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Abstract

Recent advances in whole genome and exome sequencing have dramatically increased the 

database of human gene variations. There are now enough sequenced human exomes and genomes 

to begin to identify gene variations that are notable because they are NOT observed in sequenced 

human genomes, apparently because they are subject to “purifying selection”, exemplifying 

genetic intolerance. Such “dysprocreative” gene variations are embryonic lethal or prevent 

reproduction through any one of a number of possible mechanisms. Here we review an emerging 

quantitative approach, “Missense Tolerance Ratio” (MTR) analysis, that is used to assess protein-

encoding gene (cDNA) sequence intolerance to missense mutations based on analysis of the 

>100K currently available human genome and exome sequences. This approach is already useful 

for analyzing intolerance to mutations in cDNA segments with a resolution on the order of 90 

residues. Moreover, as the number of sequenced genomes/exomes increases by orders of 

magnitude it may eventually be possible to assess mutational tolerance in a statistically robust 

manner at or near single site resolution. Here we focus on how cDNA intolerance analysis 

complements other bioinformatic methods to illuminate structure-folding-function relationships 

for the encoded proteins. A set of disease-linked membrane proteins is employed to provide 

examples.

Keywords

genome; exome; missense tolerance ratio; purifying selection; intolerance; missense mutation; 
variations; gene; protein; membrane; Alzheimer’s; neurodegeneration; γ-secretase; amyloid 
precursor protein; Notch; DAP12; TREM2; KCNQ1; KCNQ2; KCNQ3; KCNQ4

1. INTRODUCTION

The sequencing of the first human genome was plausibly described as “the single most 

important project in the biomedical sciences” of its era [1]. The achievements of the original 

project include creating the first human genome map, developing new approaches for 

sequencing DNA, advancing genomic training, and building tools for interpreting and 

comparing genetic data [2]. Two decades after the publication of the first human genome, 
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the challenges and opportunities afforded in interpreting human genetic data remain 

impressive [3].

Next generation sequencing techniques have potentiated sequencing of an increasing number 

of whole human genomes and exomes at ever-decreasing cost. The largest currently 

available human dataset is the Genome Aggregation Database (gnomAD, https://

gnomad.broadinstitute.org), which as of mid-2019 contains sequence information from over 

125,000 exomes and over 15,000 whole genomes [4]. This and related databases provide 

public access to gene-specific average gene sequencing coverage, known gene variations, 

consequent protein mutations, and so forth. With the pool of known human gene variants 

growing rapidly, an important objective is to use these data to document and analyze 

observed gene variations, in part to help assess which variants are benign versus those that 

are disease-causing or predisposing [3, 5]. Various bioinformatic tools have been developed 

to predict the impact of individual mutations, such as SIFT [6], PolyPhen-2 [7], and CADD 

[8], etc. However, the prediction of the impact of gene variations on the encoded proteins 

and linked physiology remains a challenging problem [9]. We note that these methods all 

focus on observed gene variations.

Here we review bioinformatic approaches that fall into a distinct genre, “intolerance 

analysis”, which focuses on variations that would be expected to be seen in human gene 

databases based on biological, biochemical, and statistical considerations, but are not. These 

variations seem to have been filtered out of the analyzed human gene pool by natural 

selection. “Purifying selection” implies that such variants prevent procreation and 

inheritance of genetic information because they are embryonic lethal or interfere with human 

reproduction at any one of variety of possible levels, such as disruption of conception or 

defects in embryonic development. For the sake of simplicity in this paper, we will 

henceforth use the term “dysprocreative” as a catchall phrase for these possible mechanisms. 

Dysprocreative mutations are different from ordinary heritable disease mutations, in that the 

latter variants are passed on from generation to generation in a Mendelian manner. We note 

that dysprocreative mutations can occur in humans as germline (“de novo”) variations. 

Provided they are not embryonic lethal such mutations may be detected in living humans, 

but will be very rare because they cannot be passed on to the next generation. Otherwise-

intolerant gene variations might also be detected when they occur as somatic mutations, for 

example in cancer tumor cells.

Importantly, for many genes the dysprocreative effect of these non-observed gene variations 

will be manifest even under heterozygous conditions in which the “toxic” variant is co-
expressed with a wild type variant. With this in mind, we note that there are three general 

mechanisms by which such heterozygous variants can exert their dominant effect. First, a 

variant may induce loss of function of the encoded protein. This means there will be a 50% 

reduction in the function of that protein relative to WT/WT homozygotes under 

physiological conditions, which in some case will be dysprocreative. Secondly, a variant 

may induce a toxic “gain-of-function” effect such as mis-regulated native function or 

formation of toxic aggregates such as amyloids or prion-like structures, either one of which 

could be responsible for its dysprocreative effect. A third mechanism is the case where not 

only is the protein encoded by the variant allele functionally inactive, but it induces loss of 
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function of the WT protein as well (most often through mechanisms that involve formation 

of WT/mutant oligomers).

We focus here on bioinformatic tools for assessing intolerance to gene variation in the 

human population that were pioneered by the David B. Goldstein lab at Duke and Columbia 

Universities, and further developed by Slavé Petrovski, now in the University of Melbourne. 

We begin this paper by reviewing the key concepts underlying these bioinformatic tools [10–

13]. We then focus on assessment of the “missense tolerance ratio” (MTR) [13] and explore 

the results of MTR analysis when applied to a set of human membrane proteins, most known 

to be linked to human diseases. We write this review based on the working assumption that 
intolerant gene variations exert their dysprocreative effect via their impact on the encoded 
protein. However, we recognize that some of these mutations likely exert their effect by 

other mechanisms. These include variations that result in conversion of dinucleotides into or 

out of CpG sequences. Because CpG sequences are subject to DNA methylation 

(methylation of the cytosine), missense mutations that introduce or eliminate them can alter 

the DNA methylation patterns. While DNA methylation is best known when it occurs in 

gene regulatory sequences, CpG sites in protein-encoding exons are also subject to DNA 

methylation, which can profoundly impact RNA splicing and the protein sequence encoded 

by the final mature mRNA [14]. It seems likely that inappropriate RNA splicing may in 

some cases be dysprocreative. Indeed, missense mutations in exons that do not impact DNA 

methylation can also alter RNA splicing [15]. Yet other missense mutations could 

conceivably exert a dyprocreative outcome by altering mRNA stability [16] or even 

rendering the mutant mRNA toxic [17].

