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Abstract

Adeno-associated viruses (AAVs, genus dependoparvovirus) are promising gene therapy vectors. In strains
AAV1-12, the capsid gene VP1 encodes a recently discovered protein, MAAP, in an overlapping frame.
MAAP binds the cell membrane by an unknown mechanism. We discovered that MAAP is also encoded in
bovine AAV and in porcine AAVs (which have shown promise for gene transfer into muscle tissues), in
which it is probably translated from a non-canonical start codon. MAAP is predicted to be mostly disordered
except for a predicted C-terminal, membrane-binding amphipathic a-helix. MAAP has a highly unusual
composition. In particular, it lacks internal methionines, and is devoid of tyrosines in most strains.
Unexpectedly, we discovered that the N-terminus of VP1 also lacks several amino acids. In all AAVs that
encode MAAP, the first 200 aas of VP1 are devoid of internal methionines, probably owing to a selection
against ATG codons that could prevent translation of MAAP and of capsid isoforms (VP2, VP3). The N-
terminus of VP1 also lacks cysteines, likely to avoid the formation of disulfide bridges when it becomes
exposed outside of the capsid during post-endocytic trafficking. Finally, the region common to VP1 and VP2
lacks tyrosine in the vast majority of AAVs that encode MAAP. Avoiding these "forbidden" aas in MAAP and
VP1 when creating recombinant AAV capsids might increase the efficiency of capsid design. Conversely,
the presence of "forbidden" aas in some rare strains probably indicates that they have unusual properties

that could help us understand the viral cycle.

Introduction

Adeno-Associated Viruses (AAVs) are small, non-enveloped viruses that hold great promise as
gene therapy vectors [1]. AAVs belong to the genus dependoparvovirus ,in the family Parvovirinae (for
reviews, [2—4]). The model species is dependoparvovirus A, of which the prototype strain is AAV2. AAVs

encode a replicase protein and a capsid protein, of which 3 isoforms are made: VP1, VP2 and VP3 (Fig 1).
1
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The N-terminus of VP1 (VP1u) contains a domain that has PhosphoLipase A2 ("PLA2") activity [5] and
protease activity [6].

AAV2 encodes 2 additional proteins in reading frames overlapping the capsid (Fig 1): AAP
(Assembly-Activating Protein) [7], and the recently discovered MAAP (Membrane-Associated Accessory
Protein) [8]. MAAP is translated from a non-canonical start codon, CTG and has been reported only in the
species dependoparvovirus A (strains AAV1-12 except AAV5) and in AAV5, a strain of the species
dependoparvovirus B. MAAP is associated with the cell membrane and limits the production of other AAV
strains through competitive exclusion [8].

Overlapping gene arrangements, such as VP1/MAAP, are thought to originate by a process called
"overprinting” [9], in which mutations in an ancestral reading frame enable the expression of a second
reading frame, while preserving the expression of the first frame [10]. Consequently, each pair of
overlapping frames contains one ancestral frame and one originated de novo [11], as opposed to the
classical scenario of gene origination by duplication or horizontal gene transfer [12].

Proteins originated de novo by overprinting generally have a highly biased composition [10,11], tend
to be structurally disordered [11], and evolve faster than the ancestral reading frame [13]. These proteins
often play an important role in viral pathogenicity, for instance by neutralizing the host interferon response
[14,15] or by inducing apoptosis in host cells [16,17]. Those characterized so far have previously unknown
mechanisms of action [18,19], and the minority that are not disordered have previously unknown 3D
structural folds [20,21].
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Fig 1: Coding organization of the capsid gene of AAV2

The capsid gene (bottom) encodes 5 ORFs (Open reading frames), represented as boxes, in frame +0 or
+1. Numbering corresponds to the genomic coordinates. PLA2: PhosphoLipase A2 domain. VP1u: region
unique to VP1. VPc: region common to VP1 and VP2. MAAP: membrane-associated accessory protein.

AAP: Assembly-activating protein.
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Here, we mapped the taxa in which a MAAP ORF is present; its putative start codon; its sequence
properties and in particular its probable membrane-binding region. We also determined the probable
evolutionary origin of MAAP. Finally, we discovered amino acids (aas) and a codon that are absent from
MAAP and from several regions of VP1.

