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1 | INTRODUCTION
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Abstract

Genetic variation in the membrane trafficking adapter protein complex 4 (AP-4)
can result in pathogenic neurological phenotypes including microencephaly,
spastic paraplegias, epilepsy, and other developmental defects. We lack molecu-
lar mechanisms responsible for impaired AP-4 function arising from genetic var-
iation, because AP-4 remains poorly understood structurally. Here, we analyze
patterns of AP-4 genetic evolution and conservation to identify regions that are
likely important for function and thus more susceptible to pathogenic variation.
We map known variants onto an AP-4 homology model and predict the likeli-
hood of pathogenic variation at a given location on the structure of AP-4. We
find significant clustering of likely pathogenic variants located at the interface
between the 4 and N-p4 subunits, as well as throughout the C-p4 subunit. Our
work offers an integrated perspective on how genetic and evolutionary forces
affect AP-4 structure and function. As more individuals with uncharacterized
AP-4 variants are identified, our work provides a foundation upon which their
functional effects and disease relevance can be interpreted.

subunits; Figure 1) is a member of the adapter protein
(formerly Assembly Polypeptide) family, which comprises

The transport of protein and lipid cargo between distinct
cellular compartments is essential to life. This critical
function is often carried out by large multisubunit coat
protein complexes that facilitate formation of vesicles or
tubules that contain specific cargoes. Vesicles bud from
donor compartments and are then sorted to and fuse with
acceptor compartments.1 One such coat protein complex
is adapter protein complex 4 (AP-4). AP-4 (¢/p4/p4/c4
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the closely related APs 1-5 and the COPI F-subcomplex.
Each member of the AP family is heterotetrameric in
structure, and all play key roles in membrane trafficking
pathways.>> AP-1 and AP-2 are the most well character-
ized and closely associate with clathrin to form clathrin-
coated vesicles.* AP-4 is recruited to the trans-Golgi
network (TGN) by the small GTPase, Arfl.”> Unlike AP-1
and AP-2, AP-4 does not associate with clathrin,
suggesting AP-4 must interact with additional proteins at
the membrane to form a complete coat and initiate
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FIGURE 1 AP-4 homology model. (a) AP-4 core in its open conformation is depicted with ¢, p4, p4, and o4 subunits shown in blue,
green, red, and cyan, respectively. The complex is shown in the orientation thought to interact with the membrane, as based on related AP
structures. The AP-4 core homology model was generated using existing experimental structures of both AP-2 (PDB: 2XA7) and AP-4 (PDB:
3L81). (b) AP-4 £ appendage domain homology model showing the platform and sandwich subdomains generated from AP-2 a appendage
(PDB: 1B9K). (c) p4 appendage domain (PDB ID: 2MJ7). (d) Schematic of the AP-4 heterotetramer. The € and 4 subunits contain
C-terminal appendage domains (20-30 kDa each) attached to the core (200 kDa) via long unstructured linkers. AP-4, adapter protein

complex 4

vesicle formation. AP-4 was present in the last eukaryotic
common ancestor (LECA), but it has been lost in multiple
eukaryotic lineages.®

Recently, two groups showed AP-4 colocalizes with
accessory proteins tepsin, RUSC1, and RUSC2 at the
TGN.”® AP-4 packages the three transmembrane proteins
(ATG9A, SERINC1, and SERINC2) into vesicles trans-
ported to the cell periphery where ATG9A is believed to
function in autophagosome formation.”® The functions of
the SERINC proteins remain poorly understood. AP-4 is
also implicated in neurological disease. The complex is
expressed ubiquitously in cells, but AP-4 seems especially
important for neurological development.”** Each of the
four subunits can harbor mutations that cause hereditary
spastic paraplegias (HSPs),”>*® and current clinical
research suggests patients have a specific subtype of HSP
called AP-4 deficiency syndrome.!” Each AP-4 gene

(AP4E1/AP4B1/AP4M1/AP4S1) is also classified as a spas-
tic paraplegia gene (SPG51/SPG47/SPG50/SPG52, respec-
tively). Patients affected by AP-4 deficiency syndrome
typically present with early onset developmental delays,
including delayed motor, muscle, and speech develop-
ment. Other associated phenotypes include -epilepsy,
microencephaly, and brain malformations. Currently,
there are about 150 known cases of AP-4 deficiency
syndrome.'”

Despite the importance of AP-4, we still know rela-
tively little about the precise pathway it mediates and
why patients suffer severe neurological phenotypes. Cur-
rent cell biology and clinical data suggests mistrafficking
of ATGY9A in the autophagy pathway inhibits the nucle-
ation of autophagosomes in neurons, which prevents
cargo degradation and recycling'® in patients. In addi-
tion, we lack experimentally determined structural
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information about most of the complex. An NMR struc-
ture of the AP-4 f4 appendage domain (PDB: 3181, struc-
ture deposited, unpublished) (20 kDa; Figure 1) and X-
ray structures of the C-terminal domain of the p4 sub-
unit’ (30 kDa) have been experimentally determined,
but the structure of most of AP-4 (~200 kDa) remains
unknown. The lack of structural information makes it
difficult to delineate and understand molecular mecha-
nisms underlying known neurological and developmen-
tal deficiencies; it is also difficult to advise patients and
families about potential clinical outcomes associated with
specific mutations.

