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Abstract 14 
 15 
A fundamental goal in evolutionary biology and population genetics is to understand 16 

how selection shapes the fate of new mutations. Here we test the null hypothesis that 17 

insertion-deletion events (indels) in protein coding regions occur randomly with respect 18 

to secondary structures. We identified indels across 11,444 sequence alignments in 19 

mouse, rat, human, chimp, and dog genomes, then quantified their overlap with four 20 

different types of secondary structure – alpha helices, beta strands, protein bends, and 21 

protein turns – predicted by deep-learning methods of AlphaFold2. Indels overlapped 22 

secondary structures 54% as much as expected, and were especially under-23 

represented over beta strands, which tend to form internal, stable regions of proteins. In 24 

contrast, indels were enriched by 155% over regions without any predicted secondary 25 

structures. These skews were stronger in the rodent lineages compared to the primate 26 

lineages, consistent with population genetic theory predicting that natural selection will 27 

be more efficient in species with larger effective population sizes. Nonsynonymous 28 

substitutions were also less common in regions of protein secondary structure, although 29 

not as strongly reduced as in indels. In a complementary analysis of thousands of 30 

human genomes, we showed that indels overlapping secondary structure segregated at 31 

significantly lower frequency than indels outside of secondary structure. Taken together, 32 

our study shows that indels are selected against if they overlap secondary structure, 33 

presumably because they disrupt the tertiary structure and function of a protein.  34 
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 38 

Significance 39 

How do insertion-deletion mutations, which occur when short stretches of amino acids 40 

are either added or deleted from a protein, accumulate in genomes? Here we show that 41 

insertion-deletion events are less common in regions of proteins that are predicted to 42 

form secondary structures. We present multiple lines of evidence to show that this is 43 

most likely caused by selection against insertion-deletion events that disrupt secondary 44 

structure, and therefore the overall function of a protein.  45 

  46 



Introduction 47 

Understanding the fate of new mutations is critical to defining the evolutionary 48 

processes that shape biological diversity. At the level of single nucleotides, a rich body 49 

of theory has been developed to infer whether mutations are neutral, deleterious, or 50 

beneficial (Nielsen & Slatkin 2013; reviewed by Hedrick 2005; Hartl & Clark 2007). 51 

Understanding the selective impact of insertion-deletion events (indels), which can 52 

extend many nucleotides, has proven to be much more complicated.  53 

Previous studies investigating the functional impact of indels generally fall into 54 

two categories (Savino et al. 2022). First, protein engineering studies have shown that 55 

indels can impact a protein’s function, especially if they overlap important secondary 56 

structures (Simm et al. 2007; Arpino et al. 2014; Tóth-Petróczy & Tawfik 2014; Gavrilov 57 

et al. 2015; Grocholski et al. 2015; Liu et al. 2015, 2016; Jackson et al. 2017; Gavrilov 58 

et al. 2018; Halliwell et al. 2018; Gonzalez et al. 2019; Woods et al. 2023). For example, 59 

Liu et al. (2016) found that experimentally deleting amino acids in beta strands and 60 

alpha helices of Green Fluorescent Protein tended to reduce fluorescence, while 61 

deletions outside such regions were relatively neutral.  62 

Second, evolutionary and population genetic studies have suggested that indels 63 

are relatively deleterious if they are long (Pascarella & Argos 1992; Taylor et al. 2004; 64 

Tao et al. 2007; Hsing & Cherkasov 2008; Kim & Guo 2010; Mills et al. 2011; Rockah-65 

Shmuel et al. 2013; Lek et al. 2016; Zhang et al. 2018), cause frame-shifts (Chen & Guo 66 

2021; Montgomery et al. 2013; Chong et al. 2013; Iengar 2012; Bermejo-Das-Neves et 67 

al. 2014), occur internally in the protein (Lin et al. 2017), alter flanking amino acids 68 

(Zhang et al. 2011), or fall outside of disordered regions (Taylor et al. 2004; Bermejo-69 



Das-Neves et al. 2014; Khan et al. 2015; Light, Sagit, Ekman, et al. 2013; Light, Sagit, 70 

Sachenkova, et al. 2013). Protein families with indels tend to diverge in their structure 71 

and function relative to protein families without indels (Gavrilov et al. 2018, 2015; 72 

Banerjee et al. 2019; Zhang et al. 2018, 2010; Jayaraman et al. 2022; Hormozdiari et al. 73 

2009; Salari et al. 2008), suggesting indels can be an important source of evolutionary 74 

novelty. Indeed, one study estimated that >70% of indels that have reached fixation 75 

have done so through positive selection (Barton & Zeng 2019).  76 

Two important evolutionary studies identified orthologs across species and then 77 

overlapped inferred indels with experimentally determined protein structures in the 78 