2. MEASUREMENT OF TOLERANCE TO GENE VARIATION

Scientists have long analyzed multiply aligned sequences of a given protein from different 

species to identify sites and segments that are highly conserved, an approach that was 

enabled by widespread genome sequencing of organisms from all domains of life. This has 

been a fantastically successful approach and does provide insight into protein sequence 

intolerance across species. Sites that are intolerant of mutation across species are often 

important for protein folding, structure, interactions, function, or some combination of these 

properties [18, 19]. On the other hand, just because a site in a protein varies from species to 

species does not mean that it is not important—in some cases residues are under “positive 

selective pressure” to adapt the protein to meet organism-specific conditions or 

physiological needs.

The availability of well over 200,000 human genome/exome sequences now enables the 

identification of human proteins for which entire alleles are observed to be deleted, that 

include gene variations that encode an early stop codon in the open reading frame (ORF), or 

that contain a frameshift mutation early in the ORF, in all three cases resulting in complete 

loss of function for the affected protein [4]. In most cases only a single allele of the protein 

will be subject to these dramatic mutations, resulting in a 50% reduction in the wild type 

(WT) expression level. In cases where both alleles are affected there will be complete loss of 

expression of the protein in question. In either circumstance, detection of lesions in adult 

humans that cause underexpression (haploinsufficiency) or complete elimination of 

Li et al. Page 3

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of a protein reveals some degree of tolerance to a reduction or complete loss of 

that protein in humans.

The database of human gene variations can also be used to examine gene-to-gene patterns in 

missense mutations that alter single amino acid changes in the encoded protein. Genes or 

gene segments that harbor very few observed missense variants in the human population are 

presumed to be those that that are under high purifying selection, meaning that the 

consequence of each mutation-not-seen on the encoded protein is dysprocreation [10, 18, 

20]. We emphasize that variations that are subject to purifying selection should not be 

thought of as generic “disease mutations”. A great many gene variations that are linked to 

human disease do not prevent human reproduction. For example, the cystic fibrosis 

transmembrane regulator (CFTR) is subject to over 1000 different missense mutations, any 

one of which can result in cystic fibrosis, but that do not appear to be subject to strongly 

purifying selection. Conversely, if an allele is resolutely intolerant of variation in the human 

population, it will not be associated with a known human disease because it is 

dysprocreative. Clearly, identifying intolerant sites in a protein is not the same thing as 

identifying disease-linked mutation sites. Nevertheless, as has been previously shown, genes 

that are relatively intolerant of variations are very often also subject to disease-causing 

mutations, such that identifying the partially intolerant regions of a gene sometimes 

facilitates interpretation of de novo mutations in that gene [12, 13, 21].

Petrovski, Goldstein, and coworkers [10] introduced a metric called the Residual Variation 

Intolerance Score (RVIS) to identify genes that are relatively intolerant of variation at the 

whole-gene level. The RVIS scoring system assesses the level of genetic intolerance by 

regressing the observed total number of variants in a given gene against the number of 

common (minor allele frequency > 0.1% in human samples sequenced) nonsynonymous 

variants observed for a given human gene across available sequences. The studentized 

residual, i.e. the measure of deviation from the expected score based on evolutionary 

neutrality, is the RVIS score. A negative RVIS score indicates purifying selection and a 

positive score indicates that variations in that gene are seen more frequently than expected 

based on neutral evolutionary drift. Analysis of 16,956 genes revealed that genes with lower 

RVIS values (i.e. less tolerant to mutations and undergoing purifying selection) are more 

likely than others to be associated with Mendelian diseases [10]. This approach was later 

extended to include the proximal regulatory sequence of genes, termed as ncRVIS 

(noncoding RVIS), and used to evaluate how the intolerance of noncoding sequences can 

predict disease-causing genes through gene dosage fluctuation [22]. A very low (strongly 
negative) RVIS score does not imply that a protein is a particularly important protein relative 
to other proteins, even those with zero or positive RVIS scores. Rather, it simply means that 

the collection of human sequences for that protein exhibits a relatively high number of sites 

at which missense mutations are observed less often than expected based on neutral 

evolutionary drift, most probably because some variations are dysprocreative. A protein 

could have a small number of absolutely intolerance sites and still yield a near-0 to positive 

RVIS score. An example is the microtubule-associated protein tau, where the final quarter of 

the protein sequence is seen to be mutationally intolerant while the gene as whole is highly 

tolerant, resulting in an overall positive RVIS score [11]. Some proteins related to 

immunological diseases exhibit a positive average RVIS (meaning they appear to be under 
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pressure to mutate), as might be expected for proteins whose function is to help the body to 

adapt to foreign antigens. On the other hand, proteins with variations that are related to 

developmental disorders tend to have a negative average RVIS [10]. This is reasonable 

because severe development disorders will often be dysprocreative. Akin to gene RVIS 

values, Samocha et al. developed a similar metric for measuring “gene constraint”, the 

missense Z score [23]. They also found that the constrained genes, i.e. genes that are 

depleted of missense variants, were enriched for known Mendelian diseases. While these 

scoring systems are useful in ranking genes based on overall sequence intolerance of 

missense variations, they do not identify the specific regions of the gene that are intolerant. 

They also do not identify proteins that are overall tolerant of mutations, but that may have 

one or a few absolutely intolerant segments.