Advances in computational protein structure predic-
tion and availability of sequencing data from diverse
human populations and across species provide a variety
of tools to investigate the evolutionary and functional
constraints on AP-4. We generated a structural model of
AP-4 by combining experimentally determined AP-4
structures with homology models generated from AP-2
crystal structures. AP-2 was selected as the template
structure because it was determined using experimental
phasing methods, whereas the AP-1 X-ray structure was
solved using molecular replacement from the AP-2
structure. We therefore chose AP-2 because it was the
experimentally determined structure. We then used com-
putational tools to analyze AP-4 at both the gene and pro-
tein levels. We employed evolutionary biology techniques
to analyze genetic variation, both common (defined as
minor allele frequency, or MAF, >5%) and pathogenic.
We show there are common genetic variants in AP-4 that
do not lead to disease. We further quantified evolutionary
pressures on different regions of the protein complex,
both within humans and across species, and correlated
those regions with AP-4 disease-causing variants. Lastly,
we integrated structural and genetic analyses to identify
clusters of pathogenic variants in the AP-4 complex and
show putative “hot spots” that seem particularly suscepti-
ble to pathogenic mutations. Overall, our work provides
a structural framework for interpreting the functional
outcome of having a specific AP-4 variant. It is impera-
tive to provide both genetic and structural data to better
understand how AP-4 functions in the cell, as well as
likely outcomes associated with newly identified AP-4
variants in patients.

2 | RESULTS

21 | AP-4 homology model

To analyze AP-4 variants in a structural context, we gener-
ated homology models of the AP-4 core in its open
(Figure 1a) and closed (Figure S1A) conformations based

on experimentally determined structures of AP-2. We also
generated a homology model of € appendage (Figure 1b).
The core includes the € and p4 N-termini, full-length p4,
and full-length o4 (Figure 1a,d). The core and appendage
domains of the open and closed conformations of AP-2
were used as a template for one-to-one threading
(Methods). Briefly, using the PHYRE2 server, we threaded
the primary sequence of each AP-4 subunit onto the anal-
ogous subunit of AP-2. We specifically used crystal struc-
tures from the AP-2 appendage domains (PDB IDs: 1B9K,
1E42) and both AP-2 open and closed core structures
(PDB IDs: 2XA7, 2VGL).?° AP-4 subunits ¢, p4, 4, and o4
subunits demonstrate sequence similarities of 19, 29,
26, and 42% to respective AP-2 counterparts. We selected
the best predicted model (based on PHYRE2 confidence
score) for each AP-4 subunit and combined the models
into a single structure by superimposing individual AP-4
subunits onto the complete AP-2 open core structure in
Chimera (Figure 1). We combined these homology models
with two experimentally determined AP-4 structures, the
B4 appendage domain (Figure 1b; PDB ID: 2MJ7) and
C-u4 (PDB: 3L81), to generate a model of the entire AP-4
complex. We used the AP-4 open core homology model
for subsequent structure-based analyses, as the open core
represents the active conformation that interacts with the
membrane (Figure 1a). The cytosolic closed core AP-4
homology model is shown for comparison in Figure S1.
Given the relatively low sequence identity of the tem-
plates, our structural analyses focus on coarse-grained spa-
tial attributes. Electrostatics analysis in Chimera indicate
AP-4 is an acidic protein (Figure S1C,D).

2.2 | Evolutionary conservation between
species highlights functionally important
AP-4 regions

To identify regions of each AP-4 subunit that are likely
functionally important, we analyzed evolutionary conser-
vation across vertebrates. We used ConSurf*' to assign
each residue a conservation score and mapped scores
onto our AP-4 model (Figures 2 and S2). ConSurf con-
siders similarity across evolutionarily related proteins
both within and between species, rather than explicitly
testing for different modes of selection.

The two large subunits of AP-4, f4, and e, are the
most conserved, with 51 and 52% of residues scoring an
8 or 9 on the conservation scale, respectively. This is
likely as a result of constraint on the large surface inter-
face between the two domains, which maintains overall
secondary and tertiary structural integrity (Figure 2a,b).
The appendage domains of 34 and & have regions of con-
servation as well (Figure 2c,d). In other AP complexes,
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B4 appendage

appendage domains are known to participate in protein-
protein interactions at the membrane.”*** In the p4
appendage, the most conserved region is the peptide
binding groove identified by two groups as binding the
LFxG[M/L]x[L/V] motif in the AP-4 accessory protein,
tepsin (Figure 2c).>**® The platform subdomain of &
appendage contains a larger patch of highly conserved
residues (Figure 2d). The e appendage binds the
C-terminus of tepsin® although the molecular mecha-
nism has yet to be resolved structurally. ConSurf analysis
suggests this highly conserved patch (F966, W970, 11009,
W1039) is a strong candidate for binding the SAFAFLNA
motif in tepsin. In contrast, the sandwich subdomain of
the € appendage is variable. In AP-4 homologs, the equiv-
alent appendage domain binds accessory proteins. For
example, AP-2 o appendage binds synaptojanin through
its sandwich subdomain.?® The lack of conservation in &
appendage may suggest this subdomain does not engage
a protein partner, in contrast to AP-2.