Results

A MAAP ORF is found in dependoparvoviruses A, B, and in porcine AAVs

Ogden et al reported that a MAAP ORF is present in the species dependoparvovirus A and in AAV5,
a strain of dependoparvovirus B [8]. Here we found that MAAP is also present in the other strain of
dependoparvovirus B, bovine AAV, and in all porcine AAVs, which are related to dependoparvovirus A and
B [22,23] but currently not assigned a taxonomic rank. The MAAP ORF contains no ATG that could act as a
start codon (Fig 2) in any of these species, and is thus probably translated by a hon-canonical mechanism.

Such mechanisms include initiation of translation at other codons than ATG, which differ from ATG
by only one nucleotide (e.g. CTG, GTG, ACG, TTG, and more rarely, ATT, ATC, ATA and AGG) [24]. The
efficiency of initiation at these codons is typically much lower [24], and depends in part on the strength of
the "Kozak sequence" surrounding them [25]. The most efficient non-ATG start codons were reported to be
CTG, ACG, and GTG (in an optimal Kozak context, CTG can drive translation up to 50% of ATG codons).
ATT, ATA, ATC, and TTG are less efficient but could still produce translation at levels ranging from 5 to
10% from ATG codons when found with an optimal Kozak sequence [24].

In AAV2, translation of MAAP initiates at a CTG codon (nucleotides 80-82 of the VP1 CDS, see Fig
2); this codon is conserved in all strains of dependoparvovirus A, and has a strong Kozak sequence (see
Methods), AACCTGG (Fig 2). This CTG is also conserved in porcine AAVs (nucleotide 77-79 in the VP1
CDS of AAVpol), with the same strong Kozak sequence as in dependoparvovirus A (Fig 2), and is thus
probably used as the start codon of MAAP in porcine AAVs. This CTG is expected to drive translation of

MAAP with relatively high efficiency (see above)
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1 10 20 30 40 50 60 70 80 90 100
Dependoparvovirus A ARVZ |NC_001401 ATGGCTGCCGATGGT TATCT TCCAGAT TGGCTCGAGGACAC TCT CTC TGAAGGAAT ARGACAGTGGTGGARGCTCARACCTGSC CCACCACCACCARAGCCCGCAGAGT
ARVhU.32|AY530597 ATGGCTGCCGATGGTTATCT TCCAGATTGGCTCGAGGACAC TCT CTC TGAAGGARTARGACAGTGGTGGARGCTCARACCTGGC CCACCACCACCARAGCCCGCAGAGT
ARVYh.23|AY243005 ATGGCTGCCGATGGTTATCT TCCAGATTGGCTCGAGGACAACCT CTCTGAGGGC ATC CGCGAGTGGTGGGACTTGARACCTGGAGC CCCGARACCCARAGCCAAC CAGT
REV3B|AF028705 ATGGCTGCTGACGGTTATCT TCCAGATTGGCTC GAGGACAACCT TTC TGAAGGCATT CGTGAGTGETGEGC TCTGARACCTGGAGT CCCTCARCCCARAGCGAACCAAT
BEV13|EU285562 - -ATGACTGACGGTTACCTTCCAGATTGGCTAGAGGACAACCTCTCTGAAGGCGTT CGAGAGTGGTGGGCGCTGCARCCTGGAGC CCCTARACCCARGGCARAT CARC
AAVCh.5|AY243021 ATGGCTGCCGATGGTTATCT TCCAGATTGGCTCGAGGACACTCT CTC TGAAGGAATC AGACAGTGETGGARGCTCARACCTGGC CCACCACCGLCGAAACCTAACCAAT
RAAV12|D3813647 ATGGCTGCTGACGGTTATCT TCCAGATTGGCTC GAGGACAACCT CTC TGAAGGC ATT CGCGAGTGGTGGGCGCTGARACCTGGAGC TCCACARCCCARGGCCAACCAAC
Porcine parvoviruses AVpol|FJ688147 ATGTCGTTTGTTGAT CACCCTCCAGATTGGCTTGAGGAG —— - AT TGGTGAGGGT CTARAGGAGTT TTT GGGACTCGAACCTGGC CCACCCAAACCGAAGCCCAACCAGT
ARVDOS | KM349849 ATGTCGTTTGTTGATCACCCTCCAGATTGGTTAGAAGAG -~ ~GT TGGTGAAGGCCTTCACGAGTT TTT GGAGCTCGAAGCTGGC CCACCCARACCGAAGCCCAAT CAGT
ARVDOT | KEM349848 ATGTCGTTTGTTGATCACCCTCCAGATTGGTTAGARGAG -~ ~GT TGGTGAAGAC CTTCACGAGTT TTT GGAGCTCGAAGCTGGC CCACC CARACCGARGCCCAAC CAGT
AAVDO4 | JHEI6667 ATGTCGTTTGTTGATCACCCTCCAGRATTGGTTGGARGAG -~ ~GT TGGTGAAGGC CTT CACGAGTT TTT GGAGCTCGAAGCTGGC CCACC CARACCGARGCCCAAC CAGT
AVpo5| JX8 56666 ATGTCGTTTGTTGATCACCCTCCAGATTGGCTTGAGGAG —— ~AT TGGTGAGGGT CTARAGGAGTT TTT GGGACTCGARCCTBGC CCACCCARACCGAAGCCCAACCAGT
ARVDOS| JXE 96664 ATGTCGTTTGTTGATCACCCTCCAGATTGGTTAGARGAR -~ ~GT TGGTGAAGGC CTTCACGAGTT TTT GGAGCTCGAAGCTGGC CCACCCARACCGARGCCCAAC CAGT
Dependoparvovirus B ARVS|NC_006152 ATGTCTTLIGITGAT CACCC TCCAGATTGGTTGGAAGAR —— ~GT TGGTGAAGGT CTTCGCGAGTT TTT GGELCTTGAR GCGGGC CCACCGAAACCARAACCCAATCAGT
ARV5strain|Y18065 ATGTCTITTGTTGATCACCCTCCAGATTGGTT AGRR -~ -GTTGGTGRAGGTCTTCGCGARGTTTTTGGGCCTTGRAGCGGGC CCACCGRRACCARRACCCRATCAGT
ARRV-Go_1|a¥724675 ATGTCTTTTGITGATCACCCTCCAGATTGGTT AGRR -~ -GTTGGTGRAGGTCTTCGCGARGTTTTTGGGCCTTGRAGCGGGC CCACCGRRACCARRACCCRATCAGT
ARV-Go_11DQ335246 ATGTCTTTTGITGATCACCCTCCAGATTGGTT AGRR -~ -GTTGGTGRAGGTCTTCGCGRGTTTTTGGGCCTTGRAGCGGGC CCACCGRRACCGARACCCRATCAGT
BovineRAV|NC_005889 ATGTCTTTTGITGACCACCCTCCAGATTGGTTGGAATCG —~ - AT CGGCGACGGC TTTCGTGAATT TCT CGGCCTTGAGGCGGGT CCCCCGARACCCARGGCCRATCARC
BovineRAV BSRIL|KP264981 ATGTCTTTTGTTGAC CACCCTCCAGATTGGTTGGAATCG -~ - AT CGGCGACGGC TTTCGTGAATT TCT CGGCCTTGAGGCGGGT CCCCCGARACCCARGGCCARTCARC