To evaluate intolerance at the level of protein domains (in multi-domain proteins) and/or 

exons, the Goldstein group developed a “domain” and exon level of analysis [11]. Using the 

same RVIS approach, they focused on individual protein domains as defined by conserved 

domains database (CDD) and/or exons as the unit/s of “subRVIS” analysis. This new 

framework successfully identified a significant relationship between both domain and exon 

subRVIS scores and their respective pathogenic variants within the entire gene [11]. A 

similar approach was also developed by Havrilla, Quinlan, and coworkers to generate a map 

of constrained coding regions (CCR) within a given protein that are under purifying 

selection [24] and by Samocha, Daly and coworkers to develop a regional missense 

constraint metric [25]. Hayeck et al. [26] further improved the tool by introducing a 

Bayesian hierarchical model, which they called the localized intolerance model using 

Bayesian regression (LIMBR), that accounts for the effects of whole gene and sub-regions 

(domains) of gene, resulting in more stable estimates.

Genetic analysis at the whole-gene, domain, and exon levels proved successful in identifying 

protein units that are overall tolerant or intolerant of genetic variation. However, it is also 

possible that a purifying constraint may be acting only on a small subset of residues within a 

domain or exon. In other words, i.e. a short segment in a protein may be undergoing extreme 

purifying selection, but the whole protein or the whole domain or exon may exhibit a 

positive RVIS (or subRVIS) score. To increase the resolution of genetic intolerance analysis, 

Traynelis et al. [13] introduced the missense tolerance ratio (MTR) to identify intolerant 

segments in proteins, an approach that provides a much higher degree of sequence resolution 

than RVIS or subRVIS scores. Moreover, MTR analysis is independent of the boundaries 

created by domains and exons. This review focuses on MTR analysis rather than either RVIS 

or subRVIS because while the latter analyses provides insight into whether or not a protein 

is intolerant as a whole, or whether a domain or exon is intolerant to missense mutation (for 

subRVIS), MTR analysis can identify shorter segments that are missense intolerant and does 

not depend in foreknowledge of domain and exon boundaries.

The current default mode of MTR analysis involves a sliding window approach that 

calculates intolerance in a window spanning cDNA mutations 15 residues ahead and 15 

residues behind the codon encoding each individual amino acid in a protein sequence [13, 

21]. According to equation 1 below, for each 93 nucleotide frame, the MTR gives the ratio 

of the observed (obs) fraction of the number of missense DNA variations relative to the 
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number of all observed (missense + synonymous) single base variants divided by the 

expected (exp) fraction of the number of missense mutations relative to the number of all 

possible variations in that segment [13, 21]. The expected values are simply the number of 

missense and synonymous variants for all possible single site base substitutions over the 

analyzed gene segment.

MTR =

missenseobs
missenseobs + synonymousobs

missenseexp
missenseexp + synonymousexp

(Equation 1)

A key concept behind equation 1 is the assumption that synonymous mutations do not result 

in a change in the amino acid sequence of the protein and are therefore assumed to be 

evolutionarily neutral. While it is now clear that this assumption is not always correct [15, 

27, 28], it is a reasonable working approximation. This equation also assumes that within a 

segment (usually 31 codons long) each possible single base change is equally likely within 

that segment, which is, again, a reasonable approximation. The MTR therefore provides the 

fraction of evolutionarily allowed missense mutations relative to the maximum possible 

fraction of mutations that are missense in the ideal case where there is no evolutionary 

pressure. An MTR value of 1 indicates overall selective neutrality for the segment, whereas 

an MTR value greater than 1 suggests positive selection and an MTR value less than 1 

indicates purifying selection in the analyzed segment against missense mutations. When the 

purifying selection in the gene fragment encoding the protein segment is uniformly severe, 

then there will be no observed non-synonymous missense mutations in that segment, such 

that MTR → 0.

One factor that is not directly taken into account by equation 1 is the fact that, while single 

base mutation rates may be similar for all possible substitutions within short segments, 

different segments within the genome can exhibit very different intrinsic mutation rates for 

reasons that are not closely linked to natural selection [29–31]. The intrinsic mutation rate is 

expected to correlate for a given segment with the number of synonymous mutations seen in 

that segment in the current database of human sequences. In other words, MTR values from 

segments that have few observed synonymous mutations may not be statistically significant: 

MTR values that are lower than 1.0 might therefore represent statistically insignificant “false 

positives” for segments where the intrinsic mutation rate is low. Petrovski and co-workers 

therefore devised a method to calculate the false discovery rates (FDRs) for MTR values so 

as to flag cases where an MTR might deviate significantly from 1.0, but not be reliable as an 

indicator of true evolutionary intolerance. Details for calculation of the FDR are found in 

[21]. For the application of MTR analysis using the on-line Webserver prepared for this 

purpose, an FDR value of < 0.10 is used as the default cutoff to confirm the statistical 

significance of MTR values. In other words, FDR provides validation of truly intolerant 

segments in which <10% of the seemingly intolerant sites are false positives. One important 

implication of the FDR is that for any given protein segment, the FDR will go down as the 

number of available human genome/exome sequences included in that segment goes up.
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For this review, all MTR and FDR calculations were carried using the original version of the 

MTR-Viewer (http://mtr-viewer.mdhs.unimelb.edu.au/) [13]. We emphasize that a new 

version (V2) of this web server was very recently rolled out at: http://biosig.unimelb.edu.au/

mtr-viewer/ [21]. Both servers are very user friendly and yield plots such as that provided in 

Figure 1A, which has been adapted from [12, 13]. This plot is for subunit 2A of the NMDA 

type glutamate ionotropic receptor (GluN2A) and is based on analysis of the cDNA 

segments of all possible 31 residue amino acid windows. A corresponding analysis for all 

possible 21 residue amino acid segments yields a similar plot (not shown), but is more noisy 

and with reduced statistical validity (based on higher FDRs).

As illustrated in Fig. 1A, dashed horizontal lines mark the gene-specific median MTR value 

(blue), the cut-off for the lowest 25th percentile MTR values (green), and the cutoff for the 

lowest 5th percentile (red, most intolerant) MTR segments. All segments of a gene may be 

relatively tolerant of mutations, but there will always be a most intolerant (lowest MTR 

values) 5% percentile. FDR values for 31 residue segments are not directly plotted, but 

MTRs for which the FDR is < 0.10 are highlighted in red, highlighting their “statistically 

robust” status. For the purpose of this review we classify a segment as “highly intolerant” if 

its MTR falls below the exome-wide 5% percentile cutoff (corresponding to an MTR of ≤ 

~0.5, see http://mtr-viewer.mdhs.unimelb.edu.au/) and if the associated FDR value is <0.10.