Protein Data Bank (PDB, Berman et al. 2000). Following the publication of the human, 79 

mouse and rat genomes, Taylor et al. (2004) identified 52 orthologous protein-coding 80 

genes that had an indel and a protein structure. Of these 52 indels, 31.5% of their 81 

sequence overlapped secondary structure of any kind, compared to 52.5% expected. A 82 

few years later, de la Chaux et al. (2007) analyzed the distribution of 343 protein-coding 83 

indels identified from human-chimp-rhesus orthologs that also occurred in the PDB. 84 

They found a deficiency of indels that overlapped alpha helices, but no difference in 85 

indels that overlapped beta strands. 86 

As impactful as these studies were, they may not paint a full picture of the 87 

functional consequences of indel variation. The set of genes that could be studied was 88 

small, mostly limited by structural protein data or annotated Pfam domains. Pfam 89 

domains do not necessarily correlate with 3D structure and the PDB represents a 90 

biased set of proteins (or protein regions) that are amenable to the experimental 91 

approaches required for structural proteomics, such as their ability to be crystallized. 92 



The relatively biased set of proteins for which we have structural data thus limits a 93 

systematic analysis across full genomes. For example, one study of duplicated genes 94 

could not analyze full-length proteins because of divergence between aligned gene 95 

sequences and proteins represented in the PDB (Guo et al. 2012). However, the recent 96 

release of AlphaFold2 – a deep-learning project that accurately predicts the 3D 97 

structure of a protein from its amino acid sequence (Jumper et al. 2021; Varadi et al. 98 

2022) – provides a unique opportunity to systematically study indels across full proteins 99 

and whole genomes.  100 

Here we combine genome-wide predictions of AlphaFold2 with evolutionary and 101 

population genetic methods to ask whether indels occur randomly with respect to 102 

secondary structure, providing the most comprehensive evolutionary investigation into 103 

the fate of indels in protein coding regions. We report four main results: 1) 97,382 indels 104 

identified from 11,444 five-species alignments in the tree (dog, ((mouse, rat), (human, 105 

chimp)) overlapped secondary structures 54% as often as expected, but were 155% 106 

more common than expected in regions with no predicted secondary structures, 2) 107 

indels that overlapped beta strands and occurred internally in a protein were especially 108 

rare, consistent with the known importance of these regions in overall protein structure, 109 

3) skews in observed vs. expected were stronger in the rodent lineages compared to 110 

the primate lineages, consistent with theory predicting more efficient selection in rodents 111 

given their larger effective population sizes, and 4) within human populations, indels that 112 

overlapped secondary structures occurred at significantly lower frequency compared to 113 

indels outside of secondary structures. Taken together, our results indicate selection 114 

acts against indels when they arise over structurally important regions of proteins, 115 



presumably because they can disrupt overall structure and therefore the function of a 116 

protein. 117 

  118 

Materials and Methods 119 

Interspecific insertion-deletion (indel) events. We downloaded protein sequences 120 

from all protein-coding genes identified as one-to-one orthologs between mouse, rat, 121 

human, chimp, and dog from Ensembl version 107 (ensembl.org). In the case of 122 

alternative transcripts, we chose the longest translated transcript to represent the gene. 123 

11,444 genes had one-to-one orthologs across all five species.  124 

We aligned proteins using GUIDANCE (Penn, Privman, Landan, et al. 2010; Penn, 125 

Privman, Ashkenazy, et al. 2010; Privman et al. 2012; Levy Karin et al. 2014). This 126 

approach estimates per-site alignment confidence by calculating its consistency across 127 

different starting guide trees, allowing us to incorporate a measure of confidence in 128 

downstream analyses. Importantly, we could use GUIDANCE scores to estimate error in 129 

indel placement and identify indels that were confidently placed. In each GUIDANCE 130 

iteration, we aligned protein sequences with MAFFT (Katoh et al. 2002). We ran MAFFT 131 

under the recommended default parameters; in the case of indels the most important 132 

default parameters were the gap opening penalty (default=1.53) and gap offset value 133 

(similar to gap extension penalty, default=0.123). We then identified all indels as gaps 134 

from all 11,444 alignments (Fig. 1).   135 

Our analyses could be impacted by sequencing errors or annotation errors that 136 

result in spurious inclusion or exclusion of amino acids from certain genes, or by 137 

alignment errors (Chowdhury & Garai 2017; Fitch & Smith 1983). Therefore, we 138 



repeated all downstream analyses after subsetting indels in four different ways: 1) 139 