The C-terminus of the p4 subunit recognizes the Yxx¢
and Yx[FYL][FL]E sorting motifs associated with lyso-
somal proteins and amyloid precursor protein (APP).'**’
Both predicted binding pockets for these sorting motifs
are highly conserved in our model, with 80% of residues
scoring an 8 or higher in the canonical Yxx¢ pocket and
56% scoring a 9 in the Yx[FYL][FL]E pocket. Addition-
ally, the N-terminus of the p4 subunit and all of the ¢4
subunit contain considerable regions of conservation. We
attribute this conservation to overall folding require-
ments, as these domains stabilize the core by packing
against and maintain key surface contacts with the € and
B4 core domains (Figure 2b).*®

€ appendage

FIGURE 2
conservation of the AP-4 core

Evolutionary

and appendage domains.
Residues are colored from cyan
to dark magenta based on
conservation scores calculated
using ConSurf. AP-4 core with
conservation scores mapped to
residues are shown for (a) p4
and e subunits with p4 and c4
shown as gray ribbons; (b) p4
and o4 subunits with 4 and e
subunits shown as gray ribbons;
(c) the p4 appendage domain;
and (d) the £ appendage
domain. AP-4 views in (a) and
(b) are shown as top-down views
from the membrane. AP-4,
adapter protein complex 4

9 (conserved)

Finally, AP-4 o4 contains a conserved hydrophobic
patch (L65, V88, 198, and L103). This patch is analogous
to the AP2 o2 patch responsible for recognizing the dil-
eucine cargo motif (D/E)XXXL(L/I),”® and a binding
pocket is present in our 64 model. This suggests AP-4 ¢4
may also bind cargo. The SERINC proteins’ have candi-
date dileucine motifs in their cytoplasmic regions, so ¢4
may be a candidate for binding AP-4 cargoes.

2.3 | AP-4 genes harbor both pathogenic
variants and variants of uncertain
significance

AP-4 genes (AP4E1/AP4B1/AP4M1/AP4S1) harbor many
genetic variants in human populations. In this section,
we quantify the genetic and disease context of known
AP-4 variation to provide a reference frame for better
interpreting the functional effects of newly identified var-
iants. The ability to do this will be especially important
for patients who require advice on potential clinical out-
comes associated with genetic variation.

We report here for the first time common genetic var-
iants found within each AP-4 gene (Table 1). The detailed
list of common variants including SNPs and genetic coor-
dinates is shown in Table S1. We analyzed variants
within the gene body of each AP-4 gene from large data-
bases of human genetic variation in over 140,000 individ-
uals without severe genetic disease (1,000 Genomes and
gnomADv2.1.1).>>*' Hundreds of coding variants are pre-
sent in each subunit colored bars, Figure 3a), but as
expected, the majority of variants in all four AP-4 genes
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TABLE 1 Frequency of AP-4 subunit human genetic variation from 1,000 Genomes and gnomAD in different genic contexts
AP4E1 AP4S1 AP4B1 AP4M1
Allele Variant % within Variant % within Variant % within Variant % within
Type frequency count type count type count type count type
UTR Common 6 0.8 5 2.7 3 3.5 4 0.7
Rare 6 0.8 12 6.4 3 3.5 8 1.3
Very rare 703 98.3 170 90.9 79 92.9 589 98.0
Coding Common 1 0.5 0 0.0 3 0.5 0 0.0
Rare 1 0.5 0 0.0 1 0.2 0 0.0
Very rare 214 99.1 127 100.0 568 99.3 124 100.0
Intron Common 237 8.3 184 9.4 7 1.8 11 2.1
Rare 138 4.8 131 6.7 8 21 9 1.7
Very rare 2,485 86.9 1,650 84.0 368 96.1 509 96.2

Note: Common variants have allele frequency (AF) > 5%; rare variants have AF <5% and > 1%; and very rare have AF <1%. Variant conse-

quences are defined with respect to transcript annotations from Ensembl.

occur within introns or untranslated regions (UTRs)
(Figure 3a). Intronic variants are most common in the
population (MAF > 5%), followed by UTR variants
(Table 1). Coding variants in each of the four subunits
have very low allele frequencies (MAF < 0.001%). Only
four common coding variants were observed: one in
AP4E1 and three in AP4BI.

Next, we explored the clinical consequences of vari-
ants occurring within the gene body of all four AP-4
genes using the ClinVar database (Figure 3b).** Briefly,
ClinVar is a centralized database containing over 430,000
variants and their associated pathological interpretations
submitted by clinical testing laboratories.>* Many AP-4
variants were classified as benign (5-27 variants per
subunit), but hundreds of variants were classified as
“pathogenic” or “likely pathogenic” (52 in AP4S1; 130 in
AP4EI; Table 2). However, 160 variants across AP-4
genes remain annotated as “variants of uncertain signifi-
cance” (VUS; Table 2, Figure 3b) and hundreds more
have no annotation. Interestingly, all four reported path-
ogenic missense mutations in patients (see next section)
are annotated as VUS in ClinVar.