As illustrated in Figure 1B and now directly incorporated in the new on-line server [21], 

complementary insight to MTR analysis may be gleaned by using a sequence-aligned 

“lollipop plot” [32] to enable visual comparison of how MTR patterns correspond to the 

locations of known disease mutation sites in the protein being analyzed. Figure 1B illustrates 

the sites of clinically relevant epilepsy mutations in the GluN2A receptor (adapted from 

[13]). This plot enabled Ogden et al. [12] to successfully identify the previously 

unappreciated pre-M1 helix located between the ABD-S1 and M1 domains (Figure 1A) as a 

key player in receptor function, with at least one mutation in this domain being associated 

with a neurological disorder (Figure 1B). The MTR plot of GluN2A receptor shows that the 

pre-M1 helix is highly intolerant to missense mutation (MTR value of 0), suggesting that 

there are no non-syonymous missense mutations in this segment found in the >165,000 

available human genomes/exomes. However, a de novo germline variant P552R has recently 

been reported for a patient presenting with epilepsy and developmental delay. This prompted 

Ogden and coworkers to biochemically test the functional importance of this helix [12], 

revealing both a critical role for this segment in channel gating and also that the P552R de 
novo variant results in aberrant receptor gain-of-function. Traynelis and coworkers also used 

MTR and lollipop plots in studies demonstrating that pathogenic variants are preferentially 

concentrated in the relatively intolerant segments of the protein for 6 out of 11 dominant 

epilepsy genes [13]. MTR has been used recently to interpret a number of clinically 

observed variants of genes associated with neurodevelopmental disorders [33–35] and to 

analyze the role of rare variants in the regulators of G protein signaling proteins in human 

disease [36].
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3. SEGMENTAL INTOLERANCE VERSUS INTERSPECIES SEQUENCE 

CONSERVATON PATTERNS.

Does intra-human missense tolerance analysis yield the same information as phylogenetic 

sequence conservation analysis (interspecies)? These related methods of analysis employ 

different data sets. Evolutionary approaches based on evaluating sequence conservation 

between species do not provide a direct window into intraspecies intolerance of protein 

segments/sites to mutation. Moreover, a region in a protein may have evolved to satisfy a 

more specialized function specific to humans that is not conserved across species. Sites in 

such a segment may not exhibit high sequence conservations across species and yet may be 

seen to be intolerant to mutations in the human genome/exome database. Previous studies 

have demonstrated that there is no strong correlation between gene intolerance and 

conservation [10, 11, 23, 24], suggesting that some selective pressures are specific to the 

human lineage. Accordingly, sequence intolerance analysis provides a tool that complements 

and extends the insight provided by sequence homology.

In most work published to date, use of MTR plots has been based mainly on exploiting the 

rough correlation that protein segments relatively intolerant of variation are often seen to 

also be associated with disease mutations in that segment of the protein [12, 13, 21, 33–35]. 

Heritable mutations that cause or promote disease are less severe than gene variations-not-

seen because the latter are dysprocreative. However, as explored in the next section, disease 

mutations are not always found in protein segments that are highly intolerant. Conversely, 

just because a segment is rich in disease mutations does not mean that it will be intolerant to 

mutation in MTR plots. These considerations indicated that while interspecies tolerance 

analysis and intra-species homology relationships may often provide complementary 

information, intolerance analysis is expected to sometimes provide insight that cannot be 

provided by interspecies sequence homology analysis, as is explored in the next section.

4. SEGMENTAL MISSENSE TOLERANCE ANALYSIS OF DISEASE-LINKED 

MEMBRANE PROTEINS

Here, we examine the results of segmental MTR analysis for different disease-linked 

membrane proteins to provide vignettes regarding what interesting information can be 

gleaned from MTR plots. For this purpose, disease-linked membrane proteins are chosen 

both because of the membrane focus of the journal as well as because of the personal 

interests of the authors. While transmembrane proteins are subject to some distinctive 

evolutionary pressures [37] and also have distinctive cellular trafficking pathways and 

folding quality control systems[38], what we learn about MTR analysis based on application 

to these proteins is broadly extendable to all proteins. We remind the reader that we are 

taking the somewhat arbitrary tack in this paper of defining as “highly intolerant” any 

segment that has an MTR of 0.5 or less and that is color-coded red in the plots, indicating 

the segmental FDR is less than 0.1.

The MTR plots of this section (Figures 2–7) were generated using the online MTR gene 

viewer (http://mtr-viewer.mdhs.unimelb.edu.au/) based on sliding window (31 codon) 
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analyses of the >135,000 human exomes and whole genomes current available at https://

gnomad.broadinstitute.org/. Lollipop plots [32] were constructed using the scripts available 

at https://github.com/pbnjay/lollipops. The pathogenic mutation lists used for the lollipop 

plots were obtained from ClinVar [39] (https://www.ncbi.nlm.nih.gov/clinvar/, accessed May 

6, 2019), HGMD [40] (HGMD2019.1, accessed March 20, 2019), and www.alzforum.org/

mutations (accessed May 6, 2019; for Alzheimer’s related proteins). For ClinVar, we 

selected the missense mutations that are classified as “Pathogenic”, “Likely Pathogenic”, or 

“Likely Pathogenic; Pathogenic”, while for HGMD, we selected the missense mutations that 

were classified as disease-causing mutations or “DM”. We generally pooled the pathogenic 

or disease-causing missense mutations from the three sources, but we removed the mutations 

classified as “DM” in HGMD that have conflicting annotations in ClinVar or are classified 

as “not pathogenic” in www.alzforum.org/mutations.