INTERNAL: any indels that reached the beginning or ends of alignments were excluded, 140 

as visual inspection indicated these were noisy regions of alignment that could be 141 

related to incomplete annotation of full length genes, 2) GU94_PA100_GD40: 142 

INTERNAL indels whose flanking five positions on both 5' and 3' ends (10 flanking 143 

positions total) had an average GUIDANCE confidence score of at least 0.94 (median 144 

observed), contained no overlapping indels, and had an average Grantham distance 145 

(Grantham 1974) of less than 40 (median observed), where Grantham distance was 146 

calculated using the R package AGVGD (https://CRAN.R-project.org/package=agvgd). 147 

This subset was meant to enrich for well-anchored indels and avoid problems 148 

distinguishing gaps in alignment due to protein divergence, versus gaps in alignment to 149 

insertion-deletion events (Salari et al. 2008; Jilani et al. 2022; Snir & Pachter 2006), 3)  150 

LENGTH_LTE20: INTERNAL indels that were less than or equal to 20 amino acids long 151 

in length, minimizing the impact of large indels that sometimes appeared to be spurious, 152 

and 4) MERGED: INTERNAL indels after merging coordinates that overlapped, so that 153 

sites in an alignment that were in different overlapping regions only contributed once. 154 

We present the results from these four subsets as supplementary files, but they all 155 

produced essentially identical results as analyzing ALL indels.  156 

 157 

AlphaFold2. AlphaFold2 is a deep learning approach developed by DeepMind to 158 

predict the 3D structure of proteins from only their amino acid sequence (Jumper et al. 159 

2021; Varadi et al. 2022). Comparison to empirical data indicates these computational 160 

predictions are over 90% accurate.  161 



AlphaFold2 assigns 43 different secondary structures to different regions of a 162 

protein, which we collapsed into five main categories. There were 32 different 163 

AlphaFold2 predictions that contained the phrase HELX, which are predictions of 164 

different helices; we collapsed these into the single term HELIX. There were 8 different 165 

AlphaFold2 predictions that contain the phrase TURN, which are regions where the 166 

polypeptide is predicted to reverse direction in 3D space; we collapsed these into the 167 

single term TURN. We included the single Alphafold2 prediction STRAND as-is, which 168 

are regions predicted to contain beta strands (also referred to as beta sheets). We 169 

included the single AlphaFold2 prediction BEND as-is, which are regions where the 170 

polypeptide is predicted to change direction but not fully reverse. There was one last 171 

Alphafold2 prediction OTHER, but we did not observe any instances of this prediction in 172 

any of the proteins analyzed in this study so ignored that term. Each residue in the 173 

Uniprot protein used by AlphaFold2 was assigned to one of these four categories, or 174 

assigned the term NONE if they occurred outside any predicted secondary structure.  175 

To link AlphaFold2 predictions to our five-species alignments above, we included 176 

the Uniprot sequence in the alignment (Fig. 1). In rare cases, the AlphaFold2-177 

downloaded Uniprot sequence did not match the Ensembl-downloaded Uniprot 178 

sequence, in which case we discarded the alignment from all analyses. Each position in 179 

each indel was then assigned HELIX, STRAND, TURN, BEND, or NONE (Fig. 1). In 180 

cases where the Uniprot sequence was “deleted” (for example, indel 50-52 in Fig. 1), 181 

we assigned one-half of the deleted positions to whatever was assigned to its 5'-flanking 182 

residue, and one-half to whatever was assigned to its 3'-flanking residue.  183 

 184 



Randomization of indel positions. We generated null expectations through a 185 

randomization procedure. For each alignment, we randomly shuffled the starting 186 

position of each indel, then extended each randomized indel by its observed length. In 187 

cases where a randomized indel extended past the end of an alignment, we wrapped 188 

the randomized indel to the front of the alignment. After shuffling the unique indels 189 

within each alignment, we re-calculated the number of residues falling in each 190 

secondary structure, exactly as described above. We repeated this process 200 times 191 

to generate null expectations.  We repeated this entire process for the four different 192 

subsets described above. For these four subsets, the relevant alignments were first 193 

truncated to match included regions and provide a more appropriate background for 194 

randomization. 195 

 196 

Gene Ontology enrichment. For the MERGED indels only, we identified relative 197 

outliers by counting the number of sites in the alignment overlapping NONE vs. not, 198 

versus sites overlapping indels vs. not. We excluded alignments that had fewer than 5 199 

positions in any of these four cells of this 2x2 table, then applied a C2 test and corrected 200 

resulting p-values (Benjamini & Hochberg 1995). Genes with a -log10 p.value of at least 201 