Fig 2: Potential (non-canonical) start codons of the MAAP ORF

5' region of the coding sequence of VPL1 in representative species encoding the MAAP ORF, with the
Genbank accession number. The numbering above the alignment is according to the AAV2 sequence. The
alignment was generated from the VP1 reading frame using TranslatorX (see Methods).

The first codon in each sequence is the ATG start codon of VP1. Potential start codons of MAAP (in frame
+1) are highlighted; they are all non-canonical (see text). The Kozak sequence of each is underlined in
selected taxa. The ATT codon which has a moderate Kozak sequence is highlighted in green. Two

contiguous TTG codons are present in dependoparvovirus B; the second one is in italics, for clarity.

In contrast, in dependoparvovirus B, there is no CTG codon in the 5' region of the MAAP ORF (Fig
2). If we assume that the MAAP start codon is conserved in dependoparvoviruses B, there are 5 potential
non-canonical start codons in the first 80 nucleotides (Fig 2): two contiguous TTGs, an ATT, a third TTG,
and an ATC. Only the ATT codon (in green in Fig 2) has a "moderate" Kozak sequence (CAGATTG); all
other codons have a weak Kozak sequence. Therefore, ATT is a somewhat more likely candidate start
codon for MAAP, since non-canonical translation initiation is very sensitive to the strength of the Kozak
sequence, in particular for weak start codons such as TTG, ATT and ATC (see above) [26].

Of course, even with a moderate Kozak sequence, ATT would presumably drive low levels of
translation, and thus other mechanisms of expression than initiation at non-canonical start codons should
be kept in mind in dependoparvovirus B (such as, for example, post-transcriptional nucleotide insertion
[27]).