4.1. THE γ-SECRETASE COMPLEX

Gamma-secretase is a heterotetrameric intramembrane protease, whose function and 

dysfunction are involved in the development of Alzheimer’s disease (AD). It catalyzes the 

proteolytic cleavage of single span membrane proteins, such as the amyloid precursor 

protein (APP) and the Notch receptor. Successive cleavage of the transmembrane C-terminal 

“C99” domain of APP by γ-secretase leads to production of β-amyloid (Aβ) peptides of 

varying lengths [41]. Aggregation of Aβ peptides, such as Aβ42, result in the formation of 

toxic oligomers and amyloid plaques, which are generally thought to contribute to the 

etiology of AD [42]. The human γ-secretase complex is comprised of four subunits: 

presenilin (PS), presenilin enhancer-2 (PEN-2), anterior pharynx-defective 1 (APH-1), and 

nicastrin [43, 44]. PS, an aspartyl protease containing nine transmembrane helices, serves as 

the catalytic subunit of γ-secretase. PEN-2 binds to PS and is essential for the maturation 

and proteolytic activity of PS. APH-1 helps to stabilize the complex, while the heavily 

glycosylated nicastrin is believed to be involved in substrate recognition.

We used MTR plots to examine segmental intolerance to variation in the genes coding for 

each of the subunits of γ-secretase (Figures 2A and 2B). For PS1, the two highly intolerant 

regions in the protein are the segment spanning the second half of TM2 to the first half of 

TM3, and TM6 (Figure 2A). These regions appear to undergo structural rearrangement upon 

substrate binding although flexible and disordered in the substrate-free enzyme, TM2 and 

TM3 become ordered upon substrate binding, while TM6 unravels into a rigid loop followed 

by a short helix (TM6a) (Figure 2C) [45, 46]. The TM helices housing the catalytic aspartate 

residues, D257 (TM6) and D385 (TM7), are intolerant to missense mutation. Interestingly, 

both the loop between TM6 and TM7 that forms antiparallel β strands with the substrate and 

the PAL motif (residues 433-435) thought to be essential for substrate recognition [47, 48] 

are generally tolerant to missense mutation.

While there is much overlap between the locations of pathogenic mutations in PS1 and the 

highly intolerant regions, many pathogenic mutations are seen in segments that exhibit high 

segmental tolerance—see residues 200-225, for example (Figure 2A). While only additional 

data can provide a clear explanation, it could be that even the most severe mutations at these 

sites result in disease only later in life, providing an abundance of time for reproduction 
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before the age of disease onset. In contrast, variations in the intolerant segments are 

dysprocreative, an outcome that appears unrelated to Alzheimer’s disease. Nonetheless, 

these same segments do include some Alzheimer disease mutations. It is not yet clear 

whether these genetically dominant Alzheimer’s mutations act by causing γ-secretase loss 

of function, by causing aberrant gain of function (such as increasing the Aβ42 to Aβ40 

production ratio) or both (see review in [42]).

PS2, the other isoform of PS, exhibits the same general pattern of MTR as PS1 (Figure 2B). 

However, PS2 does not undergo the same extent of purifying selection as PS1—its lowest 

MTR values are not as low as those seen for PS1. This may be explained by the notion that 

PS1 is thought to be the major “all-purpose” isoform of PS, with PS2 playing a more niche 

role in cell physiology [42]. Indeed, among the reported Alzheimer’s mutations 

(www.alzforum.org/mutations. accessed May 6, 2019), roughly 270 of the known mutations 

are situated in PS1, while only 48 are in PS2. It is intriguing that the first part of TM7 of 

PS2 is highly intolerant and yet is not associated with any known disease mutations (Figure 

2B).

Among the seven transmembrane helices of APH-1, the highly intolerant regions are found 

in TM1 and TM5 (Figure 3A). In the cryo-EM structure of the human γ-secretase complex, 

TM1 and TM5 are packed with the TM domain of nicastrin (Figure 3D) [32]. Neither 

APH-1 nor nicastrin are subject to disease mutations, yet they contain highly intolerant 

segments.

Nicastrin has a large extracellular domain (ECD) and a single transmembrane domain. The 

highly intolerant region of nicastrin spans residues 197-220, situated in the small lobe of the 

ECD of nicastrin (Figures 3B and 3D). Most of these sites are at the interface with the other 

subunits of the γ-secretase complex (Figure 3D). The precise roles of these residues of 

nicastrin in the catalytic mechanism or stability of γ-secretase are not yet well-

characterized; hence, it will be worth investigating how missense mutations in this region 

could impact the function and/or folding of nicastrin. It is notable that the highly conserved 

Trp164 near the lid, as well as the hydrophilic residues in the substrate-binding pocket 

including the DYIGS motif (residues 336-340), do not seem to be undergoing purifying 

selection, suggesting that the high intolerance seen for residues 197-220 may be unrelated to 

the native function of γ-secretase.

The gene coding for PEN-2, PSENEN, is generally tolerant to mutations. Indeed, the region 

containing residues 30-61, which covers TM2 and the first third of TM3, appears to be 

undergoing positive selection (MTR > 1.0) (Figure 3C). This is an example of a protein that 

is tolerant of missense-encoded mutations.

4.2. AMYLOID PRECURSOR PROTEIN (APP)

The β-amyloid precursor protein (APP) is a transmembrane protein best known as the source 

of the β-amyloid (Aβ) polypeptides that form amyloid plaques in the brains of patients with 

Alzheimer’s disease (AD) [41]. APP consists of a long ectodomain, a transmembrane 

domain, and a short cytoplasmic tail. It has three major isoforms, composed of 770, 751, and 

695 residues, which are the consequence of differential splicing of APP mRNA [49–51]. 
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APP can be cleaved by either α-secretase or β-secretase to generate the C-terminal 

transmembrane fragment, C83 or C99, respectively [52, 53], which will be subsequently 

cleaved by γ-secretase to produce the p3 and Aβ polypeptides, respectively, together with 

APP-intracellular domain (AICD) [54]. The aberrant aggregation of neurotoxic Aβ peptides 

is a hallmark feature of AD. While APP has been extensively studied in the context of its 

role in amyloid production, it may play roles in cell proliferation, differentiation, neurite 

outgrowth, and synaptogenesis [55].