10 and at least a 1.5 fold change in expectation were taken as relative outliers. We 202 

tested whether these relative outlier genes were enriched for any Biological Process, 203 

Molecular Function, or Cellular Component using Panther Classification system 204 

(Thomas et al. 2022; Mi et al. 2017, 2019, 2013), run from PantherDB 205 

(https://pantherdb.org/), with the settings “Test Type=Fisher’s Exact Test” and 206 



“Correction=Calculate False Discovery Rate”. We also performed Gene Ontology 207 

analyses for genes which had no indels across the five species analyzed.  208 

 209 

Accessibility and plDDT scores. Sites that are relatively internal on a 3D 210 

protein evolve more slowly than external sites, both at the level of nonsynonymous 211 

mutations (Tóth-Petróczy & Tawfik 2011; Goldman et al. 1998; Shahmoradi et al. 2014; 212 

Franzosa & Xia 2009; Shih et al. 2012; Yeh et al. 2014; Dean et al. 2002; Scherrer et al. 213 

2012; Bustamante et al. 2000; Marsh & Teichmann 2014) and indel variation (Guo et al. 214 

2012; Hsing & Cherkasov 2008). This correlation is complicated by whether or not 215 

external residues interact with other proteins (Kim et al. 2006; Mintseris & Weng 2005), 216 

or if externally oriented residues form active sites of proteins (Slodkowicz & Goldman 217 

2020). For each site in each alignment, we calculated relative solvent accessibility, 218 

which is the degree to which a residue occurs on the outside of a folded protein (Tien et 219 

al. 2013), using FREESASA (Mitternacht 2016) with the “--format=rsa” option, using the 220 

AlphaFold2 structure as input. We also compared plDDT scores (Mariani et al. 2013) 221 

across an alignment. plDDT scores are computational measures of confidence included 222 

in AlphaFold2 predictions. According to AlphaFold2, plDDT scores <50 likely represent 223 

intrinsically disordered or unstructured regions. As above, any “deletions” in the Uniprot 224 

sequence were divided, and one-half of their sites were assigned the accessibility and 225 

plDDT scores of their 5' flanking residue, and the other half to the scores of their 3' 226 

flanking residue.  227 

As will be shown below, secondary structure and relative solvent accessibility are 228 

strongly correlated. In an attempt to separate the effects of these two features on the 229 



probability of observing an indel, we compared Receiver Operating Characteristic 230 

(ROC) curves and Area Under the Curve (AUC) values from three Generalized Linear 231 

Models and then compared their likelihoods. Two models tested whether the probability 232 

of observing an indel was a function of secondary structure or relative solvent 233 

accessibility alone – glm(indel~secondary_structure) or glm(indel~rsa), respectively. A 234 

third model included both as independent variables – glm(indel~secondary_structure + 235 

rsa). We quantified the gain in likelihood when we included both independent variables, 236 

versus each one separately. For all three models we included the “family = binomial” 237 

argument to model logistic variance. Our approach closely followed that of Jackson et 238 

al. (2017), modifying their scripts to suit our approach. 239 

Because sites in a protein are not independent from each other, before applying 240 

Generalized Linear Models we randomly sampled a single site from each alignment. 241 

However, we did not sample sites with equal probability. Instead, we downweighted the 242 

probability of sampling by the inverse of the grand total of the five secondary structures 243 

(HELIX, STRAND, TURN, BEND, or NONE). By including this weighting scheme, we 244 

ensured even sampling of secondary structures, increasing power of all three 245 

Generalized Linear Models.  246 

 247 

Comparison to synonymous and nonsynonymous mutations. To provide additional 248 

context with which to interpret the distribution of indels, we tested three different 249 

nucleotide-based sites. First, we quantified the distribution of invariant sites across 250 

secondary structure as a kind of null distribution. Then we quantified the same with 251 

respect to synonymous and nonsynonymous sites. We predicted that synonymous sites 252 



should distribute similarly to invariant sites, because they do not alter the protein 253 

sequence and thus probably have relatively minor effect on secondary structure. 254 

Conversely, we predicted that nonsynonymous sites would occur less frequently over 255 

secondary structure because, all else equal, their resulting amino acid changes could 256 

alter secondary structure.  257 

Using the same 5-species alignments above, we reverse-translated each protein 258 

to its transcript, downloaded from Ensembl version 107. We counted the proportion of 259 

synonymous vs. nonsynonymous variants occurring over the different secondary 260 

structures, compared to invariant sites. We only quantified synonymous vs. 261 

nonsynonymous variants from the same alignments and sites that were used in our 262 

indel analyses.  263 

 264 

Intraspecific indel events. As a complementary analysis to the interspecific analyses 265 

described above, we analyzed intraspecific variation from Phase 3 of the 1000 Human 266 