As a note of caution, the first aa of MAAP could be either methionine or leucine if MAAP is
translated from a CTG or TTG start codon (which are normally decoded as leucine) [24]. If ATT or ATC
(which normally encode isoleucine) are used as a start codon, it is known that they can be decoded as a
methionine [24]; but to our knowledge the possibility that they are decoded as isoleucine has not been
excluded. Thus, only experimental approaches can reveal what is the first aa of MAAP. In principle
incorporation of radioactive methionine would be enough to prove that methionine is the first aa, since

MAAP is devoid of internal methionines (see below).
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MAAP is predicted to be mostly structurally disordered and to contain short protein-binding regions
Fig 3 presents a multiple sequence alignment of the MAAP protein from representative species.

MAAP contains 6 discernable regions (see Methods):

1) a short, disordered N-terminus (aa 1-15 in AAV2), predicted to have the potential to bind other proteins;

2) a short, hydrophobic stretch containing at least one cysteine (C) (aa 16-22), predicted to form a 3-strand

and to have the potential to bind other proteins;

3) a central, T/S-rich region predicted disordered (aa 23-73), rich in charged aas in all species except

bovine AAV. Within this region, T43 and T69 had a high probability (90%) of being phosphorylated.

Interestingly, the T/S-rich region closely corresponds to the region of the VP1 coding sequence encoding

the PLA2 (PhosphoLipase A2) domain, indicated above the alignment;

4) a region devoid of predicted secondary structure (aa 74-83), predicted to be ordered and to have the

potential to bind other proteins;

5) a disordered region predicted to have the potential to form an a-helix (aa 84-94);

6) a C-terminal, amphipathic a-helix predicted to bind membranes (see below), in aa 95-116.
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MAAP contains a predicted amphipathic, membrane-binding a-helix

MAAP binds membranes [8], though its sequence contains no potential transmembrane region
(which would require a hydrophobic stretch 212aas). Thus, we thought it may bind membranes through an
amphipathic, membrane-binding a-helix. These helices are composed of a hydrophobic face, which binds
the lipidic membrane, and of a polar face, generally positively charged, which is attracted by the negatively
charged membrane [28]. We looked for such helices using Amphipaseek [29] and Heliquest [30] (see
Methods).

Both Amphipaseek and Heliquest confidently predict that the C-terminus of AAV2 MAAP contains
an amphipathic, membrane-binding a-helix (aa 96-116) (see Fig 3 and Table 1). Fig 4 depicts this region as
a helical wheel representation [31]. As expected, it is clearly divided into a hydrophobic face (bottom) and
polar face (top), the latter having a high positive net charge (+6). Amphipaseek and Heliquest confidently
predicted that in other species, this region also forms an amphipathic, membrane-binding a-helix (Table 1;
notice in Fig 3 how the alternance of hydrophobicity and polar aas is conserved in all strains, as well as the

high net positive charge).

Table 1: Properties of the predicted membrane-binding, amphipathic a-helix of MAAP

do0i:10.20944/preprints202002.0234.v1

Species Region predicted | Region predicted | Hydrophobic | Net Heliquest Status
by Amphipaseek | by Heliquest moment charge | Discriminating
(<pH>) 2 factor (D)?
AAV2 101-111 96-116 0.558 +6 2.5 Reliable
Bovine AAV | 113-132° 110-135 0.63 +9 3.56 Reliable
AAV5 123-132° 113-138 0.36 +7 2.65 Reliable
AAV5 5-22b¢ 1-22 0.439 +3 1.40 Reliable

(a) The Discriminating factor D is equal to 0.944*<uH> +0.33*z. A region is predicted as a “potential” lipid-

binding amphipathic a-helix if 0.68<D<1.34, and as "reliable" if D >1.34.
(b) Numbering is given assuming that MAAP starts at the first potential non-canonical start, sTTG1o (see Fig
3). However, the real start codon is unknown in AAV5 and bovine AAV.
(c) Since the start codon is unknown in AAV5, much of this region might in fact not be translated (i.e. MAAP

might start downstream and not contain this predicted amphipathic helix).
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Fig 4: Predicted membrane-binding amphipathic a-helix of AAV2 MAAP
aa 96-116 of AAV2 MAAP are is depicted in helical wheel representation (top) and linear sequence
(bottom).

The N-terminus of MAAP is ill-defined in bovine AAV and AAVS5 (see above), since we do not know
the exact start codon. If we assumed that in these species, MAAP starts at the first potential start codon,
bovine AAV and AAV5 would have an N-terminal extension of 23 aas compared to other species (Fig 3).
Amphipaseek and Heliquest predict that this region could form a membrane-binding, amphipathic a-helix in
AAVS5, but not in bovine AAV (Table 1). Of course, its biological relevance is uncertain, since this region
might in fact not be translated, depending on the actual start codon of MAAP.