APP exhibits a couple of highly intolerant segments (Figure 4). The presence of highly 

intolerant segments means that many variations in APP are dysprocreative even under 

conditions heterozygous WT/variant co-expression. This is surprising in light of the fact that 

APP (-,-) knockout mice are reasonably healthy and are able to breed [56]. This suggests 

that some mutations in APP are highly toxic to the host cell, even when co-expressed with 

WT. Given that Alzheimer’s is thought to be associated with the toxicity of a fragment of 

APP late in life, it is perhaps not surprising that some APP mutations are not tolerated by 

evolution. However, it seems likely that the mechanism of toxicity associated with 

Alzheimer’s disease may be different from the mechanism that results in dysprocreation.

The most intolerant domain of APP is the cytoplasmic tail of APP. This domain is not 

subject to Alzheimer’s disease mutations, providing another example where intolerance 

seems to be decoupled from disease mutations. This portion of APP has been shown to 

interact with a plethora of adaptor proteins [57, 58]. It contains the highly conserved 

YENPTY sorting motif (residues 757-762) that is believed to be involved in APP trafficking 

and internalization via clathrin-mediated endocytosis [59–61]. Being a part of the AICD 

protein released from C99 by γ-secretase, it has been reported to bind Fe65 and then 

possibly translocate to the nucleus to activate gene transcription, similar to Notch [62, 63]. 

The multifarious roles of the cytoplasmic tail of APP could help to explain its extreme 

intolerance to missense variations. It would be expected that the non-tolerated variations 

must NOT be loss-of-function in nature (because we know that APP knockout mice are 

reasonably healthy), but instead somehow alters the interactions of this cytosolic tail with 

other molecules (or itself) in a way that ultimately results in dysprocreation.

4.3. NOTCH Receptor

The Notch receptor is a single-pass transmembrane protein, whose signaling pathway plays 

a vital role in cell-to-cell communication, rendering it a master regulator of cell development 

and differentiation [64–66]. It consists of a large extracellular N-terminal domain (NECD), a 

transmembrane domain, and an intracellular domain (NICD). Upon ligand binding, Notch 

signaling is initiated by two proteolytic cleavage events: it is first cleaved by an ADAM 

metalloprotease [67, 68] followed by γ-secretase cleavage, ultimately releasing the NICD 

that then translocates to the nucleus to activate target gene expression [69–72]. 

Dysregulation of the Notch receptor is implicated in various cancers [73–75].

The Notch1 MTR plot shows that this protein has an unusually high number of severely 

intolerant regions (Figure 5A), some of which are located in the NICD. This accentuates the 

pivotal role that NICD plays in the overall signaling pathway. Once released after γ-

secretase cleavage, NICD translocates to the nucleus and interacts with the DNA-binding 
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transcription factor CSL and a coactivator, Mastermind, to form a complex that activates 

gene transcription [76–78]. The NECD also contains some intolerant regions, most 

noteworthy of which is the region spanning residues 381-479, comprised mainly of EGF 

domains 11 and 12 (highlighted in magenta in Figure 5A). EGF domains 11 and 12 are 

known to be centrally involved in ligand binding [79]. A modest number of reported 

pathogenic mutations are spread throughout Notch1, including in EGF domains 11 and 12 

(Figure 5A).

4.4. DAP12

The DNAX-activating protein of 12 kDa (DAP12, also known as TYROPB) is a homodimer 

expressed by natural killer (NK) and myeloid cells [80]. DAP12 consists of a single 

transmembrane domain with a short extracellular region and a cytoplasmic tail containing 

“immunoreceptor tyrosine-based activation” (ITAM) motifs, which when phosphorylated 

mediate downstream signaling resulting in activation of NK cells [81, 82]. As a homodimer 

it must assemble with ligand-binding co-receptors, termed the “DAP12-associated 

receptors”, in order to transduce the signal from the receptor to its downstream effectors 

[83]. One such co-receptor is the triggering receptor expressed on myeloid cells 2 (TREM2), 

for which mutations are now appreciated to be risk factors for several neurodegenerative 

disorders [84], including late-onset Alzheimer’s disease (see below).

DAP12 is overall tolerant to missense mutation but contains a one moderately intolerant 

region, centered around residues 48-54 (Figure 5B). This segment is part of the 

transmembrane domain of DAP12, which contains two residues, Asp50 and Thr54, which 

are known to be critical for the assembly of the DAP12 dimer with a DAP12-associated 

receptor. These residues, together with a basic residue located in the single TM segment of 

its co-receptors such as TREM2, form an electrostatic and H-bonding network that is 

essential for the stable assembly of the DAP12-receptor complex [85]. This also suggests 

that disruption of the complex of DAP12 with one or more of its co-receptors is 

dysprocreative.

4.5. TREM2

The triggering receptor expressed on myeloid cells 2 (TREM2) is an immune receptor that is 

expressed on the surface of immune cells, such as microglia, macrophages, and dendritic 

cells, in the brain. Mutations in TREM2 are associated with various neurodegenerative 

diseases, such as Nasu-Hakola disease, frontotemporal dementia, and Alzheimer’s disease 

[86]. It is a single pass transmembrane protein containing an extracellular Ig-like V-type 

domain that binds a number of different ligands [87–91], a short stalk, a transmembrane 

domain, and a short cytoplasmic tail. The transmembrane domain of TREM2 contains a 

lysine residue that associates with the homodimer of DAP12 to form the signaling complex 

[92, 93]. Upon ligand binding to TREM2, the tyrosine residues of the ITAM motifs of 

DAP12 will be phosphorylated, activating downstream signaling [81].

The MTR plot of TREM2 does not show any significant region in the protein that is 

intolerant to missense mutation (Figure 5C). However, there are known missense mutations 

in the ectodomain of TREM2 that are linked to neurodegenerative diseases (see lollipop plot 
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in Figure 5C). TREM2 is an example of a protein where MTR analysis does not reveal the 

critical region of the protein where missense mutations are pathogenic. This is likely because 

the neurodegenerative diseases associated with TREM2 mutations are late age-onset 

disorders and are not dysprocreative.