Genomes project (https://www.internationalgenome.org/data-portal/data-collection/30x-267 

grch38) (The Genomes Project 2015; Byrska-Bishop et al. 2022). This database 268 

contains haplotype-phased indel calls (files named like 269 

ALL.chr1.shapeit2_integrated_snvindels_v2a_27022019.GRCh38.phased.INDELS.vcf) 270 

from 2,504 unrelated samples from 26 populations, with sample size ranging from 61 to 271 

113 per population. These 26 populations derive from five large geographic areas: 272 

Africa, East Asia, South Asia, South America, and Europe.  273 

Indel coordinates were truncated to match exon coordinates downloaded from 274 

UCSC Table Browser (table name=unipAliSwissprot from GRCH38). For any protein-275 



coding genes that contained at least one indel, we assembled the reference and 276 

alternative alleles from the human genome, computationally placed indels, and then 277 

translated both alleles. Any indels that resulted in a frameshift in the first 95% of the 278 

protein-coding transcript (counted from 5' translation start site) were excluded, because 279 

it is unclear whether reference and alternative alleles share 3D structure if they are 280 

dramatically frame-shifted with respect to each other.  281 

We only analyzed genes that were part of the five-species interspecific analyses 282 

described above. Otherwise, we would have included recent human-specific duplicates, 283 

where predictions might become noisy because of uncertainty about the exact timing of 284 

duplication along the lineage to modern humans.  285 

 286 

Results 287 

Indels were depleted in regions with secondary structure. There were 11,444 288 

genes that had one-to-one orthologs between dog, mouse, rat, chimp, and human 289 

genomes. Across these 11,444 alignments we identified 97,382 indels spanning 290 

1,272,048 positions. Indel sizes ranged from 1 to 2,870 residues long, but most were 291 

small: the 25%, 50%, and 75% quantiles were 1, 3, and 10 residues, respectively. Indel 292 

positions overlapped secondary structures significantly less than expected (Fig. 2, Table 293 

1). Indel positions were most under-represented in STRAND, occurring at 43% 294 

expectations (calculated as 55,293 indel sites that overlapped STRAND, compared to 295 

129,070 averaged across 200 randomizations), followed by indel positions occurring in 296 

TURN (55%), HELIX (57%), and BEND (59%) (Table 1). In contrast, indel positions 297 

occurred at 155% expectation in NONE, meaning indels were much more likely occur in 298 



protein regions with no predicted secondary structure (Table 1). All observed values fell 299 

far outside the distributions from randomization (Fig. 2), translating into a p-value of 300 

essentially 0. We reached nearly identical conclusions after subsetting indels in four 301 

ways described above (Supplementary Figure 1, Supplementary Table 1), with one 302 

exception: indels over TURN and BEND are not under-represented in the very stringent 303 

subset GU94_PA100_GD40 (Supplementary Figure 1, Supplementary Table 1).  304 

 305 

Skews in indel distribution were stronger in rodents. By using dog as an outgroup, 306 

we polarized all indels into either an insertion or deletion and placed each indel event on 307 

a specific branch in the phylogenetic tree, using simple parsimony. In other words, if 308 

amino acid sequences existed for mouse and rat, but not for the other species, that 309 

indel was mapped as an insertion on the branch leading to rodents.  310 

There are seven branches on the phylogenetic tree analyzed here. Across the 311 

four secondary structures (BEND, TURN, STRAND, and HELIX), 24 of 28 O:E values 312 

were lower for insertions compared to deletions (Figure 3). Conversely, across NONE 313 

sites all branches showed higher O:E for insertions compared to deletions. Taken 314 

together, these results suggest that insertions over secondary structure are more 315 

deleterious than deletions.  316 

For the four secondary structures, O:E values were consistently lower in rodent 317 

lineages compared to primate lineages. There are four secondary structure that can be 318 

mapped to three rodent branches and three primate branches, where each branch 319 

contains insertions and deletions, for a total of 48 O:E values in Figure 2. 46 of these 48 320 

O:E values were lower in the rodent lineages compared to primate lineages. For 321 



example, O:E values for insertions over STRAND in the three rodent lineages = 0.26, 322 

0.39, and 0.35, while in primates the three values = 0.52, 0.46, and 0.41. Conversely, 323 