2.4 | Pathogenic AP-4 variants cluster
in three-dimensional space

Our previous work®**> has shown that evaluating the
Euclidean distance in 3D space of uncharacterized vari-
ants relative to pathogenic and benign variants can aid in
variant prioritization. Sivley et al.>**> developed a pro-
gram called PathProx that evaluates the relative 3D prox-
imity of a variant to known pathogenic and benign
variants. To explore the spatial distribution of variants in

AP-4, we mapped onto the AP-4 homology model four
reported pathogenic variants (curated from the
literature)>'®%*® and six variants annotated as likely
pathogenic in ClinVar (Table 3).*> We also identified
699 likely benign variants in AP-4 from gnomAD data-
base (Figure 4).*' This metric predicted pathogenicity.
Pathogenic variants were significantly more clustered in
three-dimensional space than expected by chance
(Figure 4; p < .0001, Ripley's K at a range of distance
thresholds from 15-45 A). The regions most associated
with pathogenic variation cluster in the a8, 9, and «10
helices in the core of the P4 subunit and in the
C-terminus of p4 (Figure 4). The core of the p4 subunit
also contains residues that exhibit the strongest associa-
tion with neutral variation; all of these variants cluster in
helices a14, «15, and al6.

We considered four pathogenic variants in AP-4 p4.
Three amino acid mutations (R107Q and R206Q) are
positioned at the interface between the core domain of 4
and the N-terminal domain of the p4 subunit. Non-
conservative mutations at this interface are likely to
destabilize key interactions between the two subunits
and impair complex assembly. A third mutation, V1931,
is positioned in the same region of p4 as the previous
mutations but is located in the linker between helix «10
and all. A Val to Ile mutation at this position could pos-
sibly disrupt packing in this linker of p4. The fourth
mutation in p4, L443P, is located on helix a25. The pres-
ence of a proline residue likely prohibits folding of the a
helix and therefore leads to potential unfolding of the
protein. AP-4 ¢ has a single pathogenic variant in our
model: V4421 located on helix «26. The incorporation of
a larger residue likely affects stability of the protein or
drives unfolding.
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FIGURE 3 AP-4 subunits harbor benign, disease-associated, and uncharacterized human genetic variation. (a) Distribution of genic
contexts of AP-4 subunit genetic variants. We queried all variants occurring within the four AP-4 genes in databases of human genetic
variation across more than 140,000 individuals (1,000 Genomes and gnomAD). Variants were annotated based on their genic context
(intron, UTR, coding) and functional impact on protein product (start/stop: gain or loss of transcription start or stop; splice: variant
influencing splicing; missense; synonymous; or other: coding variants with missing label). The majority of variants are noncoding but
many variants that influence coding sequence (missense, synonymous, splice) are present in each subunit. (b) Clinical consequences of
AP-4 variants. We plotted variants extracted from ClinVar along the gene body of each AP-4 subunit (one row per AP-4 subunit). Gray
boxes represent exons occurring in known transcripts. Variants are displayed based on their predicted clinical consequence as reported

in ClinVar. While several variants are known to be benign or pathogenic, more than 100 remain of uncertain significance. AP-4, adapter
protein complex 4

AP4B1 AP4E1 AP4M1 AP4S1 TABLE 2  Clinical consequences
i for variants in the gene body of AP-4

Benign 8 27 1 3 subunits as annotated in ClinVar
Benign/likely benign 4 3 1 1

Likely benign 14 21 10 5

Uncertain significance 56 53 39 12

Conflicting interpretations 3 3 2 1

of pathogenicity
Likely pathogenic 6 3 2 4
Pathogenic 19 20 29 25

Total 110 130 94 52
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TABLE 3  List of likely and reported pathogenic AP-4 variants C326R) are located in the core of the p4 domain and
used for PathProx analysis are expected to cause protein misfolding by disrupting
Variant/mutant Subunit B-sheet formation. Mutation G250S is located on a
. loop region near helix a7. The substitution of a a
R206Q (ClinVar) P4 larger polar Ser residue for a small, nonpolar Gly has
R107Q/(ClinVar) i a high probability of causing instability, especially
V1931 (Lamichhane et al. 2013)" p4 because Gly residues can adopt conformations prohibi-
L443P (Ebrahimi-Fakhari et al. 2018)™* p4 ted for other amino acids. Finally, mutation E193K is
V4421 (ClinVar) e located near the Yxx¢ cargo binding site. This charge
G2508 (ClinVar) ud reversal mutation may possibly affect the ability of
, the protein to form intra- and intermolecular interac-

F416L (ClinVar) n4 . . . . . . .
tions, including potential interactions with the

E193K (Najmabadi et al. 2011)"? pd membrane.