4.6. KV7/KCNQ POTASSIUM CHANNELS

KV7 channel subtypes 1-5 are a family of voltage-gated potassium ion channels that are 

encoded by the KCNQ1-KCNQ5 genes. These channels have multiple physiological 

functions and are found throughout the body, including in neurons, cardiac myocytes, 

epithelia, smooth muscle cells, and the cochlea. For example, one of the important functions 

of the KV7.1/KCNQ1 channel is to partner with the KCNE1 channel-modulatory protein to 

form a complex that functions to generate the IKs current that is an essential component of 

the cardiac action potential. The KCNQ gene family is linked to a number of hereditary 

disorders that arise from dominant missense mutations, including arrhythmias such as long 

QT syndrome (KCNQ1), deafness (KCNQ1), and both mild and severe forms of epilepsy 

(KCNQ2 and KCNQ3) [94–100]. KV7 channels are comprised of six transmembrane helices 

(S1-S6) with a long C-terminal cytoplasmic domain. The first four transmembrane segments 

(S1-S4) of each subunit form a transmembrane voltage-sensing domain (VSD) while the last 

two (S5-S6) assemble into the pore-forming domain [101, 102]. The KV7 channels function 

as homotetramers and are also known to partner with any one of several single 

transmembrane span accessory proteins KNCE1-KCNE5, which act to profoundly modulate 

channel function [103–110].

The pore forming domains (S5-S6) of all five KV7 channels exhibit the lowest MTR scores 

across the entire KCNQ family (Figures 6–7), with a few segments being seen to be 

absolutely intolerant (MTR = 0). Given that the not-tolerated mutations usually occur under 

genetically-dominant conditions, this poses the question of whether a 50% loss in channel 

function for each of these channels is sufficient to confer dysprocreation. This seems 

unlikely as it is known that many disease mutations in KCNQ1 cause complete loss of 

function of the affected allele; such variations are sufficient to cause disease but are not 

dysprocreative. One possibility is that channel encoded by the allele containing the non-

tolerated variation is not only bereft of function, but still forms oligomers with the WT allele 

in a way that induces loss of the function of the WT allele product. Another possibility is 

that the non-tolerated mutations induce some sort of toxic gain of function, which could 

range from promoting unregulated channel conductance to causing misfolding to form toxic 

aggregates. Only future experiments can resolve which of these possibilities pertain or 

whether there are other possible mechanisms (see Section 5) that are the sources of the 

purifying genetic selection.

With regard to the voltage sensor domain (which includes the surface S0 helix and the 

transmembrane S1-S4 helices), there is not a consistent pattern across the KCNQs (Figures 6 

and 7). KCNQ1 has a low MTR score spanning the S0 and S1 helices, consistent with the 

recent discovery that the S0 segment of KCNQ1 is a central stabilizing element of the VSD 

fold [111]. This fact, along with the observation that the helices most directly involved in the 

KCNQ1 voltage-sensing mechanism (S4 and to a lesser degree S2, [112–118]) exhibit only 
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moderate intolerance, may be consistent with the notion that intolerant sites in KCNQ1 are 

sometimes associated with misfolding. KCNQ2, KCNQ3, and KCNQ5 all have complex 

patterns of intolerance in their VSD. On the other hand, S0-S3 of KCNQ4 exhibit MTR 

scores near 1.0 (no intolerance), with only S4 displaying moderate intolerance. We can only 

speculate that while all 5 isoforms of KV7 are homologous and function as voltage-gated 

potassium channels, each of their voltage sensing domains has been uniquely adapted to 

different host cell types, membrane compositions, physiological niches, transmembrane 

potentials, and other forms of regulation (PIP2 binding, phosphorylation, calmodulin 

binding, and so forth). The differing intolerance patterns seen for the VSD of these five 

isoforms are mysterious, yet compelling in suggesting that there are fundamental differences 

in the properties and functional roles of these VSDs that remain to be discovered.

The intolerance patterns in the cytosolic C-terminal domains of the five channels exhibit 

considerable variability, but also some common features (Figures 6–7). Calmodulin (CaM) is 

known to bind to helices A and B and is thought to be essential to proper protein trafficking 

and function, yet helices A and B do not achieve consistently low MTR scores across the 

KCNQ family. [102, 108, 119–123]. A common feature of the intolerance patterns of the C 

termini is the consistently low scores in the C helix, which forms a tetrameric coiled-coil 

helix that helps to stabilize the channel tetramer, as well as potentially playing a role in 

trafficking [102, 121, 124]. This suggest that the C helix may actually play a leading role in 

both channel oligomerization and trafficking.

Studying the KV7/KCNQ channel family offers the unique opportunity to compare the MTR 

with the sequence homology pattern among both orthologs and paralogs. Both the set of 

human KV7 paralogs and the species to species orthologs of Kv7.1/KCNQ1 indicate 

generally high levels of conservation in segments exhibiting low (intolerant) MTR scores 

(Figure 8). However, MTR plots provide additional information. For example, while the S0 

segment in KCNQ1 is highly intolerant compared to S2-S4 (Figure 8A), the sequences of S2 

and S4 are much more highly conserved than S0. This exemplifies that the factors 

determining sequence conservation in the KCNQ1 VSD only partially overlap with the 

factors that determine the intolerance to mutation of segments within the VSD. The nature of 

the factors that are unique to determining intolerance is a matter that seems to call for 

discovery.