O:E values for NONE sites tend to be higher in rodents compared to primates. In sum, 324 

indels were especially unlikely to overlap secondary structures in rodents. All patterns 325 

described held after analyzing the four different subsets of indels described above 326 

(Supplementary Figure 2).  327 

 328 

GO analysis. We identified 797 alignments (genes) where the enrichment of indels over 329 

NONE was especially high. Compared to the rest of the 4,995 alignments, these 797 330 

genes showed no statistical enrichment of Biological Process, but under the Cellular 331 

Component and Molecular Function ontologies showed enrichment of terms associated 332 

with cilia and ubiquitination. This enrichment lacks an obvious explanation.  333 

We identified 88 alignments (genes) whose indels overlapped NONE much less 334 

than expected. None of these 88 genes showed enrichment of Biological Process or 335 

Molecular Function but showed enrichment of gene products localized to the nucleus 336 

under Cellular Component. In sum, there were no striking or consistent patterns of 337 

Gene Ontology enrichment associated with outlier genes in either direction.   338 

We also analyzed the 904 genes which had no indels across any of the five 339 

species in the alignment. GO analysis uncovered many functional terms associated with 340 

neurotransmission, including synapse localization and synaptic transmission 341 

(Supplementary Table 2). This result suggests that genes involved in neurotransmission 342 

may be especially intolerant of indel mutations. Interestingly, genes involved in immune 343 



response appeared to be under-represented among genes with no indels. This result 344 

may indicate that immune genes undergo indel mutations more often than expected.   345 

 346 

Indels were enriched in regions with high accessibility and low plDDT scores. 347 

Accessibility and plDDT scores varied according to secondary structure. STRAND had 348 

low accessibility and high plDDT scores, indicating these secondary structures tend to 349 

fall on the inside of proteins and are relatively stable (Fig. 4). On the other end of the 350 

spectrum, NONE sites were much more accessible, with lower plDDT scores, indicating 351 

external and unstable regions of proteins (Fig. 4).  352 

 Importantly, sites that overlapped indels consistently showed higher accessibility 353 

and lower plDDT scores (compare X vs. O within each group, Fig. 4). In other words, 354 

within each secondary structure, indels were more commonly observed at sites that 355 

were relatively external and in relatively unstable regions, compared to sites that did not 356 

overlap indels. Woods et al. (2023) found that experimentally deleting amino acids that 357 

reside in regions of high plDDT were most likely to have a deleterious effect on protein 358 

function, providing an explanation for why we observe indels more frequently in regions 359 

with low plDDT scores. This pattern held across all four subsets of indels described 360 

above (Supplementary Figure 3).  361 

 Comparing three different Generalized Linear Models demonstrated that the 362 

effects of secondary structure were indistinguishable from the effects of relative solvent 363 

accessibility (Table 2). In the ALL dataset, secondary structure performed about as well 364 

as relative solvent accessibility (AUC=0.684 vs. 0.707, respectively), and including both 365 

as independent variables had only minor improvement to AUC (0.720) compared to 366 



single regressions. Similar results were obtained across the four subsets of data 367 

described above (Table 2). This shows that secondary structure and relative solvent 368 

accessibility are so correlated with each other that their effects cannot be meaningfully 369 

separated.  370 

 371 

Nonsynonymous variants were also depleted in protein regions with secondary 372 

structure. Among the 11,444 alignments, we analyzed 3.8, 2.14, and 1.67 million 373 

codons that were invariant, synonymous, or nonsynonymous, respectively (Table 1). 374 

Synonymous codons overlapped secondary structures as often as invariant codons 375 

(synonymous-to-invariant ratios ranging from 0.86 to 1.17, Table 1). In contrast, 376 

nonsynonymous codons occurred far less frequently across the four secondary 377 

structures (nonsynonymous-to-invariant ratios ranging from 0.71 to 0.92) and more over 378 

NONE (nonsynonymous-to-invariant ratio of 1.24) (Table 1). These nonsynonymous-to-379 

invariant ratios were generally smaller in magnitude than the O:E ratios estimated from 380 

indel distribution (Table 1). For example, indels occurred at 43% expectation over 381 

STRAND, while nonsynonymous codons occurred at 71% “expectation” (Table 1). 382 

 Similar patterns emerged after analyzing the four subsets of indels 383 

(Supplementary Table 1). The main exception was that nonsynonymous-to-invariant 384 

ratios ranged from 0.91 to 0.98 across the four secondary structures, and from 1.05 to 385 