Q319R (Bettencourt et al. 2017)"° p4 One potential challenge with our analysis is the rela-
C326R (ClinVar) pd tively small number of reported pathogenic missense var-
iants. To evaluate the utility of PathProx in evaluating
VUS, we performed leave-one-out cross-validation to
quantify the predictive accuracy of the PathProx metric
N C, \\’,. 0 B4 at distinguishing likely benign and pathogenic variants.
., = =¥, /‘f h Neutral PathProx identified pathogenic variants only slightly bet-
€ !”/\4.‘ ':L -‘.\;; L443P ter than chance (Figure S3; ROC AUC of 0.57, PR AUC
<§ '{'\&ﬁ di ) &fﬁl RC of 0.04). However, a simpler metric based on the distance
( )"< ) '¢x PR @ Pathogenic to the nearest pathogenic variant performed significantly
&3y ve ( { 3 better (Figure S3; ROC AUC of 0.64, PR AUC of 0.18).
\‘ ‘C 7 | This suggests that considering the spatial orientation of

‘)Y}‘///'[*QBIQR
}

% 3
““,," / \ A ¥ ¥
& }/{v ;:4C326R
A\ \ 1 AN}
VR J / N\
2y ) °
T/ f;f , C-u4
B4 - - ‘-’.* =

~./ry E193K

FIGURE 4 Pathogenic variants cluster in 3D space on the AP-4
core. We mapped known pathogenic AP-4 variants (red spheres;

cf. Table 3) with 699 likely benign variants (gnomAD) onto the AP-4
core model. The linkers and appendages do not contain known
pathogenic variants, so we only show the core domain. Variants
confirmed in patients are depicted by black asterisks and labeled.
PathProx reveals pathogenic variants are significantly more clustered
than expected if variants were randomly distributed across the
protein (p < .0001, Ripley's K). We computed the difference in
average proximity for each position to pathogenic and benign
variants. Regions of the protein closer (on average) to pathogenic
variation are shown in red, and regions more proximal to benign
variants are shown in blue. These data suggest the p4/N-p4 interface
and C-p4 are especially susceptible to pathogenic variation. AP-4,
adapter protein complex 4

AP-4 p4 contains five pathogenic variants in our
model; these are dispersed throughout the C-terminal
subdomain. Three mutations (F416L, Q319R, and

newly identified AP-4 variants with respect to known var-
iants may help clinicians interpret functional effects, but
it will be very important to consider additional mutations
as they are confirmed to improve our PathProx-based
model.

2.5 | Structural insights from AP-4
homology model

C-u4 cargo binding pockets. The C-p4 structure has
been experimentally determined by X-ray crystallogra-
phy (PDB IDs: 3L81, 4MDR).'*?” We compared both
predicted cargo binding sites on C-p4. First, our analy-
sis reveals the deep and hydrophobic Tyr binding
pocket identified in all other p subunits is absent. C-p4
cannot accommodate the Tyr residue found in a
canonical Yxx¢ motifs (Figure 5a), because residue
Arg441 is positioned so that it occludes the space the
Tyr residue would occupy. The binding pocket in C-p2
is shown for comparison (Figure 5b). However, conser-
vation data reveal the Yxx¢ binding pocket is more
conserved than the YKFFE pocket, and PathProx pre-
dicts the Yxx@ pocket is more prone to pathogenic var-
iation than is the YKFFE pocket (Figure 5c). Finally,
the position of the YKFFE pocket is inconsistent with
cargo binding in the open conformation (discussed fur-
ther below).
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YKFFE Pocket
C-p4

C-p4

FIGURE 5 C-p4 cargo binding pockets. (a) The predicted Yxx¢ binding pocket in C-p4 (PDB: 3L81) is shown with Yxx¢ peptide from
C-p2 superimposed (PDB: 1BW38). (b) The C-p2 Yxx¢ cargo binding pocket with Yxx¢ superimposed (PDB: 1BW8). C-p4 lacks the deep
hydrophobic pocket known to accommodate the Tyr residue in canonical endocytic Yxx¢ motifs. (c) Both YKFFE and Yxx¢ binding pockets
are shown mapped onto the PathProx C-p4 model. Residues important for motif binding in both pockets are shown as sticks. PathProx
analysis indicates regions proximal to known pathogenic variation (mapped in red) and regions closer to benign variants (mapped in blue).
Confirmed pathogenic mutation E193K shown as a red sphere. Current data suggest the Yxx¢ binding pocket is more susceptible to
pathogenicity, although the YKFFE site is believed to be important for sorting AP-4 cargoes like ATG9. AP-4, adapter protein complex 4

2.6 | AP-4 genes have experienced
long-term negative selection and recent
positive selection

By analyzing patterns of missense genetic variation
within and between species, we can identify regions
evolving under different evolutionary constraints. Genetic
variation in coding regions is often deleterious and nega-
tively affects fitness.>” To quantify long-term evolutionary
pressures on AP-4 genes, we computed rates of non-
synonymous (dN) and synonymous (dS) substitutions for
each amino acid site across vertebrates (Methods). As
expected, across all four genes, the majority of sites have
experienced higher rates of synonymous substitution
(Figure S4), suggesting long-term negative selection on

many sites. Overall, 48.5% of AP4S1 sites (82/169) had sig-
nificant evidence of negative selection (dN/dS <1,
p < .05, binomial test with Bonferroni correction), AP4E1
had the fewest sites (13/1,181, 1.1%), while AP4M1 and
AP4B1 were intermediate, with 32.3% (240/743) and
29.6% (415/1,403), respectively. Only two sites across all
genes (¢ subunit residues Arg204 and Leu207, both
located in the protein core) demonstrated evidence of
positive selection (dN/dS > 1) at a nominal significance
threshold (p < .05).