Membrane-binding proteins are sometimes palmitoylated (i.e. a fatty acid chain is added) on
cysteine residues, which may affect the membrane binding or conformation of the protein [32]. Since MAAP
contains a cysteine in strand 1 (Fig 3), we applied a palmitoylation predictor, MDD-Palm [33]. It

consistently predicted no palmitoylation sites in MAAP.

MAAP originated de novo by overprinting the PLA2 domain

Overlapping genes, such as VP1/MAAP, are thought to originate by "overprinting”, a process in
which substitutions in an ancestral reading frame allow the expression of a second reading frame (called
"novel"), while preserving the expression of the first frame [9,11]. The ancestral frame can be identified by
its phylogenetic distribution (the ORF with the widest distribution is most probably the ancestral one) [11].

VP1 is necessarily the ancestral reading frame, since a PLA2 domain is found not only in most
Parvovirinae [5], but also in a wide variety of animals and plants [34], whereas MAAP is found only in 3
dependoparvovirus species. Therefore, MAAP must have originated by overprinting the region encoding
the PLA2 domain of the VP1 frame, in the common ancestor of dependoparvoviruses A, B, and porcine
AAVSs. This evolutionary scenario, de novo origination, as opposed to homologous descent from a pre-

existing gene [12], matches the observation that "sequence searches on MAAP identified no homolog" [8].
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MAAP has a highly biased sequence composition

Composition Profiler [35] found that MAAP has a highly biased aa composition compared to proteins
present in the database Uniprot [36]. In particular, MAAP is significantly (P<0.005) depleted in hydrophobic
aas. In addition, MAAP is enriched in the positively charged aa arginine (R) and depleted in the negatively
charged aas aspartate (D) and glutamate (E). Consequently, it has a very high positive net charge, and a
strikingly high isoelectric point (pl) of 12. MAAP is also highly enriched (P<0.005) in serine (S) and
threonine (T), particularly in its central region (Fig 3). Finally, MAAP is highly depleted in Tyrosine (Y) and
Methionine (M) (see below).

This compositional bias is similar to the one reported, on average, for proteins originated de novo by
overprinting (see Figure 6C in [11]), in agreement with our finding above that MAAP originated by
overprinting. In the same study that reported the compositional bias of proteins originated by overprinting,
about 60% of such proteins or protein regions were disordered [11], again like MAAP.

Given its highly biased composition and predicted structural disorder, there is a possibility that
MAAP will migrate above its predicted size in SDS-PAGE electrophoresis [37]; this is not the case in AAV2

[8], but is a point to keep in mind for experimental detection of MAAP in other species.

MAAP lacks tyrosines and internal methionines in most strains

Strikingly, two aas are completely absent from MAAP in most species: tyrosine (Y) and methionine
(M). This depletion is highly significant (P<10°9).

Tyrosine is absent from MAAP in all strains of dependoparvovirus B (S2B alignment), and is found
in only 10 dependoparvovirus A strains out of 116 (S2A Alignment). Finally, MAAP contains a single
tyrosine in all porcine AAV strains (S2C Alignment), in strand p1 (Fig 3).

As we saw above, we do not know whether the first aa of MAAP is a methionine, since MAAP is
translated from a non-canonical start codon. However, MAAP lacks internal methionines in all
dependoparvoviruses B and porcine AAVs, and contains an internal methionine in only 4
dependoparvoviruses A out of 116 (S2 Alignment).

We propose potential explanations for the absence of these aas below and in the Discussion.

The region of the VP1 gene located between the start codons of MAAP and of AAP is devoid of ATG
codons

We found above that MAAP contains almost no methionine. This absence might stem from a
selection against ATG start codons (which encode methionine), rather than from selection against the
methionine amino acid per se. Indeed, an ATG codon within MAAP might not only prevent normal initiation
of MAAP at its CTG start codon (since CTG is weaker than ATG), but also prevent initiation of AAP and
VP2, which are also translated from weak codons (Fig 1), respectively CTG [7] and ACG [38].

To test this hypothesis, we examined whether ATG codons are absent from the region of the VP1
gene located between the MAAP and the AAP start codons (respectively CTG 2282 and CTG 2729, Fig 1).

We found that indeed, this region is completely devoid of ATG codons in 97% of dependoparvoviruses A
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(160 sequences out of 165), and in all dependoparvoviruses B and porcine AAVs (S3A, S3B and S3C
Alignments, respectively).