1.09 for NONE (Supplementary Table 1). In other words, we still observed the general 386 

pattern that nonsynonynmous variants were under-represented across the four 387 

secondary structures and enriched over NONE, although at a smaller magnitude 388 

compared to the overall analysis.  389 



 390 

Human intraspecific variation. We identified 1,921 indels from 1,436 unique genes, 391 

comprising a total of 4,354 positions. Most of these occurred at a frequency of 1 allele 392 

observed among 5,008 phased alleles in the 1000 genomes project. We did not exclude 393 

these; even if they are due to sequencing or mapping errors, there is no reason to 394 

believe they would inflate our overall false positive rate as such errors should occur 395 

blindly with respect to secondary structure of proteins. In addition, an indel at a 396 

frequency of 1 allele could be especially deleterious, so we included them.  397 

Across all 6 geographic regions, indel sites spanning NONE occurred at nearly 398 

twice the frequency than secondary structures. NONE indels reached a mean frequency 399 

of 4 alleles out of 5,008 phased alleles, compared to BEND/HELIX/TURN indels (3 400 

alleles) and STRAND indels (1 allele) (Kruskal-Wallis C2= 37.8, df = 2, p-value < 10-8). If 401 

we use a minor allele frequency cutoff of 1%, 3% or 5% these patterns disappear, 402 

indicating that the majority of signal comes from the fact that a large proportion of 403 

STRAND indels occur as singletons.  404 

 405 

Discussion 406 

Our study combined the recent revolution in protein structure, ushered in by the 407 

AlphaFold2 project (Jumper et al. 2021), with evolutionary, population genetic, and 408 

permutation-based analyses to demonstrate that indels were depleted in regions of 409 

predicted secondary structure. This skew is especially strong for STRAND, which is 410 

consistent with these structures being internal and stable regions that are important for 411 

the overall 3D structure of a protein (Echave et al. 2016).  412 



There are two non-mutually exclusive models – a mutational bias model versus a 413 

selection model – that could explain the non-random distribution of indels that we 414 

observe here. Under a mutational bias model, the four secondary structures experience 415 

fundamentally different rates of indel mutation. The four different secondary structures 416 

tested here display systematic differences in amino acid composition (Chou & Fasman 417 

1975; Fujiwara et al. 2012), which predicts different base composition and/or repetitive 418 

elements in the underlying DNA, which in turn could influence mutation rate.  419 

However, three patterns in our data argue against the mutational bias 420 

hypothesis, and instead provide support for a model where selection acts against indels 421 

that are more likely to disrupt protein function. First, within each secondary structure, 422 

positions with indels tend to occur in externally oriented and high-plDDT regions of 423 

proteins (Fig. 4). A mutational bias hypothesis cannot account for this discrepancy 424 

because they are the same secondary structures in different parts of the same protein. 425 

Second, the observed vs. expected ratios (Table 1) are stronger in rodents compared to 426 

primates (Figure 3). A mutational bias hypothesis cannot account for this interspecific 427 

variation unless different species also experience different mutational biases. In 428 

contrast, this pattern is predicted by a model of selection, because natural selection will 429 

operate more efficiently in species with large effective population size (Lynch 2007; 430 

Kimura 1983; Charlesworth 2009). Rodents have an effective population size that is 431 

roughly 10-fold larger than primates (Geraldes et al. 2011; Zhao et al. 2000; Won & Hey 432 

2005; Ohta 1972; Geraldes et al. 2008). Finally, we showed that nonsynonymous 433 

variants were also depleted in regions of secondary structure, although not to the same 434 

degree (Table 1). A mutational bias hypothesis cannot explain the depletion of both 435 



indels and nonsynonymous variants over secondary structure, because these two 436 

classes differ in their mutational process.   437 

To be sure, it is unlikely that indel mutations arise randomly. For example, G+C 438 

content often correlates with a genomic region’s susceptibility to insertions or deletions 439 

(Sinden et al. 2002; Taylor et al. 2004), as well as features suggestive of a slippage 440 

mechanism (Nishizawa & Nishizawa 2002). However, a model of selection does not 441 

require indel mutation to be completely random. A selection model only requires any 442 

non-randomness in mutational process to be equally distributed across the five 443 

categories of secondary structure tested here. It should also be pointed out that our 444 

study reports average deviations in observed vs. expected across the entire genome. It 445 

remains unknown how much the strength of selection varies across individual indels, 446 

although our Gene Ontology results did not uncover any functional similarity among the 447 

most highly skewed genes.  448 

It is noteworthy that even within humans, we observed proportionately fewest 449 

indels over STRAND – exactly the secondary structure where indels were depleted in 450 

our five species analyses. The low historical effective population size of humans, 451 

coupled with multiple bottlenecks, are expected to reduce the efficiency of selection, yet 452 