To provide recent evolutionary context for genetic vari-
ants observed in human AP-4 genes, we evaluated coding
variants for signatures of differentiation in frequency
(Fst) and recent positive selection (XP-EHH) between
European, Asian, and African ancestry superpopulations
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FIGURE 6 Exonic variants in AP-4 genes exhibit evidence for recent population differentiation and positive selection. We tested

variants in exons of any transcript of AP-4 genes for evidence of evolutionary signatures of population differentiation (Fsr) and recent
positive selection (XP-EHH) within the 1,000 Genomes superpopulations (Methods). For a given evolutionary measure (rows) and exonic
variant (columns, chromosome:position in hg19/GRCh37), the observed value was compared to a matched background distribution to derive

a z-score (indicated by the color of square per cell) and calculate an empirical p-value. A positive (blue) or negative (red) z-score indicates an

increased or decreased value, respectively, compared to median value derived from matched background regions. Nominally significant

(p < .05) and Bonferroni-corrected statistically significant variant-evolutionary measure pairs are denoted by white and red asterisks,

respectively. Cells with missing data are indicated by a gray diagonal slash. Variants colored in green are classified “benign” by ClinVar. All
exonic variants present in the SNPSNAP database and for which we could calculate a value for Fgr and XP-EHH (see Methods) are shown.

Overall, these data indicate AP4B1 exhibits differences among human populations and has undergone positive selection in African

populations. AP-4, adapter protein complex 4

(Figure 6) from 1,000 Genomes (Methods). Fgr detects dif-
ferences in the frequency of variants between populations,
and the extended haplotype homozygosity test (XP-EHH)
detects population-specific positive selection by consider-
ing the length and homozygosity of haplotypes. We evalu-
ated the significance of the observed values by generating
empirical null distributions to account for the allele fre-
quency and linkage disequilibrium of tested variants
(Methods).

Several AP4BI1 variants had nominally significant
evidence (p < .05) of recent positive selection (XP-EHH
>1.96) in African populations compared to non-African
populations (Figure 6). Three identified variants also
had nominally significant differences in frequency
between Asian and African populations (p < .05,
Fgr > 0.46). Two variants in AP4B1 (1:114436970 and
1:1144447611) passed Bonferroni correction for statisti-
cally significant evidence for positive selection in
Africans compared with Europeans (XP-EHH Afr-Eur).
Two variants in AP4SI had nominally significantly neg-
ative XP-EHH Dbetween Africans and Europeans
populations, indicating positive selection in Africans.
No variants in AP4E1 and AP4S1 had statistical evi-
dence of recent evolutionary shifts between human
populations. While several significant variants have
been classified as benign by ClinVar (Figure 6, green),
five are of unknown significance. These VUS primarily
occur in exonic regions of AP-4 genes.

3 | DISCUSSION

AP-4 remains one of the least understood members of the
adaptor protein complex family. This is partially because
AP-4 is endogenously expressed at much lower levels
than other adaptor proteins, and many model organisms
(yeast, flies, worms) lack AP-4.> Genetic variation in
AP-4 has been associated with rare spastic paraplegias
and other neurological disorders,*® but the association of
both rare and common genetic variation in AP-4 with
disease has not been comprehensively investigated. To
address the need for approaches to interpret new AP-4
variants, we constructed a homology-based structural
model of the AP-4 complex; mapped conservation and
key AP-4 variants into this model; and quantified the
evolutionary history and structural location of known
and predicted variants.

3.1 | Insights into AP-4 conservation
and function from structural modeling

The AP-4 core. The evolutionary conservation analysis indi-
cated much of AP-4 core is well conserved (Figures 2a and
S2), especially the internal surfaces of subunits known to
interact with each other to assemble the heterotetramer.
Proteins in the AP family share similar domain architec-
tures and thus conservation reflects the requirement to
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maintain the structure of the interactions between subunits
within the core.>*®**° The 64 and N-p4 subunits contain
longin domain protein folds. These domains play a struc-
tural role in stabilizing the conformations of AP complexes.
Longin domains in multiple trafficking proteins are known
to interact with protein binding partners,* including
cargoes® and consequently this may contribute to high
conservation in AP-4.%® We also note many surface-exposed
residues in the AP-4 core homology model are well con-
served (Figure S2). There are large patches of conservation
on both large subunits, which may suggest these surfaces
are functionally important and could be candidates for
binding other protein partners.

Appendage domains. Appendage domains in AP com-
plexes participate in protein—protein interactions. Con-
served residues in AP-4 appendage domains are also likely
to mediate protein-protein interactions; we and others
have shown the conserved patch on 4 appendage binds a
LFxG[M/L]x[L/V] motif in tepsin.>*** Based on conserva-
tion scores, we predict the & appendage platform sub-
domain likely binds the SAFAFLNA motif at the tepsin
C-terminus.”®> We attempted to test our idea experimen-
tally by mutating conserved hydrophobic residues in the
hypothesized tepsin binding pocket. We designed muta-
tions based on AP-2 a appendage,®® and we attempted
three separate mutations individually (F966A, W970A,
and H1028A). Unfortunately, each mutation destabilized
protein fold, and we were unable to obtain soluble protein.
This suggests the hydrophobic pocket formed by these resi-
dues is critical to the stability of the appendage domain.
The ¢ appendage sandwich subdomain exhibits less overall
conservation than the platform subdomain, and this lack
of conservation may suggest the ¢ sandwich subdomain is
not critical for recruiting a binding partner.