If the absence of methionine in MAAP resulted only from a selection operating at the protein level,
such selection would not result in the absence of ATG codons in all frames of the VP1 gene, contrary to
what we observe. Therefore, our findings support the hypothesis of a selection operating against ATG
codons (rather than methionine aas per se), which could prevent the translation of MAAP, AAP and VP2
from weak, non-canonical start codons.

A consequence of the lack of ATG codons in this region of the VP1 gene is that there is no
methionine in the corresponding region of the VP1 protein, roughly corresponding to VP1u (the VP1-unique
region) and to the first half of VP2c (the region common to VP1 and VP2) (Fig 5).

No tyrosine
No methionine
MAAP AAP frame +1
CTG 2638 CTG 3340
2282 2729

No methionine

" No tyrosine
£ No cysteine
£
e
& VP1u
| PLAZ | VP1
ATG
2203 VP2c
VP2 frame +0
ACG
2614
VP3
ATG 4407
2809
< No ATG codons
P
8 52282 2729 3

Fig 5: Regions of the VP1 gene that lack certain aas or codons, in dependoparvoviruses A and B

and in some porcine AAVs
Conventions are the same as in Fig 1. Numbering corresponds to the genomic coordinates of AAV2.

In contrast, VP3 contains at least 5 ATG codons in all dependoparvoviruses A, B and porcine AAVs
(not shown), which are not expected to influence the translation of the upstream coding sequences (VP1,

VP2, MAAP and AAP).
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The N-terminus of VP1 lacks Cysteines in all dependoparvoviruses

While examining the sequence composition of VP1u and VP2c (S4 and S5 Alignments,
respectively), we noticed that they lack cysteine, not only in dependoparvoviruses that encode MAAP, but
in all other dependoparvoviruses, except 3 sequences out of 134).

This absence of cysteine is highly significant (P<107). It is restricted to VP1u and VP2c, since VP3
contains at least 3 cysteines in all dependoparvoviruses. Cysteine is also absent in the VP1u region of
most other Parvovirinae (not shown). We propose potential explanations to this observation in the
Discussion.

Note that a large region of the capsid (aa 2-202 of AAV2 VP1) is devoid of sulfur atoms, as a
consequence of lacking methionines and cysteines. Perhaps this finding could be exploited for research or
therapeutic purposes.

Finally, VP2c lacks tyrosine in all dependoparvoviruses A and B, and in some porcine AAVs (S5
alignment and Fig 5).

Discussion

MAAP was initially reported in dependoparvoviruses A and AAV5 [8]. We found that it is also
encoded in bovine AAV, and in porcine AAVs, which have shown promise for gene transfer into muscle
tissues [22,39] or into the retina [23].

We are confident about our prediction that MAAP binds membrane through a C-terminal,
amphipathic a-helix (Fig 3 and 4), for 3 reasons: 1) we used complementary software (Amphipaseek [29]
and Heliquest [30]); 2) this prediction is conserved in all species (see Fig 3 and Table 1); and 3) the
prediction is strong, with a Discriminating factor well above the cutoff (Table 1). By comparison, weaker
predictions that we made of a membrane-binding amphipathic a-helix in alphavirus nsp1l [40], in which only

points 1) and 2) were applicable, have since been validated experimentally [41,42].

The absence of ATG codons in the N-terminus of VP1 is probably due to regulatory reasons

We discovered that the region of the VP1 gene located between the start codons of MAAP and AAP
contains no ATG codon (Fig 5). Ogden et al found that substituting most aas in this region by methionine
(encoded by ATG) reduced capsid production. They hypothesized that this effect was due to a reduced
translation of VP2 and perhaps of VP3 caused by the introduction of ATG codons [8]. Our findings support
their hypothesis and go further. We found that there are no ATG codons in the two other reading frames of
this region of VP1 either. This observation is compatible with the hypothesis that ATG codons would affect
the translation, not only of VP2 and VP3, but also of MAAP and AAP, which use weak, non-canonical start

codons.
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The absence of cysteines in VP1u and VP2u suggests that these regions are exposed to oxidizing
conditions during post-endocytic trafficking

We noticed that all dependoparvoviruses lack cysteine in the region of the capsid located upstream
of VP3 (ie VP1u and VP2c, see Fig 5). This observation suggests a strong selection against the presence
of cysteines, presumably to avoid the formation of disulfide bridges between capsid subunits. Upon virus
entry in cells and endocytosis, VP1u and VP2c are located within the capsid, but are externalized during
the next step [43] (i.e. post-endocytic trafficking, prior to release into the cytoplasm [1,44]). Our findings
suggest that at some point during this step, VP1u and VP2c are exposed to oxidizing conditions that could
create disulfide bridges, which would somehow prevent a normal function.