we still observe skews in indel locations.  453 

In conclusion, our analyses indicate that any change in amino acid sequence is 454 

likely to be deleterious for secondary structure, especially if that change is not a single 455 

nonsynonymous mutation, but the insertion or deletion of multiple amino acids. Indels 456 

that overlap STRAND and/or buried regions of the protein, appear to be the most 457 

deleterious, while indels over NONE the least. By analyzing the AlphaFold2 predictions, 458 



we have quantified these effects over whole genomes and full-length proteins, revealing 459 

a role for protein structure on the evolution of its primary sequence.  460 

 461 
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Figure Legends 479 

 480 

Figure 1. Schematic of main methodology. Shown is a hypothetical protein alignment 481 

between five species, which identified two unique indel events (positions 50-52 and 482 

positions 530-534). By including the Uniprot sequence from AlphaFold2, we mapped 483 

from indel coordinates into predicted secondary structures. In this example, three 484 

positions fell over HELIX and five positions fell over SHEET. During randomization, we 485 

would permute the starting locations of these two indel events, then extend them by 486 

their observed length. Intraspecific analyses of human genomes proceeded in almost 487 

the same manner, except that indels were already called in their corresponding .vcf 488 

files.  489 

 490 

Figure 2. Comparison of observed vs. expected number of alignment positions that 491 

overlap indels in the 11,444 alignments, stratified by secondary structure. Histograms 492 

built from randomizing indel positions across the alignments. Arrows at top originate at 493 

the mean expectation for each group, and terminate at the observed value. Indel sites 494 

overlap NONE 132% more than expected, and overlap the four secondary structures 495 

less than expected (ranging from 62% expectation in STRAND to 84% expectation in 496 

TURN). Also see Table 1.  497 

 498 

Figure 3. Observed:Expected ratios of indels, polarized into insertions (above branch) 499 

versus deletions (below branch), using Dog as outgroup. There is no consistent 500 



difference in O:E in insertions and deletions, but the branches leading to rodent species 501 

generally show stronger skews than branches leading to primates.  502 

 503 

Figure 4. Weighted means of relative solvent accessibility (red, left axis) and plDDT 504 

scores (blue, right axis) across secondary structures, stratified by sites occurring over 505 

indels (X) versus sites not overlapping indels (O). Numbers on x axis indicate the 506 

number of sites that overlap an indel versus not (separated by |).  507 

 508 

Figure 5. Violin plot of the minor allele frequency of indels in protein coding regions, 509 

segregating within humans, stratified by secondary structure. B/H/T = pooled 510 

BEND+HELIX+TURN. Numbers on x-axis indicate number of positions observed. 511 

Figure includes all human populations pooled; results remain qualitatively the same if 512 

we analyze populations separately.  513 

 514 

 515 

516 
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Observed Expected O/E Invariant p Inv. Syn. p Syn. Syn./Inv. Non. p Non. Non./Inv.
STRAND 55,293 129,070 0.43 455,059 0.120 278,936 0.130 1.09 143,454 0.086 0.72
TURN 48,258 87,473 0.55 287,034 0.076 189,311 0.088 1.17 110,149 0.066 0.87
HELIX 232,959 411,110 0.57 1,381,189 0.364 827,926 0.386 1.06 532,917 0.320 0.88
BEND 37,407 63,890 0.59 209,328 0.055 137,150 0.064 1.16 84,632 0.051 0.92
NONE 898,131 580,490 1.55 1,464,044 0.386 709,265 0.331 0.86 796,815 0.478 1.24

Table 1. Number of indels or codon mutations that overlap secondary structures. Observed=number of positions in alignments that map over each category. 
Expected=Number expected based on randomization. Codons are classified as invariant (Invariant), synonymous (Syn.) or nonsynonsymous (Non.). p=proportion of 
sites within their respective columns that fall within each category. This table is repeated as Supplementary Tables 2, after employing four different subsetting 
strategies. 

Indels Codon-based



analysis_type indel~SS indel~RSA indel~SS+RSA
ALL 0.684 (0.004) 0.707 (0.008) 0.720 (0.009)
INTERNAL 0.614 (0.010) 0.604 (0.007) 0.612 (0.005)
GU94_PA100_GD40 0.622 (0.006) 0.597 (0.015) 0.610 (0.013)
LENGTH_LTE20 0.618 (0.009) 0.610 (0.010) 0.621 (0.011)
MERGED 0.618 (0.006) 0.610 (0.014) 0.618 (0.011)

Table 2. AUC metrics for three Generalized Linear Models. Mean 
(standard deviation) AUC from 5 iterations of randomly sampling sites 
across alignments.