Cargo binding. A major unresolved question in the
field is how AP-4 recognizes cargo at the molecular level.
AP-2 recognizes Yxx¢ and acidic dileucine motifs in
transmembrane proteins through its C-p2 and 62 sub-
units, respectively.>**! C-p4 has been predicted to bind
canonical Yxxg-based motifs** but reported binding is
much weaker (K4 ~ 100 pM) than is Yxx¢ binding to
C-p2 (Kq ~ 1-10 uM).*® Despite high conservation at the
sequence level, experimentally determined X-ray struc-
tures of C-pu2 and C-p4 reveal these two domains have
structurally diverged such that C-p4 is unlikely to accom-
modate Yxx¢ motifs. One explanation for weak observed
binding may be that C-pu4 weakly binds canonical Yxx¢
motifs at the YKKFE binding site (Figure 5c), located on
the opposite face of the subdomain.?”**

We would predict the Yxx¢ pocket should be important
for AP-4 function: it is more conserved than the YKFFE
pocket in vertebrates, and it may be more prone to patho-
genic variation (cf. Figure 5c). The Yxx¢ pocket is also

positioned apposed to the membrane in an open AP-4 con-
formation, where it would be accessible to transmembrane
proteins. However, X-ray structures clearly show the Tyr
binding pocket is blocked. Instead, structural and biochem-
ical data indicate C-p4 binds the YKFFE motif found in
APP.” The Robinson and Bonifacino groups have now
shown ATGYA is an important AP-4 cargo.”® ATG9A har-
bors a YKFFE-like motif (YQRLE) in its N-terminus, which
is predicted to be cytosolic. Yeast two-hybrid and immuno-
precipitation data suggest this motif could interact with
AP-4, but the effect of mutating or removing the motif on
ATGOA trafficking remains unknown. These data from cul-
tured cells and cells derived from human patients thus sug-
gest the YKFFE binding site may be critical for C-p4
function in cells. However, this binding pocket does not
seem accessible in an AP-4 open conformation (Figure S5).
The YKFFE binding site is located between the C-u4 and
B4 subunits, which are predicted to have extensive surface
contacts in the open conformation.* Residues from p4
would likely occlude the YKFFE binding site if AP-4 adopts
the same open conformation that has been observed in
multiple AP complexes.**>* Since we anticipate AP-4 will
exist in a similar conformation, it remains very important
to determine an experimental structure of AP-4 in its
membrane-bound form. There are many important ques-
tions about the molecular mechanism by which AP-4 rec-
ognizes cargo and engages the membrane.

3.2 | Pathogenic proximity

Spatial analysis of known AP-4 variants identified poten-
tial “hot spots” on the protein where pathogenic variants
may cluster. Our analysis indicated specific locations on
4 and p4 subunits may be particularly prone to pathoge-
nicity. We compared the average pathogenic proximity of
sites with their evolutionary conservation; this analysis
revealed the most pathogenic regions generally overlap
with the most conserved regions. We quantified this
observation by plotting the conservation score versus the
PathProx score of each residue for all four AP-4 subunits
(Figure 7). As expected, residues most susceptible to
pathogenic variation tend to be more conserved. The
regions highlighted by both conservation and PathProx
analyses underscore the importance of stabilizing the
AP-4 core structurally. Variation in these important
regions can drive pathogenicity. Of confirmed pathogenic
variants, all but two on the p4 subunit (Q319R and
C326R) have conservation scores of 8 or 9. The benign
missense variants identified by ClinVar have conserva-
tion scores of 5 or less, further highlighting the utility of
combining conservation and structural analysis for vari-
ant interpretation. We require additional confirmed
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mutations to improve the PathProx model. However, as
new variants are identified, we may be able to combine
PathProx modeling with conservation to help clinicians
and families analyze and understand specific variants
identified in human patients.

3.3 | Genetic variation and recent
human evolution of AP-4

Our analyses suggest there may be functionally relevant
genetic differences in AP4B1 between different human

populations. This is particularly notable since most iden-
tified AP-4 patients have mutations in AP4BI (the p4 sub-
unit). In contrast, we do not find differences in the other
AP-4 genes. Specifically, there are differences between
East Asian and African populations in exonic regions of
p4. Furthermore, AP4B1 appears to have undergone posi-
tive selection in Africans. Overall, these analyses suggest
AP-4 genes experienced different evolutionary pressures
during recent human evolution, and that some variation
in these genes is likely to be tolerated and potentially
even beneficial. Similar functional impacts based upon
evolutionary pressure is present in other trafficking
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proteins, such as clathrin.* It will be interesting to deter-
mine whether differences in the f4 subunit contribute to
different functional outcomes.