In a recent study, substituting each aa of VP1u and VP2c to cysteine did not markedly decrease
capsid assembly [8]. This observation might at first seem incompatible with the existence of a strong
selection against the presence of cysteine. However, this study only assayed the steps occurring after viral
gene expression, and thus could not be expected to detect selection occurring in prior steps (including
post-endocytosis trafficking).

Other researchers had noticed the absence of cysteine in the N-terminus of VP1 in individual
Parvovirinae species (e.g. [45]), and their presence in VP3 [46], but we are not sure whether a comparative

sequence analysis has ever been published.

Why does MAAP lack Tyrosine?

MAAP lacks tyrosine in the vast majority of dependoparvoviruses A and B, and contains a single
tyrosine in porcine AAVs. We see 2 non-exclusive hypotheses to explain this absence: 1) the unusual origin
of MAAP, born by overprinting the VP1 reading frame; 2) a selection pressure against tyrosine.

Hypothesis 1) probably contributes to the absence of tyrosine in MAAP, but is unlikely to fully
explain it. Although tyrosine is the most depleted aa in proteins originated by overprinting (60% on average)
[11], its depletion of MAAP is a lot more pronounced than expected. Since tyrosine has an average
abundance of 3% in Uniprot proteins [35], MAAP (119aas) would be expected to contain on average 1.43
tyrosine (=119*0.03*(1-0.60)), instead of 0.08 in dependoparvovirus A. By comparison, the other protein
originated by overprinting the capsid gene, AAP (Fig 5), is also highly depleted (P<10°) in tyrosine, yet
contains 0.80 tyrosine on average in dependoparvovirus A (unpublished observations), i.e. MAAP is ten
times more depleted in tyrosine than AAP.

In principle, the absence of tyrosine could also result from negative selection (hypothesis 2 above),
if tyrosine is deleterious to the function or structure of MAAP. For example, tyrosine phosphorylation of
MAAP (but not of other viral proteins) might somehow be recognized by antiviral defenses (a speculative
scenario). Or tyrosine might be detrimental because MAAP is mostly disordered (Fig 3), and tyrosine is
disfavored in disordered proteins [35]. Interestingly, VP2c, which is fully disordered [47], also lacks
tyrosines in all dependoparvoviruses A and B (Fig 5 and S5 alignment).

In summary, the absence of Tyrosine from MAAP probably results at least in part from its origin by
overprinting and probably also from another reason, such as negative selection. Testing hypothesis 1)

probably requires evolutionary simulations, while hypothesis 2) could be tested by introducing tyrosines in
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MAAP without affecting the aa sequence of VP1. We will gladly pay a drink to the first 5 researchers who
contact us with a convincing explanation (including another hypothesis persuasively substantiated by
observations).

MAAP probably originated independently from the X protein encoded in related genera
(erythroparvovirus and tetraparvovirus)

The genus erythroparvovirus, which is related to dependoparvovirus [48], encodes an "X ORF" that
overlaps the same part of VP1 as MAAP, i.e. the region encoding the PLA2 (PhosphoLipase A2) domain.
We recently showed that this X ORF is homologous to the ARF1 ORF encoded in the genus
tetraparvovirus, closely related to erythroparvovirus, and that both X and ARF1 must express functional
proteins (submitted). Given that MAAP and X/ARF1 are encoded by similar regions of VP1, they could in
principle be homologous, i.e. have a common origin. Yet we think this is unlikely, for two reasons:

1) MAAP and the X protein have extremely different predicted sequence features: the region of
MAAP that overlaps PLAZ2 is disordered and T/S-rich (Fig 3), while in X it contains a transmembrane region;

2) MAAP is found only in 3 dependoparvoviruses, which are not basal to the dependoparvovirus

phylogeny [49], making it unlikely that MAAP originated in a common ancestor of dependo-, erythro-, and

tetraparvoviruses.

Conclusion

Although this was not our original goal, we discovered that MAAP and certain regions of VP1 completely
lack several aas and one codon (Fig 5). This absence has obvious implications for the design of capsid
genes of recombinant therapeutic AAVSs, but also for fundamental studies of the viral cycle. For example,
the presence of aas that are normally "forbidden" suggests that the corresponding strain might have
unusual properties. It will be interesting to investigating such strains (6 in total): AAVhu.17 (AY530582.1)
[50] contains a cysteine in VP1u (S4 Alignment); CHC2731_AAV.FL.linear (MK139293.1) contains both a
cysteine in VP2c (S5 Alignment) and an ATG in the region between the MAAP and AAP start (S3
Alignment). 4 strains contain a methionine in MAAP (S2 Alignment): CHC2320_AAV.FL [51], AAVcy.2 [52],
AAV6R2 [53] and AAVhu.67 [50] (respective accession numbers MK139290.1, AY243020.1, EU368911.1,
AY530627.1).

