculated using Enrich2. Dashed lines indicate the 

enrichment value and growth complementation of the sFld2 positive control. 

Figure 4. Insertion variant fitness comparison. (A) A fitness profile that scales the 

cellular activity of each insertion variant to that of native Fld, which we designate as having 

a fitness value of 1. The profile is compared with secondary structure (top), contacts with 

the flavin mononucleotide (FMN), and intermolecular contacts made with the donor (FNR) 

and acceptor (SIR) partners. (B) Insertions observed in homologous Flds relative to 

Synechocystis Fld. The frequencies of insertions having lengths of one to ten amino acids 

and greater than 10 amino acids are shown. 

Figure 5. Insertion tolerance correlates with loop proximity and cofactor distance. 

(A) The Synechocystis Fld structure predicted by AlphaFold is colored by enrichment 

values obtained from the selection. The flavin mononucleotide cofactor was placed by 

backbone alignment with the crystal structure 1czl. (B) The relative enrichments of each 

variant plotted against the minimum sequence distance from the insertion to a Fld residue 

that interacts with the flavin mononucleotide. (C) The relative abundances of enriched 
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and depleted variants sorted by secondary structure location. Diagonal lines indicate 

variants having a peptide inserted within two residues of a loop. 

Figure 6. Residues with more intramolecular contacts or greater burial generally 

have lower insertion tolerance. Relationships between insertion tolerance and residue-

residue contact densities at (A) 8 Å and (B) 14 Å, as well as (C) residue depth and (D) B 

factors from the crystal structure of S. elongatus Fld (PDB ID 1czl). 

Figure 7. Positions at the predicted interfaces with partner oxidoreductases do not 

tolerate insertions. (A) Binding mode predicted for the Fld-FNR complex. This binding 

mode recapitulates the interflavin geometry observed among cytochrome reductases. (B) 

Enrichment values for Fld insertion variants plotted against numbers of intermolecular 

residue-residue contacts with FNR at 8 Å. (C) The predicted binding mode for the Fld-

SIR complex. (D) Enrichment values for Fld insertion variants plotted against numbers of 

intermolecular residue-residue contacts with SIR at 8 Å. For both complexes, contacts 

were counted for the residue preceding the backbone insertion site. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4  
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Figure 5 
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Figure 6 
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Figure 7 
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