4 | MATERIALS AND METHODS
4.1 | Characterizing AP-4 subunits
variants by allele frequency and functional
annotation

Variants from 1,000 Genomes and gnomAD (https://
gnomad.broadinstitute.org/) in coding and regulatory
regions of AP-4 genes were downloaded from Ensembl
GRC37 (Release 75) using BioMart.’>*' We report the
global minor allele frequency from either 1,000 Genomes,
gnomAD or the mean across the two databases if the vari-
ant is common to both databases. We define variants with
frequency >5% as common, frequency <5% and >1% as
rare, and frequency <1% as very rare. To characterize the
functional consequence of variants in the gene body of
AP-4 subunits, we mapped Ensembl functional annota-
tions to UTRs, exons, or introns. Each variant received the
highest severity annotation (as reported in Ensembl) such
that each variant had only one annotation. The clinical
consequence of variants in the gene body of AP-4 subunits
were obtained from ClinVar on 12/2019.

4.2 | Calculating nonsynonymous
and synonymous substitution rates

We downloaded unaligned AP4BI, AP4E1, AP4M1, and
AP4S1 nucleotide and amino acid ortholog sequences
from Ensembl GRCh37. The ortholog sequences were fil-
tered to retain only species present in the Ensembl
vertebrate phylogeny. Vertebrate species with outlier
nucleotide sequence lengths were further removed. Out-
liers were defined as 1.5 times the interquartile range
above and below the third and first quartiles, respectively.
After applying aforementioned filters, AP4B1, AP4El,
AP4M1, and AP4S1 had 174, 65, 126, and 107 remaining
vertebrate species sequences, respectively. We used
MAFFT v7.407_1 implemented at NGPhylogeny.fr to align
the amino acid orthologs.*>*” We obtained a codon align-
ment using PAL2NAL v14 based on the aligned amino
acid and unaligned nucleotide orthologs.*® The codon
alignment was used for input to calculate nonsynonymous
and synonymous substitution rates using Single Likeli-
hood Ancestor Counting (SLAC) implemented at
datamonkey.org.**>' Default settings were used for all
software applications unless otherwise specified. SLAC
tests for statistically significant difference between dN and

dS using an extended binomial distribution to test that the
number of inferred synonymous sites is no less or greater
than the expected proportion of synonymous sites.*’ All
coordinates are in hgl9/GRCh37.

4.3 | Detecting evolutionary signatures
at coding variants in AP-4 subunits

To evaluate the population and evolutionary history of
coding variants in AP-4 subunits, we tested variants in
exons occurring in any transcript for signatures of
sequence conservation, acceleration, population differen-
tiation, and recent positive selection.’® Exon ranges for
AP-4 subunits were obtained from the UCSC genome
browser.>® Since these variants can overlap an exon from
any transcript, some of variants may be classified as
intronic by other databases. All analyses were conducted
in the European population from 1,000 Genomes unless
otherwise specified. Each coding variant was matched to
5,000 control variants on minor allele frequency, linkage
disequilibrium structure, distance to nearest gene, and
gene density using default settings in SNPSNAP.>**>* Cod-
ing variants and the corresponding control variants were
annotated with different evolutionary measures. Fgt and
XP-EHH between 1,000 Genomes superpopulations was
computed using VCFTools v0.1.14 and the R package rehh
2.0, respectively.>>>>>° The remaining coding variants pre-
sent in the SNPSNAP database and with nonmissing
values for Fst and XP-EHH are reported in Figure 3. Each
evolutionary annotation value for a coding variant was
compared to a background distribution comprised of the
control SNPs. A z-score quantified the deviation from the
mean. An empirical p-value was also derived based the
background distribution defined as the proportion of
control variants with a value equal to or greater than the
coding variant.

4.4 | AP-4structural model generation

The primary sequences of each AP-4 subunit (AP4EI:
NP_001239056.1, AP4BI1: NP_001240781.1, AP4MI:
NP_001350600.1, AP4S1: NP_001121598.1) were used as
inputs for one-to-one threading in PHYRE2.*® The
AP4E1, AP4B1, AP4M1, and AP4S1 subunits found in the
core were threaded onto the open core structure of AP-2
core domains AP2A1, AP2B1, AP2M1, and AP2S1 (PDB:
2XA7). The appendage domain of AP4E1 was threaded
onto the AP2A1 appendage domain structure (PDB:
1B9K). The appendage domain of AP4B1 was threaded
onto the AP2BI appendage domain structure (PDB:
1E42). Each resulting AP-4 core subunit model was
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superimposed over its respective AP-2 counterpart in the
AP-2 open core structure in Chimera.’” Intrinsically dis-
ordered linkers were then modeled in Chimera to attach
the AP4E1 and AP4B1 appendage domains to the com-
plete AP-4 heterotetrameric core.

4.5 | Pathogenic proximity (PathProx)
calculation

We quantified the spatial proximity of each residue in the
AP-4 model to annotated pathogenic variants and genetic
variants observed in individuals without severe disease
using the previously described PathProx score.**** The
data set of reported pathogenic variants was derived from
clinical cases and variants annotated from ClinVar as
either pathogenic or likely pathogenic.>* The likely
benign variants were taken from gnomAD. The PathProx
metric computes the average distance of a position of
interest to all known pathogenic variants minus the aver-
age distance to all known benign variants. Thus, posi-
tions that are closer on average to pathogenic variants
receive positive scores, and those that are closer to benign
receive negative scores.
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