The presence of "forbidden" aas might also suggest that the corresponding strain contains a
sequencing error. For instance, Duck parvovirus GXN45 (accession MH717783) appears to contain a
cysteine in VP2c, which in fact results from a frameshift sequencing error (see S5 Alignment).

Finally, our findings highlight the need for systematic screens of the effect of substitutions in the
capsid gene, like the pioneering one recently proposed [8], but which could detect substitutions that are
deleterious at any step of the whole viral cycle. Indeed, the negative selection against cysteine in VP1u and
VP2c, and against tyrosine in VP2c, were not detected in the conditions tested by this screen [8], which

assayed genome packaging and capsid assembly.
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Materials and Methods

Nucleotide sequence alignment and analysis

We collected the coding sequences of VP1 genes in Genbank [54] (30" July 2019). To generate
codon-respecting alignments based on the coding sequence of VP1, we used the program TranslatorX [55]
with the "Muscle" option.

Analysis of Kozak consensus sequences of potential ATG start codons

Kozak sequences surrounding an ATG start codon can direct translation from this ATG with varying
degrees of strength [25]. The most important factor is the presence of a purine (A or G) 3 nucleotides
upstream of the ATG start codon, and of a G (or less favourably an U) immediately after the ATG. For the
ORFs considered here, we classified Kozak sequences of potential ATG start codons in 4 categories, as in
a recent exhaustive analysis in vertebrates [25]:
1) "optimal" Kozak sequences match the consensus (A/G)CCATGG;
2) "strong" ones match the consensus (A/G)NNATGG, where N is any nucleotide;
3) "moderate"” ones match the consensus (A/G)NNATG(A/C/U) or (C/UINNATGG,;

4) "weak" Kozak sequences do not match any of these consensus sequences[25].

Protein sequence alignment and domain identification

All protein multiple sequence alignments are presented using Jalview [56], with the ClustalX coloring
scheme [57]. We carried out phylogenetic analyses with phylogeny.fr [58], using default options. S1

Alignment contains the sequence alignment of MAAP proteins from representative strains. We used
HHpred [59] to identify domains of VP1.

Prediction of protein structural features

We predicted disordered regions using MetaDisorder [60], in agreement with the principles
described in [61]. To predict potential protein-binding regions, we used MoRFchibi Web [62] and
ANCHORZ2 [63], called from the IUPred2A web server [63]. We predicted coiled-coil regions using DeepCaoil
[64]. To detect protein regions of low or medium sequence complexity, we used SEG [65], called from the
ANNIE web server [66], set on parameters 45/3.75/3.4.

To predict membrane-binding, amphipathic a-helices, we used Amphipaseek [29] (parameters: high
specificity/low sensitivity) and refined its predictions by using Heliquest [30] as follows. For each helix that
Amphipaseek predicted, we analyzed the region surrounding it using the “analysis” function of Heliquest.
Heliquest makes use of a Discriminating factor (D) to predict membrane-binding helices: D=0.944*<yH>
+0.33*z, in which <uH> is the hydrophobic moment [67] and z is the net charge of the region considered.
The helix is predicted as “potential” membrane-binding amphipathic a-helix if 0.68 <D <1.34, and as

"reliable" if D=1.34 [30]. We also used Heliquest to plot helical wheel representations (reviewed in [31]).
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We predicted protein post-translational modifications using Modpred [68], and palmitoylation sites
using MDD-Palm [33].

Supporting information

S1 Alignment. Sequence alignment of MAAP proteins from representative strains, in FASTA format
The sequence features of this alignment are presented in detail in Fig 3.

S2 Alignment. MAAP contains no internal methionines and no or few tyrosines
S3 Alignment. The VP1 gene lacks ATG in the region between the start codons of MAAP and AAP
S4 Alignment. The VP1-unique region (VP1u) lacks cysteine in all dependoparvoviruses

S5 Alignment. The VP2c region (common to VP1 and VP2) lacks cysteine in all

dependoparvoviruses, and lacks tyrosine in dependoparvoviruses A, B, and in some porcine AAVs
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