5. CONCLUSIONS

The missense tolerance ratio represents a new and intriguing approach to analyzing genetic 

information based on the growing body of human genome variation data. It offers insight 

into human genes and their encoded proteins that complements the information that can be 

gleaned from multiple sequence alignment and sequence conservation patterns. MTR values 

can also help identify specific regions in the protein that are most crucial for protein 

structure, function, folding and interactions. Intolerance analysis may also help to confirm 

and illuminate disease-linked gene variations. Perhaps most intriguingly, MTR analysis may 

point to important roles for protein segments that have evaded detection using homology-

based analysis or other methods.
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One note of caution to analyzing exon segmental intolerance in protein-centric terms is that 

some non-tolerated variants could conceivably exert their dysprocreative effect by impacting 

DNA methylation, RNA splicing, or mRNA stability [14–16]. Indeed some missense 

variants could even render the encoded mRNA toxic [17]. It is not yet clear how often one of 

these phenomena occur as mechanisms underlying genetic intolerance. However, these 

mechanisms should be kept in mind to avoid overanalysis of MTR values in protein-only 

terms. Indeed, it is intriguing to wonder if there are as-yet-undiscovered mechanisms by 

which gene variations might induce dysprocreative effects. If so, then MTR analysis may 

point the way to new fundamental discoveries in biology.
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Highlights

• Genetic intolerance analysis provides insight into non-synonymous gene 

variations that are deemed important because they have been filtered out of 

human genome/exome sequences because they prevent human reproduction 

or early development.

• A form of intolerance analysis is reviewed that calculates the “missense 

tolerance ratio” (MTR) that identifies intolerant sequence segments in gene 

exons, with a current resolution of roughly 90 nucleotides (30 amino acids).

• MTR analysis can provide insight into the roles of protein segments in 

folding, structure, function, interactions, and potential mutant protein toxicity 

that is sometimes complementary or even orthogonal to insight provided by 

phylogenetic multiple sequence alignment and homology analysis.
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Figure 1. Segmental Intolerance Analysis of GluN2A.
(A) MTR plot of GluN2A (adapted from Ogden K. et al. (2017) PLoS Genet. 13, 

e1006536)). (B) Lollipop plot of the pathogenic variants of GluN2A superimposed on its 

domain organization. ATD – amino terminal domain, ABD – agonist binding domain, M1, 

M2, M3, and M4 – transmembrane domains, CTD – carboxy terminal domain (adapted from 

Traynelis J. et al. (2019) Genome Res. 27, 1715–1729)). As for all MTR plots presented in 

this paper, the sliding window for which MTR values was calculated is 31 amino acids long 

(93 nucleotides in the cDNA). The cut-off for the 5% most intolerant segments is indicated 

by the horizontal dashed red line. The MTR value for which the 5% cutoff occurs will vary 

from protein to protein. MTR values highlighted in red are those for which the false 

discovery rate (FDR) is less than 0.1, indicating the deviation of the MTR value from 1 is 

statistically robust. For the purposes of this review we describe MTR values as reflecting 

“high intolerance” if the MTR value is 0.5 or less and if the FDR is <0.1.
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Figure 2. Segmental Intolerance Analysis of Presenilin.
(A) MTR plot for human presenilin 1 (PS1). The transmembrane (TM) domains of PS1 and 

the lollipop plot showing the locations of its familial Alzheimer’s disease missense variants 

are at the bottom of this panel. (B) MTR plot for presenilin 2 (PS2), along with the 

transmembrane domains and the lollipop plot for its familial Alzheimer’s disease mutations. 

(C) Mapping of the most intolerant segments of PS1 onto its cryo-EM structure (PDB: 

6IYC) [32], as highlighted using a red surface representation.
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Figure 3. Segmental Intolerance Analysis of APH-1, Nicastrin and PEN-2.
MTR plots for (A) APH-1, (B) Nicastrin (NCSTN), and (C) PEN-2. The transmembrane 

(TM) domains of APH-1, NCSTN, and PEN-2 are shown below their respective MTR plots. 

(D) The intolerant regions of nicastrin (NCSTN) and APH-1 are mapped onto the structure 

(PDB: 6IYC) using red surfaces.
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Figure 4. Segmental Intolerance Analysis of the Amyloid Precursor Protein (APP).
MTR plot for human APP. A lollipop plot showing locations of the familial Alzheimer’s 

disease mutations superimposed on the domain organization of APP are shown on top of the 

MTR plot. SP – signal peptide, GFLD – growth factor-like domain, CuBD – copper-binding 

domain, KPI - Kunitz-type protease inhibitor, TM – transmembrane domain.
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Figure 5. Segmental Intolerance Analysis of Notch1, DAP12, and TREM2.
MTR plots for (A) the NOTCH1 receptor, (B) DAP12 (TYROBP), and (C) TREM2. 

Lollipop plots showing the positions of associated pathogenic missense variants for each 

protein are mapped on top of the domain organization below each MTR plot. EGF - 

epidermal growth factor-like domain, LNR – Lin-12/Notch Repeat, HD – heterodimerization 

domain, TM – transmembrane domain, RAM - RBPJ-associated module, ANK – ankyrin 

repeats, TAD – transactivation domain, PEST – proline, glutamic acid, serine, and threonine 

domain, ITAM – immunoreceptor tyrosine-based activation motif.
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Figure 6. Segmental Intolerance Analysis for KV7.1/KCNQ1.
(A) MTR plot for human KCNQ1. The domain organization is shown below. VSD – 

voltage-sensing domain, PD – pore domain. S0-S6 – transmembrane helices, A-D – 

intracellular helices. Notice that there are gaps in the MTR plot (from residues 1-46, 

542-548, and 552-553). MTR is not calculated in these windows because there currently are 

less than 3 observed variants in these windows, which indicates inadequate sequence 

coverage to calculate an MTR. (B) Lollipop plot showing the locations of long QT syndrome 

mutations in KCNQ1. (C) The intolerant regions of KCNQ1 mapped onto its cryo-EM 

structure (PDB: 5VMS) [88] using a red surface representation.
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Figure 7. Segmental Intolerance Analysis for Kv7 Family Members 2-5 (KCNQ2-KCNQ5).
VSD – voltage-sensing domain, PD – pore domain, S0-S6 – transmembrane helices, A-D – 

intracellular helices. Gaps in MTR plots mean that MTR is not calculated in those windows 

because there are less than 3 observed variants the segments.
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Figure 8. Sequence Alignments for (A) KCNQ1 VSD Orthologs and (B) Human KCNQ1 
Paralogs.
Sequences highlighted in yellow denote the helical segments of the KCNQ1 VSD.
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